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Abstract

Background: Various enhanced patient instructions (EPIs) have been used for bowel preparation (BP) and our previous
meta-analysis also demonstrated the efficacy of EPIs in increasing the colonic polyp and adenoma detection rates; however, the
optimal method for adequate BP has not yet been developed.

Objective: We performed a network meta-analysis to determine the optimal instructions.

Methods: We searched for randomized controlled trials (RCTs) comparing the effectiveness of EPIs with each other or standard
patient instructions (SPIs) for BP. We performed direct and Bayesian network meta-analyses for all instructions and used the
GRADE (Grading of Recommendations Assessment, Development and Evaluation) criteria to appraise the quality of evidence.

Results: We included 23 RCTs (7969 patients) comparing 10 different instructions. In direct meta-analyses, most of the EPIs,
except visual aids and mobile apps, increased the adequate preparation rate (APR). Network meta-analyses showed that additional
explanations were superior to visual aids (odds ratio [OR] 0.35, 95% CI 0.19-0.59), telephone calls (OR 0.62, 95% CI 0.37-0.99),
educational videos (OR 0.79, 95% CI 0.5-0.77), and mobile apps (OR 0.33, 95% CI 0.14-0.68) with low-to-high-quality evidence;
newly designed booklets (OR 3.28, 95% CI 1.59-6.16), SMS text messaging (OR 2.33, 95% CI 1.28-3.91), telephone calls (OR
1.86, 95% CI 1.03-1.78), educational videos (OR 2.33, 95% CI 1.40-3.65), and social media applications (OR 2.42, 95% CI
1.4-3.93) were superior to visual aids and mobile apps with low-to-high-quality evidence. SMS text messaging, telephone calls,
and social media applications increase adherence to and satisfaction with the BP regime. Social media applications reduce the
risk of adverse events (AEs). Telephone calls and social media applications increase the polyp detection rate (PDR).

Conclusions: Newly designed booklets, telephone calls, educational videos, and social media applications can improve the
quality of BP. Telephone calls and social media applications improve adherence to and satisfaction with the BP regime, reduce
the risk of AEs, and increase the PDR.

Trial Registration: INPLASY (International Platform of Registered Systematic Review and Meta-analysis Protocols)
INPLASY2020120103; https://inplasy.com/inplasy-2020-12-0103/

(J Med Internet Res 2021;23(10):e19915)   doi:10.2196/19915
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Introduction

Colorectal cancer ranks third among the most common cancers
and second in terms of the incidence and cause of cancer-related
mortality worldwide, with 1.8 million new cases and 0.88
million deaths in 2018 [1]. Colonoscopy has been regarded as
the criterion standard approach for early detection and safe
removal of colorectal lesions [2-4]. In particular, screening
colonoscopy has been associated with decreased colorectal
cancer incidence and mortality [2,5]. The quality of bowel
preparation (BP) is an important contributor toward successful
and safe colonoscopy [6]. However, approximately 18% to
30.5% inadequate BP has been reported in previous studies
[7-9]. It is discouraging that inadequate BP is associated with
decreased polyp detection rates (PDRs), increased risk of
adverse events (AEs), prolonged working time, and increased
medical expenditure [10,11].

Previous studies have determined several factors that can
influence the quality of BP, such as appropriate dietary
restrictions and proper administration of preparation solutions
[12]. Of all the factors, adequate comprehension of the BP and
colonoscopy details is a critical contributor to adequate BP [13].
Patients usually receive written booklets or verbal instructions
from professionals before colonoscopy for details regarding BP
and dietary restrictions, which are defined as standard patient
instructions (SPIs) [14]. However, the effect of SPIs on
improving the quality of BP is not enough [15]. Therefore,
researchers and practitioners have been developing most of the
enhanced patient instructions (EPIs) by including cartoon
pictures, SMS text messaging, telephone calls, mobile apps,
and social media applications to improve the quality of BP prior
to colonoscopy [14].

Thus far, several traditional pairwise meta-analyses investigating
the comparative efficacy between EPIs and SPIs for the quality
of BP have been published, and they have demonstrated
improved BP [13,14,16-18]. Moreover, our previous
meta-analysis also demonstrated the efficacy of EPIs in
increasing the PDR and adenomas detection rate (ADR) [19].
However, only 2 3-arm randomized controlled trials (RCTs)
investigated the comparative efficacy of telephone calls or
WeChat versus SMS text messaging for BP in patients receiving
outpatient colonoscopy. It is still unclear which EPIs should
preferably be used by decision makers for BP before
colonoscopy. To address those issues that could not be addressed
by traditional pairwise meta-analysis, network meta-analysis,
which can simultaneously assess the comparative efficacy of
multiple interventions, has been developed [20,21]. Therefore,
we performed direct pairwise and Bayesian network
meta-analyses combining direct and indirect evidence comparing
the relative efficacy of all patient instructions to determine the
optimal educational instructions for BP before colonoscopy.
We also used the GRADE (Grading of Recommendations
Assessment, Development and Evaluation) criteria to appraise
the quality of evidence.

Methods

We conducted this systematic review and network meta-analysis
in accordance with the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) statement [22] and
reported all the outcomes according to the International Society
for Pharmacoeconomics and Outcomes Research Task Force
on Indirect Treatment Comparisons Good Research Practices
[23]. No formal protocol for the present study has been
published. We registered our systematic review on the
INSPLAY (International Platform of Registered Systematic
Review and Meta-analysis Protocols) platform, and the trial
registration number is INPLASY2020120103.

Search Strategy
We constructed the search strategy with the assistance of an
experienced medical librarian using full-text words and MeSH
(Medical Subject Headings). We also refined the search strategy
according to the specific requirements of each database. All
potential RCTs comparing EPIs to each other or SPIs for BP
were captured in PubMed, the Cochrane Central Register of
Controlled Trials, and Embase until December 2019. The last
search was updated in February 2020. Details of the search
strategies used for the 3 targeted databases are presented in
Multimedia Appendix 1.

Study Selection
We first excluded duplicate records through running the Finding
Duplicate function embedded in EndNote (version X9, Clarivate
Analytics). Then, we checked the titles and abstracts of the
articles to exclude irrelevant articles. Next, we screened the full
texts to further check the eligibility of all the remaining studies.
The inclusion criteria were as follows: (1) patients: adult patients
who were assigned to receive selective outpatient colonoscopy;
(2) interventions: all EPIs or SPIs for BP; (3) outcomes: the
quality of BP assessed with the adequate preparation rate (APR),
adherence to instruction (AI), satisfaction with the BP solution,
willingness to repeat the same BP solution, PDR, and AEs
including abdominal discomfort, nausea and vomiting, and sleep
disturbance; (4) study design: RCTs. Language restrictions were
not imposed. The exclusion criteria included (1) animal studies
and (2) conference abstracts without sufficient data or
unpublished studies.

The eligibility was checked by 2 investigators (XT and HC)
independently, and any divergences were resolved through the
consensus principle. When no agreement could be reached, a
third investigator (WQC) was consulted for determining the
eligibility.

Data Extraction
Essential data including the leading author, year of publication,
study design, country where the study was conducted, age and
sex of the patients, details of the BP regime, details of the
instructions used, and outcomes of interest were extracted by
2 independent investigators (LJY and XT) using a data
extraction sheet designed in advance. EPIs were classified as
additional explanations, visual aids, new visual aids, newly
designed booklets, SMS text messages, telephone calls, mobile
apps, social media applications, and educational videos. The
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classification and comparison of EPIs are documented in
Multimedia Appendix 2.

The primary outcome of the present meta-analysis was the
comparative efficacy of EPIs for improving the quality of BP
before colonoscopy, which was assessed with respect to the
APR. The secondary outcome was the comparative efficacy of
EPIs with respect to the AI, satisfaction with the BP solution,
willingness to repeat the same BP solution, PDR, and AEs.

Quality Assessment
We assigned 2 investigators to independently assess the risk of
bias of each eligible study with the Cochrane risk of bias
assessment tool [24]. We labeled each study as having low,
unclear, or high risk of bias according to the match between the
actual information and the following assessment criteria: random
sequence generation, allocation concealment, blinding of
participants and personnel, blinding of outcome assessment,
incomplete outcome data, selective reporting, and other biases.
A third investigator (WQC) was consulted to solve any
discrepancies.

Statistical Analysis
In traditional pairwise meta-analysis, we calculated the pooled
odds ratio (OR) with 95% CI to express the dichotomous data
[25]. We performed Cochran Q tests to qualitatively assess the

heterogeneity and used the I2 statistic to quantitatively estimate
the level of heterogeneity [26]. All pairwise meta-analyses were
performed based on the random-effect model because this model
simultaneously incorporates within- and between-study
heterogeneities. Publication bias is assessed using a funnel plot
if the accumulated number of eligible studies for individual
outcomes was more than 10 [27], and an asymmetry suggests
the presence of publication bias [28]. Direct meta-analysis was
conducted using Review Manager 5.3 (Cochrane Collaboration).

After completing direct meta-analysis, we conducted
random-effect network meta-analyses to estimate all the relative
effects using Markov chain Monte Carlo methods in OpenBUGS
3.2.3 (MRC Biostatistics Unit) following the methods described
by Lu and Ades [29,30]. We used the initial value that was
automatically generated from the software to fit the model [31].
To achieve convergence, we performed each Markov chain
Monte Carlo method with 50,000 iterations and 20,000 burn-ins.
We drew the comparison-adjusted funnel plot to assess the
small-study effects when the number of studies included in one
comparison pair exceeded 10 [32].

We assessed the probability that each instruction was the most
efficacious one for improving quality of BP, the second best,
the third best, and so on by calculating the OR for each
instruction compared with an arbitrary common control group
and counting the number of iterations of the Markov chain in
which each instruction had the highest OR, the second highest
OR, and so on [33].

Sensitivity Analysis
We designed several sensitivity analyses to evaluate the
robustness of the summarized findings according to the
following principles: (1) BP assessment scale (excluding studies
in which uncommon scales were used except for the Boston
Bowel Preparation Scale [BBPS], Ottawa Bowel Preparation
Scale [OBPS], and Aronchick Bowel Preparation Scale
[ABPS]); (2) risk of bias (excluding studies with high risk); (3)
study design (excluding studies with multicenter design).

Quality of Evidence
We rated the quality of evidence of the primary outcomes with
the GRADE working group approach [34,35]. In this approach,
the quality of direct evidence based on RCTs would be first
rated as high and the level could be reduced to moderate, low,
or very low according to 5 domains, including risk of bias,
indirectness, imprecision, inconsistency, and publication bias
[35]. The quality of indirect evidence was consistent with the
level of the lowest rating of the 2 pairwise estimates that
contribute as first-order loops to the indirect estimates and
imprecision or intransitivity can further reduce the level [35].
If the assumption of coherence between direct and indirect
estimates was confirmed, then the higher one of their levels
would be assigned to the results from network meta-analysis
[35].

Results

Study Selection
Figure 1 presents the schematic flowchart of the study selection
process. From a total of 388 unique studies identified using the
search strategy, we included 23 RCTs in this network
meta-analysis [36-58]. Among these, 1 RCT involving a newly
designed educational booklet was excluded (because of inpatient
enrollment) [59]. Further, 1 RCT comparing modified BP
protocols (multimedia education) to standard BP protocols was
excluded owing to the design implementation using historical
control data [60]. Moreover, 2 RCTs comparing educational
videos or additional explanations with SPIs were excluded
owing to the lack of essential data [61,62].
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Figure 1. Flow diagram showing retrieval and selection of literature. CENTRAL: Cochrane Central Register of Controlled Trials.

Study Characteristics
The basic characteristics of the patients who were included in
all eligible studies are summarized in Table 1. We have also
documented the characteristics of the eligible studies in
Multimedia Appendix 3. The studies were published between
2009 and 2019 [36-56,58]. The sample sizes of the individual
studies ranged from 92 to 1018 with a total of 7969 participants.
Among the 23 studies included, 2 were designed as 3-arm trials
[41,55]; among these, Lee et al [41] compared the efficacy

between SMS text messaging, telephone calls, and SPIs, and
Wang et al compared the efficacy between SMS text messaging,
social media applications and SPIs [55]. All other studies had
2-arm designs [36-40,42-54,56,58]. Further, 2 studies had
multicenter designs [49,54]. All the studies reported the quality
of BP assessed using the BBPS (9 trials) [36,41,45,50,53-57],
OBPS (8 trials) [39,40,42,43,47-49,52], ABPS (4 trials)
[37,38,51,58], Harefield Cleansing Scale (1 trial) [44], and
Universal Preparation Assessment Scale (1 trial) [46].
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Table 1. Basic characteristics of the patients included in studies on educational instructions for bowel preparation before colonoscopy.

OutcomesMale vs fe-
male partici-
pants (%)

Age (years, male vs female
participants), mean (SD)

Sample size (male
vs female partici-
pants)

ComparisonCountryStudy

APRb, AIc, and

SEd

53.4 vs 56.255.4 (12.8) vs 57.6 (13.1)283

(139 vs 144)

Educational videos

vs SPIsa (verbal in-
structions and in-
structional leaflets)

KoreaBack et al 2018 [36]

APR, CITe, WTf,

PDRg, and AEsh

41.5 vs 41.757.3 (8.0) vs 57.1 (7.3)969

(477 vs 492)

Visual aids vs SPIs
(written informa-
tion)

United StatesCalderwood et al
2011 [57]

APR52.9 vs 52n.r.i101

(51 vs 50)

Educational videos
vs SPIs (verbal ed-
ucation)

KoreaCho et al 2015 [58]

APR and WRBPj50.9 vs 58.460.0 (13.0) vs 59.0 (11.0)229

(116 vs 113)

Additional explana-
tions vs SPIs (oral
and written infor-
mation)

PortugalElvas et al 2017 [37]

APR, PDR,

ADRk, CIT, and
WT

43.8 vs 45.759.3 (18.1) vs 57.3 (19.4)94

(48 vs 46)

Educational videos
vs SPIs (verbal ed-
ucation)

United StatesGarg et al 2016 [38]

APR, AI, PDR,
ADR, CIT, WT

AEs, and SDTl

57.1 vs 57.446.7 (9.9) vs 49.9 (9.6)281

(140 vs 141)

Educational videos
vs SPIs (written in-
formation)

KoreaJeon et al 2018 [36]

APR, AI, WRBP,
ADR, CIT, WT,

52.2 vs 49.945.5 (13.0) vs 44.4 (13.2)770

(387 vs 383)

Social media appli-
cations vs SPIs
(verbal and written
instructions)

ChinaKang et al 2016 [40]

ICIBPm, AEs,
and SDT

APR, CIRn, AI,
SE, WRBP, PDR,

59.8 vs 62.7
vs 53.3

45.7 (12.4) vs 46.0 (12.2) vs
47.1 (11.8)

390

(127 vs 126 vs
137)

SMS text messag-
ing vs telephone
calls vs SPIs (writ-
ten information)

South KoreaLee et al 2015 [41]

ADR, CIT, WT,
ICIBP, AEs, and
SDT

APR, PDR, CIT,
WT, and ICIBP

61.5 vs 64.955.1 (6.3) vs 54.4 (8.6)281

(239 vs 237)

Educational videos
vs SPIs (written in-
formation)

ChinaLiu et al 2018 [42]

APR, AI, WRBP,
PDR, CIR, CIT,

53.3 vs 48.244.8 (12.5) vs 45.7 (12.6)605 (300 vs 305)Telephone calls vs
SPIs (verbal and

ChinaLiu et al 2014 [43]

WT, AEs, and
SDT

written instruc-
tions)

APR, AI, SE, and
WRBP

44.4 vs 40.148.3 (13.5) vs 52.5 (14.0)260

(108 vs 152)

Mobile app vs SPIs
(written informa-
tion)

SpainLorenzo et al 2015
[44]

APR and AIn.r.59.0 (15.7)618

(318 vs 300)

Additional explana-
tions vs SPIs (ver-
bal education)

ChinaMeng 2015 [45]

APR, CIT, and
WT

45.2 vs 33.857.9 (9.1) vs 57.3 (9.1)164

(84 vs 80)

Additional explana-
tions vs SPIs (writ-
ten and verbal in-
structions)

United StatesModi et al 2009 [46]

APR, PDR, CIT,
and WT

62.8 vs 66.349.2 (8.6) vs 47.3 (9.2)502

(250 vs 252)

Educational videos
vs SPIs (oral and
written informa-
tion)

South KoreaPark et al 2016 [47]

APR44.6 vs 50n.r.104

(56 vs 48)

Educational videos
vs SPIs (verbal and
written instruc-
tions)

United StatesPillai et al 2018 [48]
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OutcomesMale vs fe-
male partici-
pants (%)

Age (years, male vs female
participants), mean (SD)

Sample size (male
vs female partici-
pants)

ComparisonCountryStudy

APR and SE52.2 vs 36.4n.r.133

(67 vs 66)

Educational videos
vs SPIs (written in-
formation)

United StatesPrakash et al 2013
[49]

APR and AI60 vs 46.352.0 (13.0) vs 55.0 (12.0)160

(80 vs 80)

Mobile app vs SPIs
(written informa-
tion)

LebanonSharara et al 2017
[51]

APR95.8 vs 97.760.0 (10.7) vs 60.0 (12.3)436

(216 vs 220)

Newly designed
booklet vs SPIs
(written informa-
tion)

United StatesSpiegel et al 2011
[52]

APR, PDR, CIT,
CST, and WT

71.6 vs 68.948.6 (8.8) vs 47.6 (9.2)205

(102 vs 103)

New visual aids vs
SPIs (oral and
written informa-
tion)

KoreaTae et al 2012 [53]

APR, PDR,
ADR, CST, and
WT

50.8 vs 46.947.5 (13.6) vs 47.2 (14.8)495

(248 vs 247)

SMS text messag-
ing vs SPIs (oral
and written infor-
mation)

GermanyWalter et al 2019
[54]

APR, AI, SE,
WRBP, PDR,
ADR, CIR, CIT,
WT, AEs, and
SDT

54.3 vs 61.7
vs 53.5

52.6 (12.7) vs 48.9 (13.0) vs
51.5 (12.1)

384

(129 vs 128 vs
127)

SMS text messag-
ing vs social media
applications vs
SPIs (oral and
written informa-
tion)

ChinaWang et al 2019
[55]

APR, AI, WRBP,
ADR, CIR, CIT,
WT, AEs, and
SDT

52.6 vs 50.151.2 (18.5) vs 50.7 (17.9)1018

(511 vs 507)

Social media appli-
cations vs SPIs
(oral and written
information)

ChinaZhang et al 2018
[56]

APR61.9 vs 50.460.1 (8.8) vs 61.0 (7.9)92

(42 vs 50)

Educational videos
vs SPIs (oral and
written informa-
tion)

United StatesRice et al 2016 [50]

aSPIs: standard patient instructions.
bAPR: adequate preparation rate.
cAI: adherence to instruction.
dSE: satisfaction with the education.
eCIT: cecal intubation time.
fWT: withdrawal time.
gPDR: polyp detection rate.
hAEs: adverse events.
in.r.: not reported.
jWRBP: willingness to repeat the same BP solution.
kADR: adenomas detection rate.
lSDT: sleep disturbance.
mICIBP: incomplete colonoscopy due to inadequate bowel preparation.
nCIR: cecal intubation rate.

Quality Assessment
The overall and study-level quality assessments are outlined in
Figure S1 of Multimedia Appendix 4. Overall, most of the
studies (18/23, 78.3%) appeared to have been at low-to-moderate
risk of bias, with 4 (17.4%) not reporting the details of
generating the random sequence [45,47,49,56] and 8 (34.8%)
not reporting the details for allocation concealment
[36,38,45-48,53,57]. Further, 10 (43.5%) did not report the

details of blinding the outcome assessor
[39-41,43-45,47,51,53,54]. More importantly, 4 studies (17.4%)
did not blind the assessors and were rated to be at high risk of
bias [38,46,48,49]. In addition, 4 (17.4%) were rated to be at
high risk of attrition bias [38,46,49,53]. Other bias sources were
not detected in all studies.
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Direct Treatment Effects

Primary Outcomes
Figure 2 demonstrates the available direct comparisons and
network meta-analyses. Compared to SPIs, additional
explanations (3 RCTs; OR 3.34, 95% CI 1.45-7.69), newly
designed booklets (1 RCT; OR 3.63, 95% CI 2.15-6.12), new
visual aids (1 RCT; OR 3.05, 95% CI 1.21-7.68), SMS text
messaging (3 RCTs; OR 2.77, 95% CI 1.86-4.14), telephone
calls (2 RCTs; OR 2.64, 95% CI 1.03-6.74), educational videos
(8 RCTs; OR 2.82, 95% CI 1.83-4.35), and social media

applications (3 RCTs; OR 2.70, 95% CI 1.75-4.18) adequately
increased the BP rate, but not visual aids (1 RCT; OR 1.18, 95%
CI 0.78-1.8) and mobile apps (2 RCTs; OR 1.85, 95% CI
0.15-23.24). Head-to-head meta-analysis showed that telephone
calls (1 RCT; OR 1.25, 95% CI 0.33-4.77) or social media
applications (1 RCT; OR 1.32, 95% CI 0.63-2.78) were not
superior to SMS messaging. Significant heterogeneity was

observed in trials comparing additional explanations (I2=79%),

telephone calls (I2=60%), educational videos (I2=62%), and

mobile apps (I2=68%). All the pooled results are delineated in
Figure S2 in Multimedia Appendix 4.

Figure 2. Evidence network for adequate preparation rate. The numbers outside and inside parentheses refer to the number of trials and the total number
of participants in these trials, respectively, and the thickness of the connecting lines corresponds to the number of trials between comparators. SPIs:
standard patient instructions.

Secondary Outcomes
Compared to SPIs, additional explanations (1 RCT; OR 8.38,
95% CI 3.73-18.84), SMS text messaging (2 RCTs; OR 7.04,
95% CI 2.79-17.81), telephone calls (2 RCTs; OR 4.54, 95%
CI 2.92-7.05), and social media applications (3 RCTs; OR 3.88,
95% CI 2.05-7.35) are associated with improved AI, but not
educational videos (1 RCT; OR 3.16, 95% CI 0.99-10.06) or
mobile apps (2 RCTs; OR 1.26, 95% CI 0.73-2.18). Head-to
head meta-analysis showed that telephone calls (1 RCT; OR

1.25, 95% CI 0.33-4.77) and social media applications (1 RCT;
OR 0.86, 95% CI 0.3-2.45) were not superior to SMS text
messaging. Significant heterogeneity was observed in trials

comparing social media applications (I2=63%) to SPIs. All the
pooled results are delineated in Figure S3 in Multimedia
Appendix 4.

Compared to SPIs, social media applications (1 RCT; OR 2.56,
95% CI 1.35-4.87) and telephone calls (1 RCT; OR 1.85, 95%
CI 1.01-3.41) indicated improved satisfaction with the
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instructions but not SMS text messaging (2 RCTs; OR 1.92,
95% CI 0.94-4.05) or educational videos (1 RCT; OR 1.47,
95% CI 0.69-3.12). Head-to-head meta-analysis showed that
telephone calls (1 RCT; OR 1.22, 95% CI 0.73-2.06) and social
media applications (1 RCT; OR 0.95, 95% CI 0.52-1.72) were
not superior to SMS text messaging. All the pooled results are
delineated in Figure S4 in Multimedia Appendix 4.

Compared to SPIs, social media applications (3 RCTs; OR 2.16,
95% CI 1.51-3.09) and mobile apps (1 RCT; OR 2.48; 95% CI
1.22-5.04) were associated with improved willingness to repeat
the same BP regime, but not additional explanations (1 RCT;
OR 2.04, 95% CI 0.37-11.35), SMS text messaging (2 RCTs;
OR 1.24, 95% CI 0.57-2.71), or telephone calls (2 RCTs; OR
1.58, 95% CI 0.67-3.69). Head-to-head meta-analysis showed
that telephone calls (1 RCT; OR 1.44, 95% CI 0.61-3.37) and
social media applications (1 RCT; OR 0.99, 95% CI 0.44-2.23)
were not superior to SMS text messaging. Significant
heterogeneity was observed in trials comparing telephone calls

(I2=69%) to SPIs. All the pooled results are delineated in Figure
S5 in Multimedia Appendix 4.

Compared to SPIs, telephone calls (2 RCTs; OR 1.85, 95% CI
1.36-2.5) were associated with an increased PDR, but not visual
aids (1 RCT; OR 0.99, 95% CI 0.76 -1.28), new visual aids (1
RCT; OR 0.99, 95% CI 0.57-1.73), SMS text messaging (3
RCTs; OR 1.07, 95% CI 0.81-1.41), educational videos (5
RCTs; OR 1.05, 95% CI 0.72-1.54), or social media applications
(1 RCT; OR 1.25, 95% CI 0.65-2.41). Head-to-head
meta-analysis showed that telephone calls (1 RCT; OR 1.61,
95% CI 0.97-2.68) were not superior to SMS text messaging.
Significant heterogeneity was observed in the trials comparing

educational videos (I2=52%) to SPIs. All the pooled results are
delineated in Figure S6 in Multimedia Appendix 4.

Compared to SPIs, social media applications were associated
with reduced risk of abdominal discomfort (3 RCTs; OR 0.67,
95% CI 0.5-0.9), but not visual aids (1 RCT; OR 0.9, 95% CI
0.63-1.28), SMS text messaging (2 RCTs; OR 0.67, 95% CI
0.4-1.12), telephone calls (2 RCTs; OR 0.94, 95% CI 0.65-1.35),
or educational videos (1 RCT; OR 1.01, 95% CI 0.37-2.76).
Head-to-head meta-analysis showed that telephone calls (1 RCT;
OR 0.83, 95% CI 0.47-1.48) or social media applications (1
RCT; OR 1.22, 95% CI 0.61-2.45) were not superior to SMS
text messaging. All the pooled results are delineated in Figure
S7 in Multimedia Appendix 4.

Compared to SPIs, social media applications indicated reduced
risk of nausea and vomiting (3 RCTs; OR 0.7, 95% CI
0.55-0.88), but not visual aids (1 RCT; OR 1.27, 95% CI
0.67-2.41), SMS text messaging (2 RCTs; OR 0.64, 95% CI
0.27-1.53), telephone calls (2 RCTs; OR 0.8, 95% CI 0.56-1.13),
or educational videos (1 RCT; OR 0.49, 95% CI 0.14-1.66).
Head-to-head meta-analysis showed that telephone calls (1 RCT;
OR 0.55, 95% CI 0.33-0.91) were superior to SMS text
messaging, but not social media applications (1 RCT; OR 1.19,
95% CI 0.7-2.03). Significant heterogeneity was observed in

the trials comparing SMS text messaging (I2=74%) to SPIs. All
the pooled results are delineated in Figure S8 in Multimedia
Appendix 4.

Compared to SPIs, SMS text messaging (2 RCTs; OR 1.1, 95%
CI 0.71-1.71), telephone calls (2 RCTs; OR 0.69, 95% CI
0.41-1.16), educational videos (1 RCT; OR 2.32, 95% CI
0.78-6.86), and social media applications (3 RCTs; OR 0.62,
95% CI 0.35-1.10) were not associated with increased risk of
sleep disturbance. Head-to-head meta-analysis showed that
telephone calls (1 RCT; OR 1.08, 95% CI 0.65-1.8) and social
media applications (1 RCT; OR 1.08, 95% CI 0.66-1.77) were
not superior to SMS text messaging. Significant heterogeneity

was observed in the trials comparing telephone calls (I2=55%)

and social media applications (I2=85%) to SPIs. All the pooled
results are delineated in Figure S9 in Multimedia Appendix 4.

Network Meta-Analysis and Quality Assessment

Primary Outcomes
For the primary outcome of APR, the results of direct and
indirect comparisons were largely similar with overlapping CIs,
although differences were observed in the effect size and
statistical significance in some cases, as shown in Table 2. In
the network meta-analysis, we calculated the mixed-effect
estimate as the weighted average of the direct (where available)
and indirect treatment effects. In this analysis, when compared
with SPIs, additional explanations (OR 3.56,95% CI 2.46-5;
moderate quality of evidence), newly designed booklets (OR
3.81, 95% CI 2.19-6.3; very low quality of evidence), new visual
aids (OR 3.61, 95% CI 1.29-8.63; very low quality of evidence),
SMS text messaging (OR 2.7, 95% CI 1.85-3.86; high quality
of evidence), telephone calls (OR 2.15, 95% CI 1.49-3.02;
moderate quality of evidence), educational videos (OR 2.7, 95%
CI 2.12-3.41; low quality of evidence), and social media
applications (OR 2.81, 95% CI 2.07-3.73; high quality of
evidence) increased the APR in patients undergoing
colonoscopy, but not visual aids (OR 1.21, 95% CI 0.78-1.81;
moderate quality of evidence) and mobile apps (OR 1.15, 95%
CI 0.53-2.19; very low quality of evidence), as observed in
Table 2.

Network meta-analysis demonstrated that visual aids (OR 0.35,
95% CI 0.19-0.59; high quality of evidence), telephone calls
(OR 0.62, 95% CI 0.37-0.99; high quality of evidence),
educational videos (OR 0.79, 95% CI 0.5-0.77; moderate quality
of evidence), and mobile apps (OR 0.33, 95% CI 0.14-0.68;
low quality of evidence) were inferior to additional explanations;
newly designed booklets (OR 3.28, 95% CI 1.59-6.16; low
quality of evidence), SMS text messaging (OR 2.33, 95% CI
1.28-3.91; high quality of evidence), telephone calls (OR 1.86,
95% CI 1.03-1.78; high quality of evidence), educational videos
(OR 2.33, 95% CI 1.4-3.65; moderate quality of evidence), and
social media applications (OR 2.42, 95% CI 1.4-3.93; high
quality of evidence) were superior to visual aids; mobile apps
were inferior to newly designed booklets (OR 0.32, 95% CI
0.12-0.7; low quality of evidence) or SMS text messaging (OR
0.44, 95% CI 0.18-0.9; low quality of evidence); social media
applications (OR 0.43, 95% CI 0.19-0.85; low quality of
evidence) were inferior to educational videos, and mobile apps
(OR 0.42, 95% CI 0.18-0.83; low quality of evidence) were
inferior to social media applications in increasing the APR.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e19915 | p.16https://www.jmir.org/2021/10/e19915
(page number not for citation purposes)

Tian et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 2. Pooled summary estimates and quality of evidence derived from direct and indirect estimates and network meta-analysis informing on

comparative efficacy of educational interventions for improving quality of bowel preparation before colonoscopya.

Network meta-analysisIndirect estimateDirect estimateEducational instruction

Quality of
evidence

OR (95% CI)Quality of
evidence

OR (95% CI)Quality of evi-
dence

ORb (95% CI)

Compared with standard patient instructions

Moderate3.56 (2.46-5)N/Aen.e.dModeratec3.34 (1.45-7.69)Additional explanations

Moderate1.21 (0.78-1.81)N/An.e.Moderatef1.18 (0.78-1.8)Visual aids

Very low3.81 (2.19-6.3)N/An.e.Very lowg,h3.63 (2.15-6.12)Newly designed booklets

Very low3.61 (1.29-8.63)N/An.e.Very

lowc,g,i

3.05 (1.21-7.68)New visual aids

High2.7 (1.85-3.86)Very low2.12 (0.96-4.03)High2.77 (1.86-4.14)SMS text messaging

Moderate2.15 (1.49-3.02)Very low2.22 (0.55-8.93)Moderatej2.64 (1.03-6.74)Telephone calls

Low2.7 (2.12-3.41)N/An.e.Lowk2.82 (1.83-4.35)Educational videos

High2.81 (2.07-3.73)Low1.03 (0.57-1.85)High2.7 (1.75-4.18)Social media applications

Very low1.15 (0.53-2.19)N/An.e.Very lowj,h1.85 (0.15-23.24)Mobile apps

Compared with additional explanations

High0.35 (0.19-0.59)Moderate0.34 (0.14-0.87)N/AN/AVisual aids

Very low1.11 (0.56-2)Very low1.05 (0.39-2.83)N/AN/ANewly designed booklets

Very low1.05 (0.34-2.61)Very low0.89 (0.26-3.08)N/AN/ANew visual aids

Moderate0.79 (0.45-1.26)Moderate0.81 (0.32-2.03)N/AN/ASMS text messaging

High0.62 (0.37-0.99)Moderate0.77 (0.22-2.7)N/AN/ATelephone calls

Moderate0.79 (0.5-0.77)Low0.82 (0.32-2.1)N/AN/AEducational videos

Moderate0.81 (0.5-1.26)Moderate0.79 (0.31-2.01)N/AN/ASocial media applications

Low0.33 (0.14-0.68)Very low0.54 (0.04-7.66)N/AN/AMobile apps

Compared with visual aids

Low3.28 (1.59-6.16)Very low3.08 (1.58-6.01)N/AN/ANewly designed booklets

Very low3.12 (0.98-7.96)Very low2.59 (0.94-7.13)N/AN/ANew visual aids

High2.33 (1.28-3.91)Moderate2.35 (1.32-4.19)N/AN/ASMS text messaging

High1.86 (1.03-1.78)Moderate2.24 (0.8-6.26)N/AN/ATelephone calls

Moderate2.33 (1.4-3.65)Low2.39 (1.31-4.36)N/AN/AEducational videos

High2.42 (1.4-3.93)Moderate2.29 (1.25-4.18)N/AN/ASocial media applications

Very low0.99 (0.4-2.05)Very low1.57 (0.86-2.87)N/AN/AMobile apps

Compared with newly designed booklets

Very low1.02 (0.3-2.68)Very low0.84 (0.29-2.43)N/AN/ANew visual aids

Very low0.76 (0.38-1.37)Very low0.76 (0.4-1.47)N/AN/ASMS text messaging

Very low0.61 (0.3-1.09)Very low0.73 (0.25-2.13)N/AN/ATelephone calls

Very low0.76 (0.41-1.3)Very low0.78 (0.39-1.53)N/AN/AEducational videos

Very low0.79 (0.41-1.37)Very low0.74 (0.38-1.47)N/AN/ASocial media applications

Low0.32 (0.12-0.7)Very low0.51 (0.04-6.69)N/AN/AMobile apps

Compared with new visual aids

Very low0.94 (0.29-2.24)Very low0.91 (0.33-2.49)N/AN/ASMS text messaging

Very low0.75 (0.23-1.76)Very low0.87 (0.23-3.23)N/AN/ATelephone calls
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Network meta-analysisIndirect estimateDirect estimateEducational instruction

Quality of
evidence

OR (95% CI)Quality of
evidence

OR (95% CI)Quality of evi-
dence

ORb (95% CI)

Very low0.95 (0.3-2.15)Very low0.93 (0.33-2.57)N/AN/AEducational videos

Very low0.98 (0.31-2.27)Very low0.89 (0.32-2.46)N/AN/ASocial media applications

Very low0.4 (0.1-1.05)Very low0.61 (0.04-8.9)N/AN/AMobile apps

Compared with SMS text messaging

Moderate0.82 (0.48-1.31)Moderate0.95 (0.34-2.65)Very lowf,i1.25 (0.33-4.77)Telephone calls

Low1.04 (0.65-1.56)Low1.02 (0.57-1.84)N/AN/AEducational videos

High1.07 (0.67-1.62)High0.98 (0.54-1.76)Lowl1.32 (0.63-2.78)Social media applications

Low0.44 (0.18-0.9)Very low0.67 (0.05-8.58)N/AN/AMobile apps

Compared with telephone calls

Low1.3 (0.83-1.95)Low1.07 (0.38-3.01)N/AN/AEducational videos

Moderate1.35 (0.82-2.07)Moderate1.02 (0.36-2.88)N/AN/ASocial media applications

Very low0.55 (0.23-1.13)Very low0.70 (0.05-10.33)N/AN/AMobile apps

Compared with educational videos

Low1.05 (0.71-1.51)Low0.96 (0.52-1.77)N/AN/ASocial media applications

Low0.43 (0.19-0.85)Very low0.66 (0.05-8.47)N/AN/AMobile apps

Compared with social media applications

Low0.42 (0.18-0.83)Very low0.69 (0.05-8.85)N/AN/AMobile apps

aThe italicized values indicate statistically significant differences.
bOR: odds ratio.
cOne was rated with high risk.
dn.e.: not estimable.
eN/A: not applicable.
fOnly one was captured.
gPoint estimates between two studies were conflicting.
hOne with only 266 participants was included.
iOne with only 200 participants was included.
jA wide 95% CI was generated.
kTwo were rated with high risk.
lOne with only 257 participants was included.

For the primary outcome of APR, newly designed booklets had
the highest probability of being ranked the best (85.8%),
followed by additional explanations (80.6%), new visual aids
(71.6%), social media applications (64.6%), educational videos
(61.0%), SMS text messaging (60.4%), telephone calls (40.9%),
visual aids (15.9), mobile apps (12%), and SPIs (7.2%), as
shown in Figure S10 in Multimedia Appendix 4.

Secondary Outcomes
Network meta-analysis showed that when compared to SPIs,
additional explanations (OR 9.84, 95% CI 4.13-21.78), SMS
text messaging (OR 6.99, 95% CI 3.57-12.92), telephone calls

(OR 8.48, 95% CI 3.08-7.42), educational videos (OR 4.24,
95% CI 1.12-12.61), and social media applications (OR 3.76,
95% CI 2.7-5.13) increased adherence to the preparation regime,
but not mobile apps (OR 1.33, 95% CI 0.74-2.2), as shown in
Table 3. Additional explanations significantly increased
adherence to the preparation regime when compared to social
media applications (OR 0.46, 95% CI 0.16-0.96) or mobile apps
(OR 0.16, 95% CI 0.05-0.37). Moreover, SMS messaging (OR
0.21, 95% CI 0.08-0.44), telephone calls (OR 0.29, 95% CI
0.13-0.54), and social media applications (OR 0.36, 95% CI
0.18-0.65) significantly increased adherence to the preparation
regime compared to mobile apps.
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Table 3. Pooled relative risks of secondary outcomes based on combined direct and indirect evidence from Bayesian network meta-analysis with

different educational instructions in patients undergoing colonoscopya.

Polyp
detec-
tion rate

Sleep disturbanceNausea
and
vomit-
ing

Abdomi-
nal dis-
comfort

Willingness to re-
peat

Satisfaction
with BPb

Adherence to instruc-
tion

Education instruction

Compared with standard patient instructions

N/AN/AN/AN/A1.02 (0.19-3.24)N/Ac9.84 (4.13-21.78)Additional explanations

1 (0.76-
1.28)

N/A1.35
(0.67-
2.46)

0.91
(0.62-
1.27)

N/AN/AN/AVisual aids

1.03
(0.56-
1.74)

N/AN/AN/AN/AN/AN/ANew visual aids

1.1
(0.85-
1.41)

0.8 (0.58-1.1)0.66
(0.46-
0.9)

0.71
(0.46-
1.03)

1.44 (0.86-2.32)1.79 (1.22-
2.55)

6.99 (3.57-12.92)SMS text messaging

1.86
(1.4-
2.44)

0.69 (0.51-0.91)0.92
(0.67-
1.25)

0.95
(0.67-
1.31)

1.36 (0.95-1.89)1.97 (1.19-
3.12)

4.84 (3.08-7.42)Telephone calls

0.81
(0.6-
1.07)

2.88 (0.84-7.93)2.77
(0.65-
8.51)

1.18
(0.36-
2.93)

N/A1.6 (0.7-
3.18)

4.24 (1.12-12.61)Educational videos

1.37
(0.87-
2.01)

0.53 (0.44-0.65)0.69
(0.54-
0.85)

0.69
(0.52-
0.9)

2.22 (1.77-2.75)2.03 (1.17-
3.34)

3.76 (2.7-5.13)Social media applications

N/AN/AN/AN/A2.73 (1.27-5.34)N/A1.33 (0.74-2.2)Mobile apps

Compared with additional explanations

N/AN/AN/AN/A2.39 (0.4-8.14)N/A0.85 (0.25-2.07)SMS text messaging

N/AN/AN/AN/A2.25 (0.4-7.44)N/A0.59 (0.2-1.29)Telephone calls

N/AN/AN/AN/AN/AN/A0.52 (0.09-1.74)Educational videos

N/AN/AN/AN/A3.68 (0.66-12.1)N/A0.46 (0.16-0.96)Social media applications

N/AN/AN/AN/A4.53 (0.67-16.48)N/A0.16 (0.05-0.37)Mobile apps

Compared with visual aids

1.05
(0.54-
1.87)

N/AN/AN/AN/AN/AN/ANew visual aids

1.13
(0.77-
1.59)

N/A0.54
(0.24-
1.05)

0.8
(0.46-
1.32)

N/AN/AN/ASMS text messaging

1.90
(1.28-
2.72)

N/A0.76
(0.35-
1.45)

1.08
(0.64-
1.7)

N/AN/AN/ATelephone calls

0.82
(0.55-
1.19)

N/A2.28
(0.43-
7.59)

1.34
(0.37-
3.47)

N/AN/AN/AEducational videos

1.39
(0.82-
2.2)

N/A0.57
(0.27-
1.05)

0.79
(0.49-
1.2)

N/AN/AN/ASocial media applications

Compared with new visual aids

1.16
(0.6-
2.04)

N/AN/AN/AN/AN/AN/ASMS text messaging
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Polyp
detec-
tion rate

Sleep disturbanceNausea
and
vomit-
ing

Abdomi-
nal dis-
comfort

Willingness to re-
peat

Satisfaction
with BPb

Adherence to instruc-
tion

Education instruction

1.96 (1-
3.46)

N/AN/AN/AN/AN/AN/ATelephone calls

0.85
(0.43-
1.52)

N/AN/AN/AN/AN/AN/AEducational videos

1.44
(0.67-
2.71)

N/AN/AN/AN/AN/AN/ASocial media applications

Compared with SMS text messaging

1.71
(1.2-
2.36)

0.88 (0.59-1.27)1.44
(0.95-
2.1)

1.39
(0.86-
2.14)

0.99 (0.55-1.65)1.12 (0.66-
1.79)

0.77 (0.33-1.49)Telephone calls

0.74
(0.49-
1.07)

3.68 (1.01-10.24)4.34
(0.95-
13.54)

1.74
(0.48-
4.55)

N/A0.93 (0.36-
1.95)

0.67 (0.14-2.19)Educational videos

1.25
(0.79-
1.88)

0.68 (0.47-0.95)1.07
(0.73-
1.52)

1.02
(0.63-
1.57)

1.64 (0.93-2.65)1.16 (0.65-
1.92)

0.59 (0.28-1.09)Social media applications

N/AN/AN/AN/A2.02 (0.77-4.42)N/A0.21 (0.08-0.44)Mobile apps

Compared with telephone calls

0.44
(0.29-
0.65)

4.24 (1.17-11.87)3.07
(0.69-
9.65)

1.28
(0.37-
3.32)

N/A0.86 (0.32-
1.89)

0.92 (0.22-2.87)Educational videos

0.75
(0.44-
1.17)

0.79 (0.55-1.1)0.76
(0.51-
1.09)

0.75
(0.48-
1.12)

1.69 (1.1-2.48)1.09 (0.52-
2.01)

0.82 (0.45-1.34)Social media applications

N/AN/AN/AN/A2.08 (0.88-4.29)N/A0.29 (0.13-0.54)Mobile apps

Compared with educational videos

1.73
(1.01-
2.77)

0.26 (0.07-0.64)0.38
(0.08-
1.08)

0.78
(0.48-
1.97)

N/A1.48 (0.53-
3.3)

1.31 (0.28-3.5)Social media applications

N/AN/AN/AN/AN/AN/A0.46 (0.09-1.32)Mobile apps

Compared with social media applications

N/AN/AN/AN/A1.25 (0.56-2.5)N/A0.36 (0.18-0.65)Mobile apps

aThe italicized values indicate statistically significant differences.
bBP: bowel preparation.
cN/A: not applicable.

The analysis also demonstrated that besides educational videos,
SMS text messaging (OR 1.79, 95% CI 1.22-2.55), telephone
calls (OR 1.97, 95% CI 1.19-3.12), and social media applications
(OR 2.03, 95% CI 1.17-3.34) indicated satisfaction with the BP
regime when compared to SPIs.

Network meta-analysis also showed that when compared to
SPIs, social media applications (OR 2.22, 95% CI 1.77-2.75)
or mobile apps (OR 2.73, 95% CI 1.27-5.34) were associated
with increased willingness to repeat the same BP regime. Social
media applications (OR 1.69, 95% CI 1.1-2.48) significantly
increased the willingness to repeat the same BP regime when
compared to telephone calls.

Furthermore, telephone calls significantly increased the PDR
when compared to SPIs (OR 1.86, 95% CI 1.4-2.44) and SMS
messaging (OR 1.71, 95% CI 1.2-2.36). Social media
applications (OR 1.73, 95% CI 1.01-2.77) were associated with
an increased PDR compared to educational videos.

The analysis also showed that besides social media applications
(OR 0.69, 95% CI 0.54-0.85), no other instructions were
associated with decreased abdominal discomfort, when
compared to SPIs. SMS text messaging (OR 0.66, 95% CI
0.46-0.9) or social media applications (OR 0.69, 95% CI
0.54-0.85) were superior to SPIs in reducing the risk of nausea
and vomiting. Telephone calls or social media applications were
associated with reduced risk of sleep disturbance but not SMS
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text messaging or educational videos, when compared to SPIs.
Moreover, SMS text messaging (OR 3.68, 95% CI 1.01-10.24)
or telephone calls (OR 4.24, 95% CI 1.17-11.87) were also
superior to educational videos in improving sleep disturbance.
Social media applications were also superior to SMS text
messaging (OR 0.68, 95% CI 0.47-0.95) or educational videos
(OR 0.26, 95% CI 0.07-0.64) in reducing the risk of sleep
disturbance

Sensitivity Analysis
Results from multiple prespecified sensitivity analyses are
presented in Multimedia Appendix 5. Overall, for the primary
outcome, the results were largely similar to the main analysis
in the sensitivity analyses based on the (1) BP assessment scale
(excluding studies in which uncommon scales were used except
for BBPS, OBPS, and ABPS), (2) risk of bias (excluding studies
with high risk), and (3) study design (excluding studies with
multicenter designs). After excluding the studies using
uncommon BP assessment scales, new visual aids (OR 3.16,
95% CI 1.02-8.01) were statistically superior to visual aids or
mobile apps (OR 0.27, 95% CI 0.06-0.75) in increasing the
APR; the difference (OR 0.49, 95% CI 0.2-1.03) between mobile
apps and social media applications was not significant in

increasing adherence to the BP regime. Excluding the studies
with high risk also showed that telephone calls (OR 0.63, 95%
CI 0.37-1.01) and educational videos (OR 0.79, 95% CI
0.5-1.19) were not inferior to additional explanations in
increasing the APR. Excluding studies using uncommon
preparation assessment scales showed that social media
applications were not superior to mobile apps (OR 0.49, 95%
CI 0.2-1.03) in increasing adherence to the BP regime.
Furthermore, excluding the studies with high risk revealed that
the difference (OR 1.59, 95% CI 0.88-2.66) between mobile
apps and social media applications in increasing the PDR was
not significant.

Publication Bias and Network Coherence
We did not find evidence of publication bias based on the funnel
plot asymmetry in Figure 3, although the number of studies
included in each comparison was very small, thereby making
the available methods for evaluating publication bias somewhat
unreliable. There were no significant differences between direct
and indirect estimates where both were available, and the 2
methods had overlapping CIs for all interventions, as observed
in Table 2.

Figure 3. Comparison-adjusted funnel plot for adequate preparation rate. The vertical axis represents the standard error of the effect size. The horizontal
axis indicates the effect size centered at the comparison-specific pooled effect. The symmetrical funnel plot indicates the absence of publication bias.
PDR: polyp detection rate; EPI: enhanced patient instruction; SPI: standard patient instruction; APR: adequate preparation rate; A: additional explanation;
B: visual aid; C: newly designed booklet; D: new visual aids; E: SMS text messaging; F: telephone call; G: educational video; H: social media application;
I: mobile app.
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Discussion

Several meta-analyses [13,14,16-18] examined the quality of
BP, colonic outcomes, and AEs including abdominal discomfort,
nausea and vomiting, and sleep disturbance by comparing EPIs
and SPIs. They concluded that EPIs are more effective and safer
techniques for improving the quality of BP before colonoscopy.
However, they did not completely explain which instruction is
superior among the various EPIs because their analyses were
based solely on direct comparisons between 2 given techniques.
Our network meta-analysis of 23 RCTs involving 7969 patients
is the first study that comprehensively analyzes direct and
indirect evidence in EPIs for BP prior to colonoscopy.

In this systematic review and network meta-analysis, we made
several key observations: (1) SMS text messaging and social
media applications increase the APR, with high confidence in
the estimates; additional explanations and telephone calls
improve the APR with moderate confidence in the estimates;
educational videos, newly designed booklets, and new visual
aids also increase the APR but with low-to-very-low confidence
in the estimates. (2) Based on high-to-moderate-quality
evidence, additional explanations offer significant advantages
over visual aids, telephone calls, and educational videos, but
not SMS text messaging and social media applications;
additional explanations are also superior to mobile apps but not
to newly designed booklets and new visual aids, although the
quality of evidence ranges from low to very low. (3) SMS text
messaging, telephone calls, social media applications, and
educational videos offer significant advantages over visual aids
for increasing the APR, based on moderate-to-high-quality
evidence; newly designed booklets also increase the APR with
low-quality evidence. (4) According to low-quality evidence,
newly designed booklets, SMS text messaging, educational
videos, and social media applications significantly increase the
APR but not new visual aids and telephone calls when compared
to mobile apps. Overall, we observed that newly designed
booklets had the highest probability of being ranked the best
(for increasing APR), followed by additional explanations, new
visual aids, social media applications, educational videos, SMS
text messaging, telephone calls, and visual aids. (5) SMS text
messaging, telephone calls, and social media applications
increase adherence to and satisfaction with the BP regime; social
media applications are associated with decreased risk of AEs;
telephone calls or social media applications increase the PDR.
It should be noted that we analyzed an inadequate number of
eligible studies, and additional studies are warranted.

The quality of BP is the metric to determine if colonoscopy is
successful and safe [63]. In this regard, 2 studies investigated
the comparative efficacy of telephone calls and social media
applications (WeChat) compared to SMS text messaging for
BP and colonic outcomes. Lee and colleagues found no
significant difference in the quality of BP between the telephone
call and SMS text messaging groups, which is consistent with
our finding (OR 0.82, 95% CI, 0.48-1.31; moderate quality
evidence). However, the finding of Wang et al conflicts with
the finding in the present study (OR 1.07, 95% CI 0.67-1.62;
high quality of evidence), wherein social media applications
are superior to SMS text messaging in increasing the APR. As

a critically important quality metric of colonoscopy [63,64], the
PDR was also assessed in these 2 studies, where no differences
between the telephone call or social media application, and SMS
text messaging groups were detected. However, our study
demonstrates that telephone calls are associated with an
increased PDR when compared to SMS text messaging (OR
1.71, 95% CI 1.2-2.36). Moreover, only 1 study with a small
sample size was performed to compare telephone calls or social
media applications to SMS text messaging. However, more
studies performing indirect comparisons were included in our
study to calculate the combined estimates. Further, this finding
was supported by moderate- or high-quality evidence in our
study.

The strengths of our analyses include the comprehensive and
simultaneous assessment of the relative efficacy of all EPIs for
BP prior to colonoscopy. Given the limited comparative
effectiveness studies, it remains difficult for patients and
physicians to make informed decisions about which instructions
are most effective for improving the quality of BP. We used the
GRADE methodology [34,35] to assess the quality of evidence
for this network meta-analysis, which can be directly applied
in guideline development.

However, there are certain limitations associated with direct
comparative effectiveness related to network analyses and
individual studies, which merit further discussion. First, there
is a paucity of studies. Second, network meta-analysis may be
vulnerable to misinterpretation. The biggest threat to the validity
of network meta-analysis is conceptual heterogeneity, wherein
there are considerable differences among the participants,
interventions, background treatments, and outcome assessments,
thus limiting the comparability of trials. It assumes that patients
enrolled in all the included studies could have been sampled
from the same theoretical population [20,35]. Although there
were subtle differences in the patients (proportion of patients
having undergone colonoscopy previously and those undergoing
screening colonoscopy, diagnostic colonoscopy, or surveillance
colonoscopy), BP solutions (such as polyethylene glycol [PEG]
alone, PEG plus prokinetic agent, and low or standard doses),
solution administration methods (split or single dose), and
dietary restrictions (low residue, clear liquid, or low fiber), we
tried to minimize this conceptual heterogeneity by performing
multiple sensitivity analyses, including excluding trials using
uncommon preparation assessment scales with high risk or
multicenter design; the overall findings were unchanged,
suggesting the robustness of these analyses. Third, the ranking
probabilities may be challenging to interpret and do not always
imply a clinically important difference. However, instead of
focusing only on the summaries of the effect estimates, we used
GRADE to rate the overall quality of evidence considering the
risk of bias, imprecision, indirectness, inconsistency, and other
biases for rating the confidence in the estimates [35].

There were similar limitations in the individual studies, which
also undermine the strength of the meta-analysis. Most studies
focused on the quality of BP, with a limited number of studies
on colonic outcomes. BP-related AEs were poorly reported,
limiting the assessments regarding the benefits of instructions;
hence, a thorough assessment of risk-benefit profiles could not
be performed. Studies were also at risk of detection bias with
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suboptimal reporting of the blinding to assessor outcomes.
Various dietary restrictions were imposed in different eligible
studies; however, previous meta-analyses have demonstrated
no difference between low residues and clear liquids [12,65],
and thus, sensitivity analysis was not designed according to
these aspects. Although BP solutions with different doses were
used in the included studies, we did not design the subgroup or
sensitivity analysis according to the dose of the BP solution
because no significant difference between low and traditional
doses was confirmed in our meta-analysis [6]. Split doses proved
beneficial compared to single doses for improving BP [66] and
increasing the PDR and ADR [67]; however, the insufficient
number of eligible studies poses limitations for designing further

sensitivity analyses. Moreover, 5 BP assessment scales were
used in all the eligible studies; thus, we performed a sensitivity
analysis to examine the robustness of the pooled results through
excluding studies in which uncommon scales were used and
found that most of the results were unchanged.

Despite these limitations, our network meta-analysis provides
a better understanding regarding the comparative efficacy of
EPIs for BP prior to colonoscopy. Newly designed booklets,
telephone calls, educational videos, and social media
applications can increase the quality of BP. Telephone calls or
social media applications may be associated with improved
adherence to and satisfaction with the BP regime, decreased
risk of AEs, or an increased PDR.
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Abstract

Background: Although relatively new, digital health interventions are demonstrating rapid growth because of their ability to
facilitate access and overcome issues of location, time, health status, and most recently, the impact of a major pandemic. With
the increased uptake of digital technologies, digital health has the potential to improve the provision of supportive cancer care.

Objective: This systematic review aims to evaluate digital health interventions for supportive cancer care.

Methods: Published literature between 2000 and 2020 was systematically searched in MEDLINE, PubMed, Embase, PsycINFO,
Cochrane Central Register of Controlled Trials, and Scopus. Eligible publications were randomized controlled trials of clinician-led
digital health interventions to support adult cancer patients. The interventions included were determined by applying a digital
health conceptual model. Studies were appraised for quality using the revised Cochrane risk of bias tool.

Results: Twenty randomized controlled trials met the inclusion criteria for the analysis. Interventions varied by duration,
frequency, degree of technology use, and applied outcome measures. Interventions targeting a single tumor stream, predominantly
breast cancer, and studies involving the implementation of remote symptom monitoring have dominated the results. In most
studies, digital intervention resulted in significant positive outcomes in patient-reported symptoms, levels of fatigue and pain,
health-related quality of life, functional capacity, and depression levels compared with the control.

Conclusions: Digital health interventions are helpful and effective for supportive care of patients with cancer. There is a need
for high-quality research. Future endeavors could focus on the use of valid, standardized outcome measures, maintenance of
methodological rigor, and strategies to improve patient and health professional engagement in the design and delivery of supportive
digital health interventions.

Trial Registration: PROSPERO CRD42020149730; https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=149730

(J Med Internet Res 2021;23(10):e24722)   doi:10.2196/24722
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Introduction

Background
Approximately 18.1 million new cancer cases and 9.6 million
cancer-related deaths occurred globally in 2018 [1]. The rising
tide of cancer diagnoses in many developed countries has been
attributed to both population aging and the increasing prevalence
of primary risk factors, including physical inactivity, obesity,
and metabolic disease [1,2]. As the cancer population continues
to grow, there is an urgent need to improve supportive care
services [2].

Supportive care focuses on assisting people with cancer and
their families to cope with the disease and its treatment [3]. The
management of cancer treatment-related symptoms and side
effects and the maintenance of health-related quality of life from
early diagnosis to end-of-life are key aims of supportive cancer
care [3,4]. Supportive care interventions vary and may involve
multidisciplinary team support, including doctors, nurses,
pharmacists, and allied health professionals [5]. Recently, a
shared follow-up approach between primary and secondary
providers has been promoted to successfully meet increasing
demands for survivorship care [6,7], as innovative methods for
long-term cancer care are constantly needed [2].

There have been ongoing attempts to improve access to
supportive care cancer services through the use of digital health
technology [8]. Digital health interventions, with telemedicine
as its oldest form dating back to the 1920s, have been increasing
dramatically in recent years [9]. The terms digital health and
eHealth are frequently used interchangeably, with numerous
varied definitions. Eysenbach [10] defined eHealth as an
emerging field in the intersection of medical informatics, public
health, and business, referring to health services and
information delivered or enhanced through the internet and
related technologies. Elbert [11] and McLean et al [12] assert
3 key elements of digital health: (1) data obtained from the
patient, (2) electronic transfer of data over a distance, and (3)
patient-tailored feedback from a health care professional.
Furthermore, a recent conceptual model proposed by Shaw et
al [13] acknowledges the role of telehealth consultations,
web-based forums, mobile devices and apps, and social media,
in enabling real-time communication between health
professionals and consumers.

Recent systematic reviews evaluating the impact of digital health
interventions on health and health care costs provide promising
evidence of effectiveness and cost-effectiveness [11,14]. Digital
health has demonstrated potential in engaging people in their
care [15], including as a tool for the treatment and
self-management training of chronically ill patients [16,17].
Digital health interventions have been shown to be effective for
managing cancer-related fatigue [18], may improve physical
activity among cancer survivors [19], and can lead to positive
effects addressing the supportive cancer care needs of
individuals with different preferences and priorities [20]. Cancer
survivors have been found to have a positive attitude toward
digital health [21], suggesting that digital health interventions
have the potential to overcome common challenges associated
with access to supportive care in this population. Health

professional-led, digital health–enabled, supportive care
interventions may prove particularly useful in increasing
accessibility of services to those with limited access because of
location, health, time, and public health emergencies [22-30].
Despite the abundance of recent digital health literature, there
remains an acknowledged lack of quality evidence regarding
the effectiveness of supportive digital health care interventions
for people with cancer [19,20,31-33].

Objective
Over the past several decades, studies have investigated the
implementation and effects of digital health interventions in
people with cancer. In previous systematic reviews evaluated
in 2013, the design features of supportive digital health
interventions for patients with cancer [20]; in 2014, the use of
technology in cancer follow-up [31]; in 2015 and 2017, the
effect of telehealth interventions in cancer survivors’ general
quality of life [32,34], and in 2020, the benefits and limits of
digital health for optimal supportive care in oncology [35]. The
last review by Aapro et al [35] conducted an article search up
to November 2018 and focused on the technical features of
digital technologies. This is a rapidly growing area of health
care because of advances in information technology and the
uptake of digital technologies by both health professionals and
patients. Therefore, this systematic review aims to explore the
effect of supportive care interventions assisted by digital
technologies on the outcomes of patients with cancer.

Methods

Search Strategy
This systematic review was registered in the PROSPERO
(International Prospective Register of Systematic Reviews) and
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines [36]. A search was performed
in August 2020, using the following web-based databases:
MEDLINE (OvidSP, Wolters Kluwer), PubMed (National
Center for Biotechnology Information, US National Library of
Medicine), Embase (OvidSP, Wolters Kluwer), PsycINFO
(American Psychological Association), Cochrane Central
Register of Controlled Trials (John Wiley & Sons), and Scopus
(SciVerse, Elsevier). Three main keywords were searched:
supportive care, digital health, and cancer patients. Additional
search terms were included based on synonyms of these
keywords and medical subject headings. Multimedia Appendix
1 indicates the search strategy used.

Inclusion Criteria
The inclusion criteria were as follows: (1) studies in English
describing a randomized controlled trial (RCT), published
between January 2000 and August 2020; (2) intervention
recipients were adults with a diagnosis of cancer; (3) involved
clinician-led digital health interventions; and (4) interventions
implemented to provide supportive cancer care.

The determination of digital health interventions was on the
basis of the conceptual model of Shaw et al [13], which consists
of 3 core domains:
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1. Health in our hands: Using digital technologies to monitor,
track, and inform health, for example, smartphones, tablets,
clinical devices, mobile sensors and wearables, apps, social
media, and web-based information.

2. Interacting for health: Using digital technologies to enable
health communication among practitioners and between
health professionals and clients or patients, for example,
traditionally dominated by teleconferencing and
videoconferencing, this domain increasingly includes a
range of synchronous and asynchronous tools, such as SMS
and push notifications from mobile apps, dedicated portals,
social media platforms, and virtual or simulated therapy
tools.

3. Data enabling health: Collecting, managing, and using
digital health data, for example, technologies that provide
expanded knowledge and insights about the health of an
individual, community, or population.

To be included in the review, it was essential that the
intervention satisfied the 2 domains health in our hands and
interacting for health. The third domain, data enabling health
was deemed nonessential because of the known inconsistent
reporting of these criteria. The essential criterion health in our
hands was captured in the Intervention column and outlines the
nature of digital health experience. Interacting for health was
captured in the Interactions column of review data and outlines
the individuals involved in any form of communicative exchange
that supports the health and well-being of the patient and
caregiver.

Studies with interventions involving automated systems, such
as interactive voice response and similar web-based systems,
to monitor symptoms were included if the intervention featured
an internet or web-based component and triggered health
professional or researcher involvement when a threshold, such
as a pain score, was reached.

Exclusion Criteria
Studies were excluded if they were (1) not RCTs; (2) reported
only self-managed interventions, patient-to-patient interventions,
prevention tools, or alternative treatments, or (3) focused solely

on interventions involving telephone delivery that replicated a
clinical service.

Data Extraction and Synthesis
Two reviewers (MM and DM) independently reviewed the titles
and abstracts, followed by a full-text review of all publications.
In cases of disagreement, a consensus was sought through
discussion. Disagreement persisted for 4 studies; therefore, a
third reviewer (TS) was consulted to adjudicate.

Endnote software (Clarivate Plc) [37] was used to manage
references, and Covidence software (Veritas Health Innovation
Ltd) was used to import and extract studies [38]. Two reviewers
(MM and DM) independently applied the revised Cochrane risk
of bias tool (The Cochrane Collaboration) [39] to establish the
quality of the included studies. A matrix was developed by the
authors and applied in the collection and analysis of structured
data. Matrix criteria also included whether a study adhered to
the CONSORT (Consolidated Standards of Reporting Trials)
eHealth Checklist [40], a tool developed to improve the standard
of reporting in digital health trials.

Quality Assessment
Using the revised Cochrane Collaboration’s tool for assessing
risk of bias (RoB) in randomized trials (Risk of Bias 2.0) [39],
each study’s methodological quality was assessed in 5 major
domains: randomization process, deviation from intentional
interventions, missing outcomes, measurement of outcomes,
and selection of reported results. The RoB for each domain was
rated as some concerns, low, or high. The overall RoB for each
study was rated as some concerns or high.

Results

Study Selection
The initial search generated 972 records. After title and abstract
review, 135 publications were retained. The full text for each
of these 135 publications was reviewed for eligibility, resulting
in the identification of 17 publications. Three additional studies
were found using a reference search, generating a total of 20
digital health–enabled supportive cancer care interventions for
inclusion in the review (Figure 1).
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram of the search and study selection process.
RCT: randomized controlled trial.

Study Characteristics

Population
Details of the study design and characteristics are given in
Multimedia Appendix 2 [41-60]. Although the search was
published in 2000, the earliest result identified was published
in 2007, and the remaining included studies were published
after 2009. A total of 20 studies were conducted across 8
countries [41-48], with 11 from the United States. The sample
sizes ranged from 52 to 516 participants, with a median of 118.

Of the 20 included studies, 12 (60%) were designed for
participants within a single tumor stream. Interventions for
breast cancer were dominant, with a total of 9 studies [43,46-53].
A total of 2 studies identified were for lung cancer [54,55]. Of
those targeting multiple tumor types, 1 recruited participants
with breast or prostate cancer [45], and 1 recruited participants
with lung, breast, or colorectal cancer [44]. The remaining 8
studies included several tumor types, such as participants living
with any type or stage of cancer [42,56-58] or those with solid
tumors attending ambulatory oncology clinics for chemotherapy
[59,60].

Intervention Design and Features
The duration of interventions ranged from 4 weeks to 12 months,
with a variable frequency of clinician-patient interactions
ranging from biweekly to every 3 months. There were 5 studies
involving the use of a web-based portal or web-based experience
[45,46,48,55,57]; 8 studies included the use of a telephone or
smartphone [43,44,47,52-54,59,60]; 2 studies used a
combination of web-based and telephone interactions [51,58];

2 studies used social media networks or social networks [51,55];
and 4 studies used wearable activity trackers [42,51-53].
Multidisciplinary care was identified in 30% (6/20) of the
publications [44,46,47,55,56,58]. The study by Børøsund et al
[46] was nurse-led, with referrals to either physicians or social
workers. Uni-disciplinary interactions dominated, with 5
nurse-led [45,48,50,56,60], 1 social worker-led [49], and 1 led
with a medical specialist experienced in mindfulness program
delivery [42]. Bruggeman-Everts et al [41] involved a
psychologist or physiotherapist assigned to participants in
different arms of the study. Steel et al [57] outlined a
collaborative care intervention, whereby a care coordinator
provided information to the patient’s medical team, as well as
patients and caregivers. The interventions included digital health
tutoring, psychotherapy, nursing support, remote exercise or
rehabilitation program delivery, and digital mindfulness.

Digital supportive care interventions included interactive voice
response, tele and video counseling, internet-based
patient-provider communication, exercise based on the internet,
support systems, symptom monitoring, and self-management,
mobile phone-based remote monitoring, and activity monitoring
with tracking devices. The programs included digital health
tutoring, psychotherapy, nursing support, remote exercise,
rehabilitation program delivery, and digital mindfulness
interventions. All varied in terms of design, features, and use
of multimedia components. Only 2 publications referred to the
CONSORT Digital Health Checklist [46,55].
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RoB Assessment
With regard to the overall RoB, no included studies were rated
as low overall RoB; instead, 8 had some concerns, and 12 were
high risk. A summary of the RoB assessment can be found in
Multimedia Appendix 3 [41-60], describing the methodological

quality of each domain according to the Cochrane tool for
assessing RoB in randomized trials (RoB 2.0). Figures 2 and 3
describe a graphical representation of the RoB assessments.
Figure 2 includes studies in which an intention-to-treat analysis
was performed, whereas Figure 3 contains studies with a
per-protocol analysis.

Figure 2. Risk of bias in studies with intention-to-treat analysis.
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Figure 3. Risk of bias in studies with per-protocol analysis.

Intervention Outcomes

Overview
Interventions were analyzed according to the before-after test
design, with most of the interventions including repeated
measurement points. Although 20 studies were included, the
interventions and outcomes were heterogeneous and did not

enable meta-analyses. Outcomes were synthetized using a model
for quality of life among cancer survivors developed by Ferrell
and Dow [61,62]. The model encompasses dimensions of
physical, psychological, social, and spiritual well-being,
specifying the content for each dimension in the context of
cancer survivors. Details of the intervention outcomes and
statistically significant results are presented in Table 1.
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Table 1. Intervention outcomes.

ResultsMeasuresPrimary and secondary outcomes
(grouped)

Author

Anderson et al [47] • Decreased pain severity from base-
line to time point 1 (0.6 vs 2.3;

• MDASIa• Pain
• Sleep

P=.03; 95% CI 0.13 to 3.3) and from• Fatigue
baseline to time point 2 (1.2 vs 3.5;
P=.02; 95% CI 0.47 to 4.2) in the in-
tervention group.

• Improved reported sleep.

Badger et al [49] • Depression, symptoms, and spiritual
well-being improved in intervention

• CES-Db; GSDSc; Social and spir-
itual; Well-being scales

• Depression
• Symptom distress

groups (P=.01). No between-group• Social well-being; spiritual well-be-
ing differences. Social well-being im-

proved for tele and video groups.

Børøsund et al [46] • WebChoice lower symptom distress
(−0.16, 95% CI −.25 to −0.06;

• MSASd• Symptom distress
• Anxiety • HADSe

P=.001), anxiety (−0.79, 95% CI• Depression
• CBIf

−1.49 to −0.09; P=.03), and depres-• Self-efficacy
sion (−0.79, 95% CI 1.18 to −0.05;
P=.03) compared with control.

• Internet-based communication group
lower depression (−0.69, 95% CI
−1.32 to −0.05; P=.03) compared
with usual care. No change in symp-
tom distress or anxiety.

Bruggeman-Everts
et al [41]

• Clinically changes in fatigue severity
in 66% (41/62) of patients in home-
based physiotherapist guided proto-

• CIS-FSg• Fatigue severity
• Mental health • The positive and negative affect

schedule• Distress

col (AAFh), 49% (27/55) of patients• HADS
in web-based psychologist-guided

intervention (eMBCTi), and 12%
(6/50) of patients in psycho-educa-
tion e-mails only.

Cheville et al [58] • Telerehabilitation by physical thera-
pist-physician team (intervention

• AM-PACk• Functional capacity
• Pain • BPIl

group 1) improved function (differ-• HRQoLj
• 5-item EQ-5D-3L ence, 1.3; 95% CI 0.08 to 2.35;

P=.03) and quality of life (difference,
0.04; 95% CI 0.004 to 0.071; P=.01)
compared with control.

• Intervention groups 1 and 2 showed
reduced pain interference and aver-
age intensity (intervention group 1,
−0.4; 95% CI −0.78 to −0.07; P=.02;
and intervention group 2, −0.5; 95%
CI −0.84 to −0.11; P=.006).

Cleeland et al [54] • Both groups had decreased symptom
threshold events, control group report-

• MDASI• Symptom threshold events
• Cumulative distribution of symptom

threshold events ed more events at the end of the study
period. For both groups together, the• Symptom severity
effect size of reduction in symptom
severity was 0.72, effect size of 0.68
in the control group and 0.75 in the
intervention group.
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ResultsMeasuresPrimary and secondary outcomes
(grouped)

Author

• CEIBISMSn intervention showed
improvements after 12 weeks in role-
physical (P=.009), general health
(P=.02), mental health (P=.01), vital-
ity (P=.01) and health transition
(P=.007).

• In comparison with control group,
differences in vitality (P=.009),
mental health (P=.001), and health
transition (P=.048).

• SF-36m

• Stand-up or sit-down chair test
and arm lifting test (30 seconds)

• Modified Bruce treadmill protocol

• HRQoL
• Muscle strength
• Cardiorespiratory capacity

Dong et al [51]

• Less fatigue (P=.002), cognitive
dysfunction (P=.001), and sleep dis-
turbance (P<.001) for both interven-
tion groups compared with control.

• No differences between live delivery
and telemedicine delivery of therapy.

• No group effect on overall quality of
life; however, there was a time effect.

• SF-36
• FACT-Bo

• FACIT-Fp and cog
• FACT-Spq

• HRQoL
• Functional capacity
• Fatigue, sleep
• Spiritual well-being

Freeman et al [50]

• After intervention, the telerehabilita-
tion group had significantly improved
distances as well as percentage of
predicted 6-minute walk test com-
pared with the control group
(P<.001).

• 6-minute walk test
• Trail making test
• ACTr

• Functional capacity
• Cognitive function

Galiano-Castillo et
al [43]

• Caregivers in the CHESSt arm consis-
tently reported lower patient physical
symptom distress than caregivers in
the internet arm at 4 months (P=.03);
and at 6 months (P=.004)

• Modified ESASs• Caregiver surveys reporting patient
symptom distress

Gustafson et al [55]

• Difference between groups in fatigue,

higher in the control group (ORu

2.29, 95% CI 1.04 to 5.05; P=.04)
and in hand-foot syndrome lower in
control group (OR control or interven-
tion 0.39, 95% CI 0.17 to 0.92;
P=.03)

• Common toxicity criteria adverse
events chemotherapy symptom
assessment scale

• 6 chemotherapy-related symptomsKearney et al [44]

• Improvements for the intervention
group: >30% decrease in pain index
(P<.001) and >50% decrease in the
depression scale (P<.001). Effect size
between-group differences at 3
months was 0.67 (95% CI 0.33 to
1.02) for pain and 0.42 (95% CI 0.16
to 0.69) for depression.

• Intervention group had better out-
comes for several HrQoL domains,
including mental health, vitality,
anxiety, and physical symptom bur-
den.

• HSCL-20v

• BPI

• Depression
• Pain severity

Kroenke et al [56]

• Between-group difference in MVPA
at T2 (69 min/week; 95% CI 22 to
116); decreased total time of sitting
37 min/day (95% CI −72 to −2) and
prolonged bouts of sitting 42 min/day
(95% CI −83 to −2), favoring the in-
tervention group

• Actigraph and activPAL ac-
celerometers

• Vigorous physical activity (MVPAx)Lynch [52]w

Vallance [53]w
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ResultsMeasuresPrimary and secondary outcomes
(grouped)

Author

• Intervention group improvement in
fatigue at T2 4.6 (95% CI 1.3 to 7.8).
Within groups: intervention group,
increase in fatigue at T2 5.1 (95% CI
2.0 to 8.2) and at T-3 3.3 (95% CI
0.1 to 6.41). No effects on HRQoL.

• FACT-B
• FACIT-F

• HRQoL
• Fatigue

• No significant difference between
symptom severity or distress scores
between groups.

• Single item scale• Symptom severity
• Distress

Mooney et al [59]

• Decreased distress on one subscale
of MSAS.

• Group differences on symptom dis-
tress were significant for the MSAS-
SF (slope estimate, −0.052, 95% CI
−0.101 to −0.004; t244=4.42; P=.04).
There were no significant within- or
between-group differences on the
other MSAS-SF subscales.

• MSAS-SFy

• Centre for Epidemiological Can-
cer Behavior Inventory Studies-
Depression Scale 15 d

• Symptom distress
• Depression
• Self-efficacy
• HRQoL

Ruland et al [45]

• Decreased symptom severity across
both intervention groups after 10
weeks. No between-group differ-
ences. Effect sizes were similar for

NASMz (0.56) and ATSMaa (0.59)

• MDASI• Symptom severitySikorskii et al [60]

• Reductions in pain (Cohen d=0.62),
fatigue (Cohen d=0.26), depression
(Cohen d=0.71), and significant
changes in HRQoL with an effect
size of Cohen d=0.99 at 6 months
follow-up (P=.05) when compared
with those in the enhanced usual care
arm at 6 months.

• CES-D
• BPI
• Functional assessment of cancer

therapy–anemia, and hepatobiliary

• Depression
• Pain
• Serum cytokine levels natural killer

cell numbers

Steel et al [57]

• Did not meet primary objective, no
difference in health service use

• Clinic visits
• Health service use

• Time between symptoms
• Health care use

Wheelock et al [48]

• Significant improvements and mod-
erate effect sizes in the web-based

MBCRac group relative to controls
for mood disturbance (Cohen d=0.44;
P=.049), stress (Cohen d=0.49;
P=.02), spirituality (Cohen d=0.37;
P=.04), and mindfully acting with
awareness (Cohen d=0.50; P=.03).

• Monitoring interest, eligibility,
and participation

• Profile of mood states
• CSOSIab

• Feasibility
• Mood
• Stress
• Posttraumatic growth inventory

Zernicke et al [42]

aMDASI: MD Anderson symptom inventory.
bCES-D: Center for Epidemiological Studies-Depression.
cGSDS: General Sleep Disturbance Scale.
dMSAS: Memorial Symptom Assessment Scale.
eHADS: Hospital Anxiety And Depression Scale.
fCBI: Cancer Behavioral Inventory.
gCIS-FS: Checklist Individual Strength-Fatigue Severity.
hAAF: Ambulant Activity Feedback
ieMBCT: Web-based Mindfulness-Based Cognitive Therapy.
jHRQoL: health-related quality of life.
kAM-PAC: Activity Measure for Postacute Care.
lBPI: Brief Pain Inventory.
mSF-36: 36-item Short Form Health Survey.
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nCEIBISMS: combined exercise intervention based on internet and social media software.
oFACT-B: Functional Assessment of Cancer Therapy–Breast.
pFACIT-F: Functional Assessment of Chronic Illness Therapy–Fatigue.
qFACT-Sp: Functional Assessment of Chronic Illness Therapy-Spiritual Well-Being.
rACT: acceptance and commitment therapy.
sESAS: Edmonton Symptom Assessment Score.
tCHESS: Comprehensive Health Enhancement Support System.
uOR: odds ratio.
vHSCL-20: Hopkins Symptom Checklist Depression Scale.
wLynch [52] and Vallance [53] are 2 publications with different outcomes of the same randomized controlled trial.
xMVPA: moderate-to-vigorous intensity physical activity.
yMSAS-SF: Memorial Symptom Assessment Scale – Short Form
zNASM: nurse-assisted symptom management
aaATSM: automated telephone symptom management
abCSOSI: Calgary Symptoms of Stress Inventory.
acMBCR: mindfulness-based cancer recovery.

Physical Well-being
Despite measuring similar outcomes, heterogeneous
self-reported instruments were used across the studies. Control
or reduction of symptoms and maintenance of function and
independence comprise this domain. A total of 16 studies
reported statistically significant changes in outcomes within the
physical well-being domain [41,43-47,49,50,52-58,60].
Furthermore, 4 studies showed a significant reduction in pain
[47,56-58], of which 3 used the Brief Pain Inventory [56-58].
Decreased fatigue was reported in 4 studies, favoring the
intervention groups [41,44,50,53]. The most common outcome
measure reported was clustered symptom changes, as referenced
in 6 studies [45,46,49,54,55,60]. Finally, functional
capacity-related outcomes were significant in 3 studies
[43,52,58].

Health-Related Quality of Life
Health-related quality of life was the second most common
domain, with significant improvements for the intervention
group referenced in 4 studies [51,56-58].

Psychological Well-being
The most common outcome in this domain reporting significant
improvements in the 4 interventions was depression
[46,49,56,57]. Anxiety was reduced compared with the control
group in one study [46], and significant improvements in mood
disturbance were observed in one study [42].

Social and Spiritual Well-being
A single study reported a significant improvement in social
well-being in the intervention group [49]. Badger et al [49] was
also the only study that evaluated spiritual well-being changes,
resulting in statistically significant improvements for the
intervention group but no between-group differences.

Discussion

Principal Findings

Overview
In the studies integrated in this review, the interventions
included digital health education, psychotherapy, nursing
support, remote exercise, rehabilitation program delivery, and
digital mindfulness interventions. All interventions satisfied the
domains health in our hands and interacting for health of the
digital health model by Shaw et al [13]. Digital supportive care
interventions have been shown to improve cancer-related
symptoms [45,46,49,54,55,60], pain [47,56-58], fatigue
[41,44,50,53], health-related quality of life [51,56-58],
functional capacity [43,52,58], and depression [46,49,56,57].
Only 2 RCTs included in this review did not report significant
changes in one or more outcomes [48,59].

Digital Supportive Cancer Care Interventions
The digital interventions reviewed have been shown to be
beneficial and independent of disease and demographic factors.
This is similar to findings reported in other reviews
[20,31,32,35,47,63] and meta-analyses [34]. In addition, the
use of technology for cancer follow-up appears to be acceptable
to patients, is clinically safe [31], and improves health
knowledge and self-management practices [64]. However, such
interventions vary in design and features, most lack or fail to
report theoretical frameworks, and they use outcome measures
making pooling or comparison between studies difficult.
Another issue when comparing digital supportive care
interventions is that it may be possible that interventions vary
in their efficacy across different populations and technologies
used for delivery. Furthermore, past studies have reported
potential challenges impacting the implementation of digital
health care, such as technical problems, lack of technology
knowledge, and data security [65], which need to be considered
when planning future studies. Recent systematic reviews
concluded that a range of strategies should be implemented in
digital supportive care [20,35,63] and general digital health
interventions [66]. The study by O’Connor et al [66]
recommends increasing public awareness of different
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technologies and understanding of how they work,
personalization of care, clinical accreditation of interventions,
improving focus on health literacy, and safeguarding privacy
of personal information as key areas for investigation. Key areas
for digital supportive care design and implementation noted in
previous cancer-related reviews that should be further explored
are mechanisms for participant feedback to drive the co-design
of digital interventions [20,67], the efficiency of delivering
relevant and tailored health care information [65], and ways to
integrate supportive care services at all stages of the cancer
treatment pathway [35].

A supportive digital care intervention model should be
underpinned by a theoretical framework that anticipates not
only the outcomes and the tools to measure these, but also the
process of achieving the outcomes from a particular intervention
[20,63,68]. However, many studies do not address the validity
of patient-reported health outcomes, and most of them use
self-reported measures in pre-post test design, which leaves
them at a RoB. This might be in part because one of the main
challenges in the development of an evidence-based digital
supportive cancer care intervention is the velocity of technology
development in comparison with the often-long process of
conducting and evaluating clinical trials.

Digital Health for Chronic Disease Care
Evidence from the research and implementation of digital health
interventions across other disease groups may facilitate the
transferability of digitally enabled supportive cancer care.
Cancer is a chronic disease for many people [69]. Applications
of research findings in other chronic diseases, such as
cardiovascular disease [70], hypertension [12], and diabetes
[71], which have a larger evidence base in digital health–enabled
interventions with positive effects, should be used where
possible. A recent systematic review [72] focused on the broader
application of these symptom-reporting systems within multiple
patient groups and concluded that although further research
needs to be completed, most studies reported positive health
outcomes. For example, in the case of diabetes, Greenwood et
al [71] found that the most effective digital interventions
incorporated all components of a technology-assisted
self-management feedback loop, connected people with diabetes
and their health care team using two-way communication,
analyzed patient-generated health data, tailored education
programs, and individualized feedback. A 2018 systematic
review focused on using remote monitoring in people with a
history of type 2 diabetes [73] significantly improved glycated
hemoglobin and self-management. Evidence from diabetes
research seems more cohesive, in part, because the outcomes
of lowering glucose levels and glycated hemoglobin allow
homogeneous measurement across studies.

Several successful digital health interventions focus on both
behavior change and increasing patient engagement [74,75].
Barello [75] concluded that most studies failed to account for
the complexity of patient engagement and that a more holistic
approach might help maximize the potential of digital health
technology [75]. Another recent review focused on mobile health
apps for chronic disease management and found that regular
symptom assessments, automated reminders, and feedback loops

were common features, with most studies reporting significant
improvement in health outcomes [73].

Current Challenges and Need for Quality Information
This review compiles evidence regarding the potential of digital
health interventions for supportive cancer care in different
settings, including remote areas and emergency situations [33].
However, the challenges facing public health systems worldwide
in terms of emergencies, such as the COVID-19 pandemic, have
rapidly increased the use of digital health interventions [29].
Health care systems, including cancer care, are adapting in
response to the need for social distancing, lockdowns, and other
public health initiatives. Cancer clinics have reduced clinical
appointments, administration encounters, and postponed elective
cancer surgeries [28], which has increased the need for
follow-up and management without visiting hospitals [76]. This
situation has advanced the use of digital health and telehealth
apps and programs worldwide [30]. Digital supportive cancer
care has been implemented out of necessity and is becoming a
common delivery model [77]. Two of the suggested strategies
to enable supportive cancer care during COVID-19 are (1)
empowering patients and caregivers through the use of digital
communication and (2) increasing the use of existing digital
health platforms [28].

There is an urgent need to agree on relevant outcomes, methods
of assessment, and there is a need for improved quality of
primary studies and RCTs, as shown by our quality assessment.
The lack of high-quality randomized trials identified in this
review reflects the ongoing problem of low-quality research.
Moreover, only 2 of the included publications referenced the
CONSORT Digital Health Checklist, which was published in
2011. Only 3 included studies were published before 2011,
making it disappointing that most later publications failed to
reference this standard. Comments of Dickinson in BMC Cancer
[31] remain relevant in 2020:

Nevertheless, there are surprisingly few randomized
trials given the explosion in technological innovation
in recent years. It could be that technology is evolving
so fast that potential innovative technological
interventions become outdated before they can mature
sufficiently to be subjected to randomized trials.

This insight has been recurrent in different systematic reviews
[32,74].

Strengths and Limitations
Although the review was a rigorous evaluation of RCTs, there
were a small number of included studies that indicated there
may be significant literature in the phase I or II feasibility
spectrum. Although 20 studies were included, the interventions
and outcomes were heterogeneous and did not enable
meta-analyses. Owing to the nature of this review, there was
also a heterogeneous population, variable outcome measures,
variable study quality, and methodological limitations. These
characteristics have been found to contribute to a lack of
evidence regarding the benefits of digital health [19]. It is
difficult to draw conclusions and synthesize studies with
inconsistent outcome measures, and a systematic approach to
using standardized measures is required. The CONSORT Digital
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Health Checklist should be used routinely. The review was
limited to studies written in English. Therefore, it is possible
that research papers published in other parts of the world were
missed. As with many studies in oncology, this review found
that breast cancer survivorship dominated. Thus, the
development of supportive care interventions across other tumor
streams is required. As most of the included studies were
conducted in the United States and Europe, it is unclear whether
the findings from these studies can be generalized to other
countries and populations, particularly in developing nations.

Future Directions
Living well with cancer has gained greater relevance as the
survival rates of many cancer types are increasing. The future
of digital health in oncology supportive care brings a range of
new and exciting possibilities. There is a need to evaluate the
efficacy and efficiency of digital interventions in real-world
conditions and standardize a core set of outcomes included in

all studies to facilitate comparisons between interventions and
digital technologies.

Conclusions
Digital health–enabled supportive cancer care is capable of
improving health-related quality of life, symptom burden
including self-report of pain and fatigue, depression, and, to a
lesser extent, functional capacity. Supportive digital
interventions in the field of cancer are being used and have been
reported to be helpful for patients, independent of other factors.
However, there is a need for higher quality research and clearer
reporting than is evident in the current RCTs. Future research
should focus on using valid, standardized outcome measures,
increasing the methodological rigor of studies undertaken, and
the development and evaluation of strategies to improve both
patient and health professional engagement in the design and
delivery of supportive digital health interventions.
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Abstract

Background: Access to neurological care for Parkinson disease (PD) is a rare privilege for millions of people worldwide,
especially in resource-limited countries. In 2013, there were just 1200 neurologists in India for a population of 1.3 billion people;
in Africa, the average population per neurologist exceeds 3.3 million people. In contrast, 60,000 people receive a diagnosis of
PD every year in the United States alone, and similar patterns of rising PD cases—fueled mostly by environmental pollution and
an aging population—can be seen worldwide. The current projection of more than 12 million patients with PD worldwide by
2040 is only part of the picture given that more than 20% of patients with PD remain undiagnosed. Timely diagnosis and frequent
assessment are key to ensure timely and appropriate medical intervention, thus improving the quality of life of patients with PD.

Objective: In this paper, we propose a web-based framework that can help anyone anywhere around the world record a short
speech task and analyze the recorded data to screen for PD.

Methods: We collected data from 726 unique participants (PD: 262/726, 36.1% were women; non-PD: 464/726, 63.9% were
women; average age 61 years) from all over the United States and beyond. A small portion of the data (approximately 54/726,
7.4%) was collected in a laboratory setting to compare the performance of the models trained with noisy home environment data
against high-quality laboratory-environment data. The participants were instructed to utter a popular pangram containing all the
letters in the English alphabet, “the quick brown fox jumps over the lazy dog.” We extracted both standard acoustic features
(mel-frequency cepstral coefficients and jitter and shimmer variants) and deep learning–based embedding features from the speech
data. Using these features, we trained several machine learning algorithms. We also applied model interpretation techniques such
as Shapley additive explanations to ascertain the importance of each feature in determining the model’s output.

Results: We achieved an area under the curve of 0.753 for determining the presence of self-reported PD by modeling the standard
acoustic features through the XGBoost—a gradient-boosted decision tree model. Further analysis revealed that the widely used
mel-frequency cepstral coefficient features and a subset of previously validated dysphonia features designed for detecting PD
from a verbal phonation task (pronouncing “ahh”) influence the model’s decision the most.
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Conclusions: Our model performed equally well on data collected in a controlled laboratory environment and in the wild across
different gender and age groups. Using this tool, we can collect data from almost anyone anywhere with an audio-enabled device
and help the participants screen for PD remotely, contributing to equity and access in neurological care.

(J Med Internet Res 2021;23(10):e26305)   doi:10.2196/26305

KEYWORDS

Parkinson’s disease; speech analysis; improving access and equity in health care; mobile phone

Introduction

Parkinson disease (PD) is the fastest-growing neurological
disease worldwide. Unfortunately, an estimated 20% of patients
with PD remain undiagnosed. This can be largely attributed to
the shortage of neurologists worldwide [1,2] and limited access
to health care. Early diagnosis and continuous monitoring, which
allows medication dosage adjustment, are key to managing the
symptoms of this incurable disease. The current standard of
diagnosis requires in-person clinic visits where an expert
assesses the disease symptoms while observing the patients as
they perform tasks from the Movement Disorder Society-Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) [3]. The
MDS-UPDRS includes 24 motor-related tasks to assess speech,
facial expression, limb movements, walking, memory, and
cognitive abilities. Although many studies have shown success
by analyzing hand movements [4], limb movement patterns [5],
and facial expressions [6], speech is especially important
because approximately 90% of patients with PD exhibit vocal
impairment [7,8], which is often one of the earliest indicators
of PD [9].

For speech analysis, researchers have looked into phonations
(pronouncing “ahhh”) from audio recordings [10] to quantify
rhythm, stress, and intonation [11]. Little et al [12] introduced
pitch period entropy (PPE) as a measure of dysphonia to
distinguish healthy people from people with PD with 91%
accuracy. Later, Tsanas [13] expanded on this by calculating
132 dysphonia measures to classify PD versus control with
almost 99% accuracy. In addition, Peker et al [14] used a novel
feature selection technique with a complex-valued artificial
neural network. Rueda and Krishnan [15] identified a set of
mel-frequency cepstral coefficients (MFCCs) and intrinsic mode
functions to represent the characteristics of PD. In the domain
of analyzing real-life audio data, Wroge et al [16] analyzed
verbal phonation data collected from smartphones; Vaiciukynas
et al [17] used a convolutional neural network to detect PD from
speech; Vásquez-Correa et al [18] collected speech samples
with a handheld device in uncontrolled noise conditions; and
Dubey et al [19] designed a smartwatch-based voice and speech
monitoring system for people with PD receiving speech
therapies from speech-language pathologists. Although the
current state-of-the-art method has shown promising results, it
has limitations such as small sample size [12,19,20],
oversampling from the same participants [14], noise-controlled
data collection [12,15], and age discrepancy between PD and
control [21].

In this paper, we present our analysis of 726 audio recordings
of speech from 36.1% (262/726) individuals with PD and 63.9%
(464/726) without PD. The speech recordings were collected

using a web-based tool called Parkinson’s Analysis with Remote
Kinetic-tasks (PARK) [22]. The PARK tool instructed the
participants to utter a popular pangram containing all the letters
in the English alphabet, “The quick brown fox jumps over the
lazy dog,” and recorded it. This allowed us to rapidly collect a
data set that is more likely to contain real-world variability
associated with geographical boundaries, socioeconomic status,
age groups, and a wide variety of heterogeneous recording
devices. The findings in this study build on this unique
real-world data set; thus, we believe it could potentially be
generalized for real-world deployments.

Collecting audio data from individuals often requires in-person
visits to the clinic, limiting the number of data points and the
diversity within the data. Recent advancements have allowed
the collection of tremor data from wearable sensors [23] and
sleep data from radio frequency signals [24]. The existing work
with speech and audio analysis uses sophisticated equipment
for collecting data that are often noise-free [12,25] and do not
contain real-world variability. As a significant portion of the
population has access to a mobile device with recording
capability (eg, 81% of Americans own a smartphone) [26], we
opted to use a framework that allows participants to record data
from their homes. From the recorded audio files, we extracted
acoustic features including MFCCs, which represent the
short-term power spectrum of a sound, jitter or shimmer variants
(representing pathological voice quality), pitch-related features,
spectral power, and dysphonia-related features designed to
capture PD-induced vocal impairment [12].

In addition, we extracted features from a deep-learning–based
encoder—problem agnostic speech encoder (PASE) [27], which
represents the information contained in a raw audio instance
through a list of encoded vectors. These features are modeled
with four different machine learning models—support vector
machine (SVM), random forest, LightGBM, and XGBoost—to
classify individuals with and without PD.

Figure 1 provides an outline of the data analysis system. Our
contributions can be summarized as follows:

• We report findings from one of the largest data sets with
real-world variability, containing 726 unique participants
mostly from their homes.

• We analyzed the audio features of speech to predict PD
versus non-PD with an area under the curve (AUC) score
of 0.753.

• We provide evidence that our model prioritizes MFCC
features and a subset of dysphonia features [12,28], which
is consistent with previous literature.
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• Our model performs consistently well when tested on
gender- and age-stratified data collected in a controlled

laboratory environment and in the wild.

Figure 1. An outline of our approach for solving the speech task of uttering “The quick brown fox...”.

Methods

Recruitment and Data Collection
We collected data from 726 unique participants uttering the
sentences, “The quick brown fox jumps over the lazy dog. The
dog wakes up and follows the fox into the forest, but again the
quick brown fox jumps over the lazy dog,” using PARK [29]
website. Figure 2 provides a brief overview of the data
collection, storage, transfer, and analysis mechanisms. The users
are recorded via a webcam and a microphone connected to the

PC or laptop, and the recordings are uploaded to a server. Figure
3 shows images of some of the study participants, and Figure
4 shows the age distribution of the participants. The number of
participants without PD is 1.8 times the number of participants
with PD. Most of the participants with PD are concentrated in
the age range of 40 to 80 years. However, participants without
PD outnumber those with PD in the age group 20 to 40 years.
Similarly, participants with PD significantly outnumber those
without PD in the age group of 80 to 90 years. Table 1 provides
the demographic information of the study participants.

Figure 2. An overview of our data collection, storage, and analysis pipeline.
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Figure 3. Some screenshots of our subjects while providing the data. All the subjects except B provided data without any supervision. B, D, E, and F
have been diagnosed with Parkinson disease. Electronic informed consent was taken from the participants to use their photos for publication.

Figure 4. A bar plot showing the age distribution of participants with PD and those without PD in our data set. PD: Parkinson disease.
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Table 1. Demographic composition of our data set (N=726).

Participants without PDParticipants with PDaCharacteristics

464 (63.9)262 (36.1)Total, n (%)

Gender, n (%)

300 (64.6)101 (38.5)Female

164 (22.5)161 (61.4)Male

57.98 (14.2)65.92 (9.2)Age (years), mean (SD)

Country, n (%)

419 (90.3)199 (75.9)United States

45 (9.7)63 (24)Other

N/Ab7.88 (5.41)Years since diagnosed, mean (SD)

aPD: Parkinson disease.
bN/A: not applicable.

Among our 726 unique participants, 262 (36.1%) had received
the diagnosis of PD, whereas the others were participants
without PD. We obtained contact information of patients with
PD from local clinics and various PD support groups.
Participants without PD were recruited from Amazon
Mechanical Turk. During data collection, informed consent of
all participants was obtained in accordance with the protocol
agreed upon between the researchers and the institutional review
board of the University of Rochester. Among the 726 unique
participants, only 54 (7.4%) provided data in the laboratory
under the guidance of a study coordinator using the PARK tool;
the rest of the 672 (92.6%) participants used the PARK system
from their homes to provide data. Having participants perform
the tasks at home and in the laboratory allowed us to compare
the results across both conditions. No participant appeared in
either set, and all of our participants used the identical PARK
protocol.

The gender distribution in the data set was skewed, especially
for female participants. Among all participants, 55.2% (401/726)
were women, and 44.8% (325/726) were men. However, among
participants with PD, only 38.5% (101/262) were women, and
for participants without PD, 64.6% (300/464) were women.
Most of the participants with PD were in the age range of 40 to
80 years, but most of the younger (20-40 years) and older (80-90
years) participants were from the group without PD and the
group with PD, respectively.

As our data were collected through a web-based framework,
we do not have the MDS-UPDRS scores for our participants
because collecting them requires additional input from doctors.
Among all the participants in our PD group, only 3 participants
replied in affirmative that they had taken medication 2 hours
before taking the test; others replied in the negative. Therefore,
we assumed that medication effects were negligible for the
purposes of this study.

Data Preprocessing
During data collection, participants often took some additional
time to start to utter the task sentences and stop the recording
once the sentences were uttered. Hence, we had a substantial
amount of noisy and irrelevant data at the beginning and end
of most data instances (Figure 1). To remove irrelevant data,
we used the Penn Phonetics Lab Forced Aligner Toolkit (P2FA)
[30]. Given an audio file and transcript, it attempts to predict
the time boundaries in which each of the words in the transcript
was pronounced. P2FA applies a combination of hidden Markov
models [31] to predict the most likely sequence of phonemes
for a given audio and Gaussian mixture models to combine
those phonemes into words and obtain their time boundary using
a predefined dictionary [32]. From the output of this system,
we can obtain the starting time of the first word recognized by
the P2FA and the ending time of the last word recognized by
the P2FA. We used the audio segments between them for further
analysis.

Acoustic Features Extraction
We extracted features by combining outputs of multiple sources:
Praat features [33] obtained through the Parselmouth Python
interface [34] and the previously used dysphonia features
relevant for PD analysis [12,35,36]. After calculating all the
features, we constructed a correlation matrix of the feature
values to calculate the degree of correlation between them.
Then, we iterated over each pair of features in an unordered
fashion, and if the correlation coefficient between them was
above 0.9, we dropped one of those features from further
analysis [37]. Table 2 contains a short overview of the features
used in our analysis; the feature names in italicized text are
those used for building the models. We provide a more
comprehensive description of the features in Multimedia
Appendix 1 [12,14,36,38]. Some of our definitions were adapted
from the official Praat documentation [33].
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Table 2. Names of all the features, code source used for collecting them, and a short descriptiona.

Short descriptionCode sourceFeature

Pitch

Median principal frequencyLittle et al [36]MedianPitch b

Mean principal frequencyBoersma and Weenink [33]MeanPitch

SD in principal frequencyLittle et al [36]StdDevPitch

Jitter

Perturbation in principal frequency (mean variation)Little et al [36]MeanJitter

Perturbation in principal frequency (median variation)Little et al [36]MedianJitter

Average absolute difference between consecutive periods, divided by the average
period

Boersma and Weenink [33]LocalJitter

Average absolute difference between consecutive periods measured in secondsBoersma and Weenink [33]LocalAbsoluteJitter

Average absolute difference between a period and the average of it and its two
neighbors

Boersma and Weenink [33]RapJitter

5-point period perturbation quotientBoersma and Weenink [33]Ppq5Jitter

Difference of differences of periods of principal frequencyBoersma and Weenink [33]DdpJitter

Shimmer

Amplitude perturbation (using mean)Little et al [36]MeanShimmer

Amplitude perturbation (using median)Little et al [36]MedianShimmer

Average absolute difference between amplitudes of consecutive periodBoersma and Weenink [33]LocalShimmer

Average absolute base-10 logarithm of the difference between amplitudes of
consecutive period

Boersma and Weenink [33]LocaldbShimmer

3-point amplitude perturbation quotientBoersma and Weenink [33]Apq3Shimmer

5-point amplitude perturbation quotientBoersma and Weenink [33]Apq5Shimmer

11-point amplitude perturbation quotientBoersma and Weenink [33]Apq11Shimmer

Shimmer calculated by difference in differences of amplitudeBoersma and Weenink [33]DdaShimmer

MFCCc

13 features of mean MFCCLittle et al [36]MeanMFCC (0-12)

13 features of mean variation of MFCCLittle et al [36]VariationMFCC (0-12)

4 features capturing relative band power in 4 spectrum rangesTsanas et al [39]RelBandPower (0-3)

Signal-to-noise ratioBoersma and Weenink [33]HNR d

Pitch estimation uncertaintyLittle et al [36]RPDE e

Measure of stochastic self-similarity in turbulent noiseLittle et al [36]DFA f

Measure of inability of maintaining constant pitchLittle et al [36]PPE g

aWe collected the features using the code or methodology described in the corresponding code-source entry.
bThe correlated features were removed, and features in italicized text were used to build the models. Feature names are preceded by the loosely defined
umbrella category they belong to.
cMFCC: mel-frequency cepstral coefficient.
dHNR: harmonic-to-noise ratio.
eRPDE: recurrence period density entropy.
fDFA: detrended fluctuation analysis.
gPPE: pitch period entropy.

Embedding Features Extraction
We extracted deep learning–based PASE embeddings [27] for
our audio files. PASE represents the information contained in

a raw audio instance through a list of encoded vectors. To ensure
that the encoded vectors contain the same information as the
input audio file, it decodes various properties of the audio file,
including the audio waveform, log power spectrum, MFCCs,
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four prosody features (interpolated logarithm of the fundamental
frequency, voiced or unvoiced probability, zero-crossing rate,
and energy), and local InfoMax, from the encoded vectors. The
encoded vectors must retain relevant information about the input
audio file to decode all these properties successfully.

As these properties represent the inherent characteristics of the
input audio file rather than any task-specific features, they have
been used to solve a host of downstream tasks, such as speech
classification, speaker recognition, and emotion recognition.
Therefore, we also used them for PD detection.

Experiments
For each feature set, we applied a standard set of machine
learning algorithms, such as SVM [40], XGBoost [41],
LightGBM [42], and random forest [43], to classify PD versus
non-PD. SVM separates the data into several classes while
maintaining the maximum possible margin among the classes.
A random forest is built as an ensemble of decision trees; each
decision tree builds a tree using a subset of features and learns
if-else type decision rules to make a prediction. We also used
XGBoost and LightGBM, algorithms based on gradient boosting
where they build successively better models by refining the
models at hand.

We used a leave-one-out cross-validation training strategy;
using this strategy, one sample of data from the data set is left
out, and the other n−1 samples are used to create a model and
predict the remaining sample. We used metrics such as binary
accuracy and AUC to evaluate our model’s performance. AUC
is the area under the receiver operating characteristics (ROC)
curve. The ROC curve is constructed by calculating the AUC
produced by taking the ratio of the true-positive rate and the
false-positive rate while varying the decision threshold. AUC
has the highest value of 1, which denotes that the two classes
can be separated perfectly, whereas an AUC value of 0.5
indicates that the model cannot distinguish between the two
classes. Because our data set was imbalanced, AUC is a much
better metric for understanding the true performance of our
model. To reduce the effects of data imbalance, we used data
augmentation techniques such as the synthetic minority
oversampling technique [44] and SVM synthetic minority
oversampling technique [45].

Model Interpretation Technique
To interpret the models, we used the Shapley additive
explanations (SHAP) technique based on the Shapley value.
The Shapley value is a game-theoretic concept of distributing

the payouts fairly among players [46]. In the machine learning
context, each individual feature of an instance can be thought
of as a player, and the payout is the difference between an
instance’s prediction and the average prediction. We choose
SHAP for two reasons: (1) it is well suited for explaining the
output of any machine learning model, and (2) it is the only
feature attribution method that fulfills the mathematical
definition of fairness.

To use SHAP to explain gradient boosting and tree-based models
such as XGBoost, Lundberg et al [47] introduced methods to
provide a polynomial time model to compute optimized
explanations. Their method can generate local
interpretations—how the features affect one particular prediction
of a data instance—and then combine those local interpretations
to make global interpretations about features present in the entire
data set. By setting up a class of features to condition on, they
traverse the tree in the following manner: if we are traversing
on a node that was split based on a feature we are conditioning
on, we simply follow the decision path; otherwise, the results
from the left and right subtrees originating from the current
node are computed recursively, and their results are added
through a weighted summation strategy, thus computing the
SHAP value for the feature in question.

Results

Overview
The data were preprocessed, and both standard acoustic features
(eg, pitch, jitter, shimmer, and MFCC) and deep learning–based
audio embedding features, representing an audio clip as a feature
vector, were extracted; henceforth, we call these standard
features and embedding features. In the rest of the Results
section, we discuss the results from the models built on the
entire data set, interpretations of the best model on the entire
data set, and results and interpretation from specialized models
on gender-stratified and age-trimmed data sets.

Detecting PD From the Entire Data Set
Table 3 contains the AUC and accuracy scores of the four
machine learning models trained on the standard features and
embedding features separately. Applying XGBoost on the
standard features showed the best performance of 0.75 AUC
and 0.74 accuracy. We also noticed that models trained on
standard features work better than those trained on embedding
features.
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Table 3. Performance on the entire data set. The performance of various machine learning algorithms using the standard and embedding features on a

data set combining data from both home and laboratory environmentsa.

Embedding featuresStandard featuresAlgorithm

AccuracyAUCAccuracyAUCb

0.6920.7380.7350.751SVMc

0.7080.7260.7200.745Random forest

0.6930.7370.7200.753LightGBM

0.6890.7220.7410.750 dXGBoost

aModels using standard features perform better than the models using embedding features in terms of both binary accuracy and area under the curve.
Although the performance of the models is almost similar in terms of area under the curve metric, XGBoost outperforms others by considering both
the area under the curve and accuracy metrics simultaneously.
bAUC: area under the curve.
cSVM: support vector machine.
dVariable outperforms all others by taking both area under the curve and accuracy into account.

Model Interpretation
The goal of SHAP is to explain the model’s prediction of any
instance as a sum of contributions from its feature values; if a
data instance can be thought of as Xi=[f1, f2,...fN], SHAP will
assign a number to each of these fj features, denoting the impact
of that feature—both the magnitude and direction—on the

model’s prediction. Then, all these local explanations are
aggregated to create a global interpretation for the entire data
set. A global interpretation is presented in the first part of Figure
5; the top 10 most impactful features, ranked by having the most
impact to the least, are presented. To calculate each feature’s
impact, all of its SHAP values across all the data instances are
gathered, and then the mean of their absolute values is
calculated.

Figure 5. Shapley additive explanations analysis of our best performing models on 3 data sets: (A) main model (ie, entire data set), (B) female model
(ie, female only), and (C) age-trimmed model (all subjects are older than 50 years).

Features that have an impact on the model’s performance are
typically the spectral features: the mean values or the variation
of MFCC in each spectrum range. Apart from that, some other
complex features such as recurrence period density entropy
(RPDE; a measure of uncertainty in F0 estimation), PPE (a
measure of inability to maintain a constant F0), and
harmonic-to-noise ratio (HNR) also affected the interpretation
presented in the first part of Figure 5.

Gender- and Age-Stratified Analysis
The characteristics of a person’s voice are greatly influenced
by age and gender. In Figure 6, we see that men and women

display a changing characteristic in their voices as they get
older. Female voices have a higher F0 value, but it decreases
with age. Males typically have a higher F0 value in their youth,
which decreases with age and then increases roughly after the
age of 45 years. Therefore, it can produce confounding effects
when analyzing PD from audio, where the machine learning
model uses audio features to detect PD. To minimize the effect
of confounding factors, researchers trained separate models on
data from male and female participants [28] or analyzed an
age-trimmed data set by considering data from participants older
than 50 years [4,29].

J Med Internet Res 2021 | vol. 23 | iss. 10 |e26305 | p.51https://www.jmir.org/2021/10/e26305
(page number not for citation purposes)

Rahman et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 6. Changes in fundamental frequency F0 of voice as a function of gender and age (collected from Tsanas et al [13]).

Building Specialized Models for Each Gender- and
Age-Trimmed Analysis
The performance metrics of the machine learning models trained
on the male, female, and age-trimmed data sets are shown in
Table 4. By comparing the performance with metrics presented
in Table 3, we can see that the models that used male- or

age-trimmed data sets performed at par or better than the models
that used the whole data set to train. However, there was a
performance drop in the models using the female data set. Table
1 shows that females are overrepresented in the non-PD group
and underrepresented in the PD group, leading to data imbalance
and possibly lowering performance for the female-only model.

Table 4. Gender- and age-stratified models. Three separate data sets were constructed: a male data set with male participants, a female data set with
female participants, and age-trimmed data set by excluding the participants younger than 50 years. For each of these data sets, a separate model was
constructed, and its performance is reported below (N=726).

Age-trimmed (male, n=366 and female, n=426)Female (n=477)Male (n=415)Algorithm

AccuracyAUCAccuracyAUCAccuracyAUCa

0.7230.7550.7630.6590.7170.795SVMb

0.7130.7390.7880.6990.7020.758Random Forest

0.7120.7490.7680.7170.6650.725LightGBM

0.7040.7420.7710.6820.7170.762XGBoost

aAUC: area under the curve.
bSVM: support vector machine.

We also analyzed the features that drive the performance of
these specialized models through SHAP analysis. The second
part of Figure 5 shows the most salient features ranked by their
SHAP value and the distribution of the impact of each feature
on the model’s decision-making. The most important features
are still dominated by the MFCC-related features or complex
features such as the HNR, relative band power in different
frequency ranges (RelBandPower1, RelBandPower3), RPDE
(uncertainty in F0 estimation), perturbation in F0 (DdpJitter),
or perturbation in amplitude (Apq11Shimmer). However, one
noticeable fact is that three-pitch and jitter-related
features—MedianPitch (median principal frequency,
StdDevPitch (SD in principal frequency) and MedianJitter
(median variation in F0)—also affected the model’s prediction,
which was not noticed in the SHAP analysis run on the
all-data-model.

Similarly, we interpreted the salient features of the age-trimmed
data set in the third part of Figure 5. We noticed that the most

salient features usually come from the MFCC feature groups,
complex features (RPDE, PPE, and HNR), relative band power
(RelBandPower1, RelBandPower2, and RelBandPower3), and
pitch-related features. In addition, the pitch-related features also
drove the prediction of the model.

Discussion

Limitations
In all of our experiments, we chose leave-one-out
cross-validation to maintain uniform experimental settings
between different models, data augmentation, and data set
combinations because K-fold cross-validation can show high
variance in performance based on how stratified the folds are.
However, we acknowledge that our choice introduces the
problem of overfitting and increases the computational
complexity manifold. Therefore, we could not run extensive
hyperparameter tuning to improve the performance of our
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models. By carefully stratifying the folds and maintaining the
same fold settings for comparable experimental settings, K-fold
cross-validation may enable us to achieve higher performance
with lower computational complexity.

Moreover, our chosen metrics, accuracy and ROC AUC, can
be overly optimistic because of the unbalanced nature of our
data set. Metrics such as ROC–Precision-Recall balanced
accuracy, and more information about sensitivity and specificity
may shed more light on how we are performing in the minority
class. In the future, we plan to apply other cross-validation
techniques and better metrics to conduct our experiments and
report our performance.

Detecting PD From Regular Conversation
Some of the most common voice disorders induced by PD are
dysphonia (distortion or abnormality of voice), dysarthria
(problems with speech articulation), and hypophonia (reduced
voice volume). Two speech-related diagnostic tasks are
commonly used to detect PD by exploiting the changing vocal
pattern caused by these disorders: (1) sustained phonation (the
participant is supposed to utter a single vowel for a long time
with constant pitch) and (2) running speech (the participant
speaks a standard sentence). Little et al [12] developed features
for detecting dysphonia in patients with PD. Tsanas et al [25]
focused on the telemonitoring of self-administered sustained
vowel phonation task to predict the Unified Parkinson’s Disease
Rating Scale rating (on Rating Scales for Parkinson’s Disease
2003), a commonly used indicator for quantifying PD symptoms.
These studies trained their models with data captured by
sophisticated devices (eg, wearable devices, high-resolution
video recorder, and the Intel at-home–testing-device
telemonitoring system) that are often not accessible to all and
are difficult to scale. The performance of these models can be
significantly reduced when classifying data collected in home
acoustics. In addition, correctly completing the sustained
phonation task requires following a specific set of guidelines,
such as completing the task in one breath, which can be difficult
for older individuals.

In contrast, we analyzed the running speech task from the data
collected by using a web-based data collection platform that
can be accessed by anyone anywhere in the world and requires
only an internet-connected device with an integrated camera
and microphone. In addition, the running speech task does not
require conforming to specific instructions and is more similar
to regular conversation; therefore, the model can be potentially
augmented to predict PD from a regular conversation—a
potential game-changer in PD assessment. In the future,
user-consented plug-ins could be developed for apps such as
Alexa, Google Home, or Zoom, where audio is transmitted
between persons. Anyone who consents to download the plug-in
and uses it while on the phone, over Zoom, or giving virtual or
in-person presentations could benefit from receiving an informal
referral to see a neurologist, when appropriate. The plug-in
would not store the participants’ data unless they opt to build
a personalized profile to ensure privacy and ethical usage of
our framework.

Validating Model Interpretation
The features that SHAP found to have an impact on modeling
decisions are well supported by previous research. For example,
MFCC features have already proven to be useful in a wide range
of audio tasks such as speaker recognition [48], music
information retrieval [38], voice activity detection [49], and
most importantly, in voice quality assessment [50]. Similarly,
the high impact of the HNR and the measures of uncertainty in
F0 estimation (RPDE) and inability to maintain a constant F0
(PPE) on the model’s output are in congruence with the findings
from Little et al [12]. However, explaining the first part of
Figure 5 in light of PD-induced vocal impairment is a difficult
task. MFCC features are calculated by converting the audio
signal into the frequency domain, and they denote how energy
in the signal is distributed within various frequency ranges.
Therefore, providing a physical interpretation of the SHAP
values corresponding to the MFCC features is not
straightforward. Similarly, Little et al [12] designed the RPDE
and PPE features to model a sustained phonation task (uttering
“ahh”) with the assumption that healthy participants will be
able to maintain a smooth and regular voice pattern. In contrast,
uttering multiple sentences introduces considerable variation
in the data, adding a wide set of heterogeneous patterns.
Therefore, the underlying assumptions behind constructing these
features do not hold for our task of uttering multiple sentences.

We conduct an empirical validation of the SHAP output shown
in the first part of Figure 5. We incrementally add one feature
at a time to build a dynamic feature set, train successive models
on that feature set, and report the accuracy and AUC
performances. We see that the performance of our model
saturates after adding 7 to 8 features. Therefore, we can say that
the SHAP analysis teases out the most important features driving
the model’s performance successfully.

Why Not Stratified Analysis Only?
We built models inclusive of all genders for several reasons.
First, there are potential shared characteristics among vocal
patterns of all genders that can be relevant for detecting PD.
Second, dividing the data set into two portions reduces the
available training data for each model, which may, in turn,
reduce the generalization capability of each model. In addition,
our model analyzes data from patients of all ages. Although
most people diagnosed with PD are older than 60 years,
approximately 10% to 20% of the population diagnosed with
PD are younger than 50 years, and approximately half of them
are younger than 40 years [51]. As anecdotal evidence, Michael
J Fox was diagnosed with PD at the age of 29 years [52], and
Muhammad Ali had PD by 42 years [53]. In our data set, there
were also a minority of patients with PD who were younger
than 50 years (Figure 4). On the basis of these observations, we
believe that our system should provide access to all people,
irrespective of age. PD does not discriminate by age while
affecting a person, and an automated system should not
discriminate based on age and provide equitable services to
people of all ages. However, these factors can function as
confounders in PD analysis. Therefore, we provided additional
analysis to ensure that our model does not use the idiosyncrasies
of group-specific information to make predictions.
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Performance Excluding Laboratory Environment Data
When the data were collected in the laboratory, participants had
access to a clinician providing support using a consistent
recording setup and dedicated bandwidth. In contrast, the data
collected in the home setting involved no assistance and included
the real-world variability of heterogeneous recording setups and
inconsistent internet speed. In theory, the data collected at the
laboratory and home were very different from each other.

To ensure that our model works equally well without the clean
lab data, we designed two experiments. In experiment 1, we
removed clean lab data, which was approximately 7.4% (54/726)
of the entire data set, retrained our model on the remaining 672
participants using the leave-one-out validation procedure, and
calculated the performance metrics. In experiment 2, we
randomly removed 7% (roughly 54 data points) of home data
from the entire data set (while keeping the lab data intact),
building a model with the remaining 93% data with the
leave-one-out cross-validation method. Then, we conducted
experiment 2 10 times and calculated the average performance
from these 10 runs. We found that the AUC metric across these
three experiments was fairly consistent, with a very small 0.015
decrease in AUC when removing lab data, demonstrating that
our framework performs equally well across the lab and home
data.

Label Inconsistency and Predicting Tremor Score
Using the PARK [29] protocol, we collected one of the largest
data sets of participants conducting a series of motor, facial
expression, and speech tasks following the MDS-UPDRS PD
assessment protocol [3]. Although we analyzed only the speech
task in this study, the data set can be potentially used to automate
the assessment of a large set of MDS-UPDRS tasks and facilitate
early-stage PD detection, thus improving the quality of life for
millions of people worldwide. However, deploying the data
collection protocol on the web and facilitating access to anyone
anywhere around the world comes at a cost. To date, all of our
participants with PD have been clinically verified to be
diagnosed with PD. Therefore, the labels of the PD data points
are reliable. However, the participants without PD did not
undergo clinical verification. Our data collection protocol asked
them appropriate questions to check whether they had been
diagnosed with PD and collected data when they answered in
the negative. However, we cannot discount the possibility that
a small subset of our population without PD is in the very early
stage of PD and is oblivious about it. At present, there are
estimated to be around 1 million patients with PD in the United
States, out of a population of 330 million [51], yielding a PD
prevalence rate of 0.3%. However, as our non-PD data set was
largely tilted toward people older than 50 years, the rate in our
data set could be higher than 0.3%. Even if we consider a liberal
1% prevalence rate, the number of individuals with undiagnosed
PD in our control population is likely low (at most 4.6 persons).
Therefore, we believe that the non-PD data labels are generally
reliable. In the future, we plan to model tremor score in (0-4
range for each task; 0 for no tremor, and 4 for severe tremor)
instead of a binary label following the MDS-UPDRS protocol
to address this problem more thoroughly.

Building a More Representative Data Set
The PARK protocol is web enabled, allowing anyone with
access to the internet to contribute data. We plan to augment
our data set by adding more non–native English speakers,
females, and participants with PD. As our PD data are collected
through contacts from local PD clinics and non-PD data through
Amazon Mechanical Turk, most of our participants were from
the United States or other English-speaking countries. To make
our model more robust on data from non–native English
speakers, we are in process of collecting both PD and non-PD
data from non–native English-speaking countries. In addition,
our current protocol can collect data from people with computer
and internet access only, and therefore, it can potentially exclude
underserved people. In the future, we plan to build desktop and
mobile apps that can collect data offline to build a more
inclusive framework.

Our best model for female data performed worse than its male
counterparts, as shown in Table 4. We attribute this degraded
performance PD or non-PD imbalance for female participants
in our data set: the PD-to-non-PD ratio for females was 101 out
of 300 (Table 1). Previous epidemiological studies have shown
that both the incidence and prevalence of PD are 1.5 to 2 times
higher in men than in women [54,55]. Therefore, any randomly
sampled data set for PD will have a higher prevalence of males,
contributing to models that are more biased toward males. Our
immediate plan is to prioritize collecting balanced data from
all genders, ages, and races across geographical boundaries,
leading to a balanced data set.

Our data set also has the ubiquitous problem of data imbalance
in diagnostic tests: the amount of data from participants without
PD is 1.8 times more than their PD counterparts. Therefore,
there is a risk that the model will be biased toward predicting
the majority non-PD class as default and yield a high
false-negative score. To address this, we plan to recruit more
participants with PD in the future to make our data set more
balanced. Another potential approach is to run the analysis on
a subset of the data set produced by conducting proper age,
gender, and matching of patients with and without PD.

As shown in Table 1, our participants with PD were diagnosed
7.88 (SD 5.41) years ago. Owing to limited data availability,
we did not conduct an analysis on early-stage PD prediction.
In the future, we plan to include more participants in the early
stages of PD and build models that can detect them. We will
especially focus on recruiting participants with PD in the age
range of 20 to 40 years to analyze the very early-stage onset of
PD among young adults. Furthermore, we plan to collect and
analyze multiple speech instances from each person to reduce
person-specific variability and obtain a more holistic view of
their PD state.

Increasing Model Performance
Although we consider AUC to be a better metric for our data
set, our model performs 10% better than always choosing
non-PD as the prediction in terms of binary accuracy. To be
practically deployable in clinical settings, the performance needs
to be improved further. We will focus on four promising
avenues: making the data set balanced, designing better features
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capable of modeling the nuanced pattern in our data, making
our model resilient to noise present in our data, and
deconfounding the PD prediction from age and gender variables.

To remove noise, we plan to augment the techniques proposed
in Poorjam et al [56] to automatically enhance our data quality
by detecting the segments of data that conform to our
experimental design. Moreover, as discussed above, gender and
age can appear as confounding variables in the PD prediction

task. In this paper, we have shown that our unified model and
stratified sex-specific models have similar performance.
However, we plan to build better models to systematically
deconfound the effects of both age and gender variables while
benefiting from them simultaneously. We can achieve this by
incorporating the causal bootstrapping technique—a resampling
method that considers the causal relationship between variables
and negates the effect of spurious, indirect interactions, as
outlined by Little and Badawy [57].
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Abstract

Background: The COVID-19 pandemic has increased the demand for youth mental health services in Canada as disruptions
to clinical care continue to persist due to the risk of transmission and exposure to the virus. Digital mental health interventions,
including web-based resources and mobile apps, have provided opportunities to support youth mental health remotely across
Canada. There is a need to better understand how these digital interventions are being selected, recommended, and used in various
regions across Canada.

Objective: A national jurisdictional scan was completed to (1) determine what web-based programs, apps, and websites are
promoted and licensed in Canada for youth mental health; (2) identify criteria and decision-making processes that Canadian
jurisdictions use to select web-based programs, apps, and websites for youth mental health; and (3) identify upcoming trends,
innovations, and digital mental health possibilities that are emerging in the youth sector.

Methods: The aims of the jurisdictional scan were addressed through a review of related academic and grey literature; stakeholder
interviews, including individuals involved in various areas of the youth mental health sector; and a social media review of pertinent
Twitter content.

Results: A total of 66 web-based resources and apps were identified for use by youth in Canada. 16 stakeholder interviews were
completed and included discussions with researchers, clinicians, youth organizations, and others involved in digital interventions
for youth mental health. These discussions identified a limited use of frameworks used to guide decision-making processes when
selecting digital interventions. Many clinicians agreed on a similar set of eligibility requirements for youth mental health apps
and digital resources, such as the evidence base and cultural relevance of the intervention. Stakeholders also identified upcoming
trends and innovations in the youth digital mental health space, including artificial intelligence, digital phenotyping, and personalized
therapy. Over 4 weeks, 2184 tweets were reviewed to identify and compare global and national trends and innovations involving
digital mental health and youth. Key trends included the promotion of regional chat services as well as the effects of the COVID-19
pandemic on youth mental health and access to care.
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Conclusions: As organizations begin to plan for the delivery of mental health care following the pandemic, there are concerns
about the sustainability of these digital mental health interventions as well as a need for services to be more informed by the
experiences and preferences of youth.

(J Med Internet Res 2021;23(10):e30491)   doi:10.2196/30491

KEYWORDS

youth mental health; digital mental health; COVID-19; digital mental health interventions; e-mental health

Introduction

Canadian jurisdictions have significantly altered their delivery
of mental health care for youth over the past year, given the
rising need for mental health services related to the COVID-19
pandemic [1]. A Canadian study indicated that 67% to 70% of
children and adolescents aged 6-18 years have experienced a
deterioration in one or more mental health domains because of
changes such as stress and social isolation during the pandemic
[1]. Organizations have broadened their use of virtual care and
digital mental health interventions, including web-based
programs, apps, and websites [2]. In consideration of the rapid
shift to the use of digital mental health services and
interventions, this review can support Canadian decision-makers
and leaders in understanding these changes and how youth
mental health is supported through digital interventions. To
accomplish this, a jurisdictional scan was completed to address
current needs and future directions in the youth mental health
space.

To identify digital mental health resources, criteria, and
decision-making processes used to select resources, and
upcoming trends and innovations, the following aims were
established:

1. Determine what web-based programs, apps, and websites
are promoted and/or licensed by Canadian jurisdictions (eg,
health authorities, national youth mental health
organizations, provinces, and territories) for youth mental
health.

2. Identify criteria and decision-making processes that
Canadian jurisdictions use to select web-based programs,
apps, and websites for youth mental health.

3. Identify upcoming trends, innovations, and digital mental
health possibilities that are emerging in the youth sector.

Methods

A review of current academic and grey literature was completed,
including searches of databases (eg, PubMed, University of
Toronto Libraries), reports, working papers, and presentations
from Canadian digital health organizations. Titles and abstracts
were reviewed to determine if information about youth mental
health and digital interventions was included. Sources that met
this inclusion criterion were then subjected to rapid content
analysis and were organized based on identified themes. App
stores, including the Google Play Store and Apple App Store,
were also reviewed to identify digital mental health apps
currently available to youth in Canada.

A series of key stakeholder interviews were conducted with
representatives across Canada. Single interviews were conducted

by two members of the research team via videoconferencing or
telephone and followed a semistructured design based on a set
of six questions. Participants were asked to discuss the criteria
their organization uses to select resources for youth or
decision-making processes/appraisals that are used to evaluate
digital resources such as websites and mobile apps. Trending
and emerging innovations were also discussed, and all
participants were able to provide additional information relevant
to the topic. One research member took notes during each
interview, and this information was later used for thematic
analysis to identify key themes.

Data mining techniques and content analysis were used to
retrieve and analyze information collected from the Twitter
application programming interface over 4 weeks using a Twitter
Archiving Google Sheet (TAGS). As Twitter is a platform
commonly used by researchers, clinicians, youth organizations,
health care leaders, and others involved in youth mental health
care, Twitter data provided a snapshot of in-the-moment insights
into trending topics and innovations related to digital mental
health interventions for youth during the COVID-19 pandemic.
These trends were identified to understand the similarities or
disparities between the experiences of national and international
stakeholders.

Further information about the methodology used for this
research is available upon request from the corresponding
author.

Results

Review of Web-Based Resources, Apps, and Related
Literature
A total of 66 digital interventions were identified as promoted
or licensed by Canadian jurisdictions and organized based on
their delivery methods, including web-based resources or mobile
apps. Information was recorded for each resource based on the
American Psychiatric Associations App Evaluation Model [3].
A complete list of the digital interventions, including web-based
resources, and associated criteria and tags are available in
Multimedia Appendix 1, and the mobile apps are provided in
Multimedia Appendix 2.

The review of related literature identified current trends in the
youth digital mental health space. A common theme that was
highlighted throughout the review of the literature was the
limited availability of evidence-based apps. Numerous reviews
revealed that formal evaluation methods were often not used to
support the use of mobile apps for youth mental health, raising
concerns about the efficacy of digital interventions used in
clinical settings [4-8]. Researchers recommended that more
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rigorous testing be done to provide high-quality evidence for
the use of digital interventions for youth mental health [8].

Research studies also reviewed the use of evaluation methods
for digital mental health interventions for youth and provided
various metrics used to quantify effectiveness and improvements
to mental health [9-11]. A systematic review included metrics
such as mental health outcome data, health service outcome
data, technology use, and feedback from children and youth [9].
Other evaluation methods included clinical outcomes of
randomized control trials to determine the effectiveness of
digital mental health interventions [10].

Co-design was identified as a powerful tool in the development
of digital mental health interventions for children and youth.
Researchers indicated that there is a need for co-design with
youth, including “creative collaboration, varying stages of
involvement, collaboration activities, user-engagement
techniques, prototype development, and consideration for
diversity within youth populations” [12].

Most of the articles focused on the development and use of
mobile apps targeting child and youth experiences with anxiety
and depression [13-16]. There was a paucity of research on
other types of digital mental health interventions as well as any
digital interventions for eating disorders and many complex
mental illnesses, with only one article identified on youth
experiences with psychosis [17].

Gamification was also identified as a prominent topic in the
results of the review. Some considerations were discussed that
can address the needs of specific youth groups who may benefit
from the use of personalized game-based interventions [18-21].
Some considerations include the integration of video games
with clinical care processes and programming, the use of
gender-diverse characters in game-based digital mental health
interventions, and a focus on the prevention of mental illness
as opposed to treatment-based games [18].

Stakeholder Interviews
A total of 16 stakeholders, including clinicians, researchers,
youth organizations, online therapists, business analysts, and
others involved in the youth mental health space, took part in
the interviews. Organizations included representation from
numerous regions within Canada, including Ontario, British
Columbia, Alberta, and Nova Scotia, as well as the US state of
Massachusetts. Stakeholders discussed the digital mental health
interventions they currently use, that their organization endorses,
or that they are involved in for research purposes.

Additionally, the stakeholders discussed the need for improved
guidance when selecting and appraising digital mental health
interventions for youth. Overall, most respondents relied on
individual selection criteria to inform their decision-making
processes as opposed to standardized frameworks. Table 1
includes a list of specific appraisal tools referenced by
participants as well as individual criteria cited by respondents
as informing their decision-making processes.

Table 1. Decision-making processes and appraisal methods used for selecting digital mental health interventions for youth identified during stakeholder
interviews.

The rationale for process or appraisalProcess or appraisal method

Frameworks

The toolkit can reduce clinician workload, ensure resources are evidence-based, increase interoperability,
and provide valuable information for those with limited experience with digital mental health.

Mental Health Commission of Canada
Toolkit

Used to evaluate the effectiveness of mental health apps and identifies the highest quality apps. Focuses
on measuring outcomes, design and transparency, design methodology, and operational considerations
of each application.

Homewood Research Institute App
Evaluation Framework

Selection criteria

Resources that are evidence-based and have supporting literature are often more accepted for use in
clinical settings.

Evidence base

Providers and researchers must consider the cost and technology requirements associated with recom-
mending a digital intervention.

Accessibility

Mobile apps and web-based resources should host bright and catchy graphics, including music and
characters, to grab the attention of youth.

Visual appeal

Recommendations should be developed based on feedback from youth about what they are looking for
and the apps they are already using.

Feedback from youth

When serving youth, including BIPOC,a further considerations must be made to ensure that the digital
resource/intervention considers specific needs of various cultural and racial minority groups.

Cultural relevance

aBIPOC: Black, Indigenous, and people of color.

The discussions with stakeholders also identified new trends
and innovations these individuals and organizations have seen
in the youth digital mental health space. Table 2 highlights the

most frequently cited innovations considered in response to the
COVID-19 pandemic and other trends currently being studied
in Canada.
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Table 2. Upcoming trends and innovations in digital youth mental health identified through stakeholder interviews.

DescriptionTrend or innovation

Including mobile apps that use artificial intelligence–powered chatbots.Artificial intelligence/

machine learning

Tracking the activities of users to determine how digital activity might indicate a change in behavior or
mental state.

Digital phenotyping

Interventions that consider culture, language, geography, and more.Personalized therapy

Using data from mobile apps alongside clinical data from health information systems.Interoperability

Online groups moderated by health professionals to create safer digital environments for youth.Online peer support groups

Emerging mobile apps that target specific experiences with trauma.Trauma-informed interventions

Potential to reach a greater number of children and youth through digital means alongside traditional in-
person care.

Increasing accessibility

Development of video and digital games used to provide support and education about mental health and
wellness.

Gamification

The use of platforms such as Instagram and Twitter to help organizations reach youth and promote the
availability of digital health interventions and resources. Instagram was also used in specific cases by
youth organizations to provide mental health support through the application’s direct messaging feature.

Social media

Includes TikTok accounts that provide short and accessible videos about mental health and wellness that
can easily reach youth who are already using the app.

TikTok

Social Media Review
A total of 2184 tweets containing content or hashtags relating
to digital interventions for youth mental health were included.
Of these tweets, themes included promotion of regional chat
services, such as text and telephone lines available 24 hours per
day, 7 days per week for youth mental health support. Effects
of isolation due to COVID-19 on youth mental health were
highlighted, primarily concerning families who have experienced
suicide and self-harm in youth [22]. A greater need for access
to mental health care and reduction of hospital beds available
for youth mental health due to staff shortages in New Brunswick
was also a prominent topic [23]. Web-based resource hubs,
webinars, and virtual panel discussions provided by youth
mental health organizations were frequently promoted.
Advocacy for government funding due to an increasing national
need for youth mental health care was also discussed. Lastly,
resources specifically designed to meet the needs of lesbian,
gay, bisexual, transgender, queer, and two-spirit (LGBTQ2S+)
youth were also promoted on the platform through
youth-friendly infographics.

Discussion

Future Directions
Although digital mental health interventions can provide great
benefit during the COVID-19 pandemic, there is concern among
some clinicians and researchers about the sustainability of these

interventions once in-person care resumes across Canada. As
digital mental health interventions are developed for youth,
there needs to be increased awareness of how these interventions
are being selected and the opportunities to better integrate these
interventions with clinical care. One consideration includes
improved transparency and quality considerations in how digital
mental health interventions are selected, as shown in Table 1.
Individuals involved in the development of digital resources
for youth mental health must consider these selection criteria,
such as cost, technology, privacy requirements, evidence base,
visual appeal, and cultural relevance. Engagement with youth
in planning and improving the integration of digital health with
organizations across the mental health system continuum is vital
to ensuring the longevity of these resources following the
pandemic. Additionally, further research should be done to
review content related to digital mental health on other social
media platforms that are frequently used by youth, including
Instagram and TikTok.

Conclusions
Current literature, key stakeholder interviews, and mining of a
social networking platform all point to the need for a greater
understanding of digital intervention use for youth mental health
during and beyond the COVID-19 pandemic. The use of digital
interventions such as web-based resources and apps can be
driven using suitable frameworks and selection criteria.
Upcoming trends and innovations indicate an opportunity to
improve and expand the use of digital interventions for youth
in Canada.
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Abstract

Background: Clinic attendance, metabolic control, engagement in self-management, and psychological health are suboptimal
in young-onset (age of onset <40 years) type 2 diabetes.

Objective: We examined the effectiveness of an enhanced SMS text message–based support and reminder program in improving
clinic attendance, metabolic control, engagement in self-management, and psychological health in young-onset type 2 diabetes.

Methods: A 12-month, parallel-arm, randomized controlled trial comparing an enhanced, semipersonalized SMS text
message–based intervention (incorporating 1-8 supportive and/or informative text messages per month) against standard care
was conducted in a specialized clinic for young adult type 2 diabetes. The primary outcome was maintenance of 100% attendance
at scheduled quarterly clinical appointments. Secondary outcomes included (1) metabolic indices, (2) pathology and self-monitored
blood glucose (SMBG) data availability, and (3) psychosocial well-being.

Results: A total of 40 participants were randomized, and 32 completed their 12-month study visit. The average participant age
was 32.7 (SD 5.1) years, 50% (20/40) were male, and baseline glycated hemoglobin A1c (HbA1c) was 7.3% (SD 1.9%) (56
mmol/mol, SD 20). A higher proportion of the intervention group achieved 100% attendance (12/21, 57%, vs 5/19, 26%, for the
control group); Kaplan-Meier analysis demonstrated significantly greater cumulative attendance in the intervention group (P=.04).
There were no between-group differences in HbA1c, BMI, lipids, or availability of pathology and SMBG data. Odds of recording
an improvement in the Diabetes Empowerment Scale–Short Form score were higher in the intervention group at 6 months (odds
ratio [OR] 4.3, 95% CI 1.1-17), with attenuation of this effect at study end (OR 3.1, 95% CI 0.9-11). Program acceptability was
high; >90% of participants would recommend the program to new patients.

Conclusions: An enhanced SMS text message–based support and reminder program doubled scheduled clinic attendance rates
for patients with young-onset type 2 diabetes. The program was highly acceptable and provided early support for patient
empowerment but had no significant effect on measures of metabolic control or self-management.
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Introduction

Over the past 20 years, young-onset type 2 diabetes (age of
onset <40 years) has emerged as a significant clinical problem.
The worldwide prevalence of young-onset type 2 diabetes more
than doubled during the decade spanning 2003 to 2013, and
today, well in excess of 60 million young people are living with
type 2 diabetes [1,2]. This is particularly concerning given the
aggressive nature of young-onset type 2 diabetes, with high
rates of complications, established premature mortality, and the
poorest comparative outcomes [3-6].

Suboptimal clinic attendance and poor engagement in
self-management represent significant barriers to improving
long-term outcomes [7,8]. There is specific evidence that clinic
attendance associates with favorable outcomes in young-onset
type 2 diabetes; during the landmark Treatment Options for
Type 2 Diabetes in Adolescents and Youth (TODAY) study of
adolescent type 2 diabetes, it was established that participants
who attended ≥75% of scheduled lifestyle education sessions
achieved significantly greater weight reductions than those who
attended less often [9]. An audit of clinic attendance at a
metropolitan, hospital-based diabetes center clearly
demonstrated that young adults with type 2 diabetes were the
subgroup that had the highest rate of nonattendance; median
loss to follow-up time was approximately 4 months [10]. As
each clinical encounter provides an excellent opportunity to
review a patient’s understanding of diabetes and its management,
convey important messages relating to self-management, adjust
pharmacotherapy, perform complications screening, and foster
a therapeutic rapport, novel ideas are needed to motivate young
adults with type 2 diabetes and encourage more reliable clinic
attendance.

In recent years, innovative text messaging interventions have
yielded promising results in high-risk groups. The landmark
TEXTME study demonstrated that a structured, lifestyle-based
SMS text messaging program could improve cardiovascular
risk factor management after myocardial infarction [11]. In
adolescent medicine, SMS text message interventions have been
used to address important issues, including teenage pregnancy
and binge drinking of alcohol [12,13]. In the field of diabetes,
the SMS4BG study established that an SMS text messaging
program could facilitate modest improvement in glycemic
control [14]. However, the SMS4BG study did not specifically
examine the impact of the program on clinic attendance, nor
did it specifically target individuals with young-onset type 2
diabetes. A study from Hong Kong did identify a benefit of an
SMS text message reminder for the attendance rate within a
type 2 diabetes population at a primary care clinic [15].
However, participants in the Hong Kong study had a mean age
of 63 years; as a result, the benefit of SMS text message

reminders in the young-onset type 2 diabetes setting remains
to be established. Overall, young adults with type 2 diabetes
have been underrepresented in most clinical studies to date [16].
Consequently, high-quality evidence to guide management of
young-onset type 2 diabetes remains scarce.

It is widely understood that young people are frequent users of
information and communications technology. In 2012 and 2017,
young adult respondents to our diabetes and technology survey
reported the highest rates of mobile phone ownership and a high
degree of comfort with the use of technology in diabetes
management [17]. Familiarity with SMS text messaging
technology as well as its low cost and ready scalability provide
a great impetus for an exploration of the utility of SMS text
message interventions in the young adult demographic. We
hypothesized that an enhanced SMS text message–based support
and reminder program would improve clinic attendance,
metabolic health, and engagement in diabetes self-management
and psychosocial well-being within our young-onset type 2
diabetes cohort. We set out to test this hypothesis in the
TEXT2U randomized controlled trial (RCT).

Methods

Study Design
TEXT2U was a parallel group, investigator-blinded, 12-month
RCT involving participants with young-onset type 2 diabetes
(age of onset 18-40 years). The primary aim was to assess the
effect of an enhanced SMS text message–based support and
reminder program on clinic attendance. Secondary aims were
to assess (1) metabolic outcomes, (2) diabetes self-management
practices as evidenced by availability of self-monitoring of
blood glucose (SMBG) data and pathology results, and (3) the
psychosocial impact of the intervention as measured by change
in validated diabetes-specific questionnaire scores (Problem
Areas in Diabetes 5-item Short Form (PAID-5) [18], Diabetes
Empowerment Scale–Short Form (DES-SF) [19], and Type 2
Diabetes Stigma Assessment Scale (DSAS-2) [20]). The study
was approved by the Sydney Local Health District Ethics
Review Committee and registered with the Australian and New
Zealand Clinical Trials Registry (ACTRN12618000479202).

Study Setting and Participant Recruitment
The Royal Prince Alfred Hospital (RPAH) Diabetes Centre is
a secondary and tertiary referral center that services an ethnically
diverse population in metropolitan Sydney, Australia.
Individuals were eligible to enter the study if they had an
established type 2 diabetes diagnosis, had access to a mobile
phone, and were aged 18-40 years at time of enrolment.
Individuals with insufficient proficiency in English to read the
text messages in the study were excluded. All participants
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provided written informed consent prior to study entry.
Recruitment was performed between March and August 2018.

Randomization
Block randomization was employed with a standard block size
of 4 using a customized, computer-based program. Participants
were allocated 1:1 to either the standard care control group or
the standard care plus enhanced SMS text message–based
support and reminder intervention group. Medical staff
delivering patient care were blinded to study group allocation.

Interventions

Control: Clinic Standard of Care
The control group received our young-onset type 2 diabetes
clinic standard of care, which is aligned with and realizes current
recommendations for youth and young adults with type 2
diabetes [21]. It includes quarterly follow-up appointments with
a diabetes educator and endocrinologist. Glycemic control was
assessed via glycated hemoglobin A1c (HbA1c) and
capillary-based SMBG results, weight and blood pressure (BP)
were measured, and treatment adjustments were made at the
discretion of the treating endocrinologist. Dietary review with
an accredited dietitian was provided as required. All participants
were given a personal blood glucose meter with a starter pack
of glucose monitoring strips and a personal lancing device for
SMBG. All individuals in the young adult type 2 diabetes clinic
are enrolled in the Australian National Diabetes Services
Scheme, which provides ongoing access to subsidized glucose
testing strips and lancets.

After each clinic visit, participants were provided with details
of their next follow-up appointment. A generic SMS text
message reminder was sent prior to scheduled appointments via
the hospital’s outpatient management system. In the event of a
missed clinic appointment, clinic staff made attempts to contact
the relevant individual (via telephone and email) to reschedule
a makeup appointment.

Intervention: Enhanced SMS Text Message–Based
Support and Reminder Program
The enhanced SMS text message–based support and reminder
program involved receipt of clinic standard of care as outlined
above, plus a structured program of semipersonalized text
messages. Message content was individualized on the basis of
key baseline characteristics, including gender and smoking
status. Message delivery was managed by an automated system
developed and programmed by coauthor AT (TextQStream,
Python 3.6, using the Pycap 1.02 library). This system was
developed previously [22], and customization was performed
in-house for the TEXT2U trial. Computer software was run
through the University of Sydney Research Electronic Data
Capture (REDCap) system [23]. Messages to the study
participants were sent through a gateway interface over
Australian telephone networks at no cost to individual
participants. All SMS text messages sent during the study were
logged by the system; the study log included the date and time
that each message was delivered. All participants received an
introductory message in the week following their baseline visit
and then two messages per week for the first 2 months of the

study. Text message frequency decreased to one message per
week during the third month and then one text message per
month thereafter. All study messages were sent at random times
during standard business hours: Monday to Friday, 9 AM to 5
PM. Instructions on how to opt out of the messaging program
were provided.

The SMS text messaging program was developed by a focus
group of 10 diabetes specialists associated with the Royal Prince
Alfred Hospital Diabetes Centre; adjustments were made
following consumer review by young adults with diabetes. In
particular, 15 young adults with diabetes (aged 18-40 years),
who did not form part of the young adult type 2 diabetes clinic,
were asked to complete a brief survey and each provide feedback
on different subsets of messages that were to be featured in the
study. Program messages were designed to contain a mix of
supportive and informative content. Messages were entirely
text-based; emojis and multimedia messaging were not
incorporated into the program. A personalized appointment
reminder was sent to participants in the enhanced SMS group
in the week before each follow-up appointment. Examples of
program text messages are included in Multimedia Appendix
1 (Table S1).

An option was provided for enhanced SMS group participants
to engage with the study team via the study-specific SMS portal.
Questions relating to diabetes and its management could be sent
directly to the study team at a participant’s convenience. The
SMS portal was actively monitored by a research assistant, and
all text messages received from participants were reviewed and
replied to within 1 business day.

Trial Procedures
All participants underwent baseline assessment and were asked
to attend quarterly follow-up visits for 12 months. Weight, BP,
SMBG records, and routine pathology test results were assessed
at each study visit. At baseline, all participants completed the
Health Literacy Questionnaire [24]. Validated measures of
psychosocial status, including the PAID-5 [18], DES-SF [19],
and DSAS-2 [20], were self-completed by participants at
baseline, 6 months, and 12 months. Participants assigned to the
enhanced SMS intervention group were invited to complete an
evaluation of the program via a standardized, study-specific
questionnaire at the end of the study.

Statistical Analysis
From prior analyses [10], the median time to clinic dropout
associated with our standard care approach in the young-onset
type 2 diabetes clinic was 4 months. Previous studies comparing
attendance rates in SMS text message reminder vs control
interventions have demonstrated odds ratios (ORs) of 1.7-4.3
in favor of text messaging [25]. Given this information, we
estimated that an enhanced SMS text message–based support
and reminder system would increase the median time to clinic
dropout in our young-onset type 2 diabetes cohort from 4 to 12
months. We determined that a 12-month study with quarterly
clinic follow-up for 40 individuals (randomized 1:1 to the
intervention and control groups) would have 80% power (α=.05)
to enable us to reject the null hypothesis of no difference in loss
to follow-up.
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The primary outcome was evaluated using the principles of time
to event analysis. For secondary outcomes, data collected at
each follow-up visit (regardless of whether the visit was attended
as scheduled or as a make-up appointment) were considered in
the analyses. For those participants who failed to attend a
follow-up appointment and did not attend a makeup
appointment, missing data were not imputed. Participants were
analyzed by original group assignment. Data from descriptive
analyses are reported as mean (SD) or n (%) values.
Comparisons between groups were made using analysis of
variance for continuous variables and Pearson chi-squared tests
for categorical variables.

The primary outcome of attendance at all scheduled follow-up
appointments was analyzed using a Kaplan-Meier approach.
Difference in scheduled follow-up attendance between the
intervention and control groups was compared using the log-rank
test. In addition to our primary attendance outcome, overall
attendance (ie, attendance at scheduled appointments and
rescheduled makeup appointments) was assessed.

With respect to secondary outcomes, metabolic indices at 12
months in the control and intervention groups were compared
using the independent samples t test. Mean changes (from
baseline) for metabolic indices in both the control and
intervention groups were evaluated using the paired samples t
test. Binary logistic regression analyses were performed to
explore differences between the intervention and control groups
in the log odds of observing the other secondary outcomes of
interest. For the PAID-5, DES-SF, and DSAS-2 analyses, the
outcome of interest was positive change in questionnaire score

(ie, a score change that would indicate less diabetes distress and
stigma or greater self-efficacy). The dependent variable for each
model was the outcome of interest, and the independent
variables included group assignment, follow-up time, and the
interaction between group assignment and follow-up time. A
general estimating equations framework was employed to allow
within-participant correlations (in the context of repeated
measures) to be taken into account. Data collected from
participants who attended make-up appointments were
considered in secondary outcome analyses. These data were
ascribed to the nearest scheduled follow-up appointment.

Statistical analyses were performed using SPSS, version 24.0
(IBM Corporation). All statistical tests were two-tailed and were
conducted at the .05 significance level.

Results

Between March and August 2018, 41 patients of the RPAH
Diabetes Centre young-onset type 2 diabetes clinic were
approached regarding study participation; 40 were enrolled and
randomized, and 32 participants completed a 12-month
follow-up appointment (Multimedia Appendix 2, Figure S1).
The mean age of the study cohort was 32.7 years, 50% (20/40)
of participants were male, mean HbA1c was 7.3% (56 mmol/mol)
and mean duration of diabetes at the time of study entry was
6.4 years. Baseline characteristics were similar in the enhanced
SMS and standard of care groups (Table 1). Notably, there were
no between-group differences in glycemic control, diabetic
pharmacotherapy use, or health literacy measures.
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Table 1. Baseline characteristics of the study cohort (N=40).

P valueValuesCharacteristic

Control group (n=19)Intervention group (n=21)

.9910 (53)10 (48)Male gender, n (%)

.7132.4 (4.4)33.0 (5.8)Age (years), mean (SD)

.38Ethnic background, n (%)

3 (16)8 (38)East/Southeast Asian

7 (37)5 (24)Subcontinental

6 (32)4 (19)European

3 (16)4 (19)Other

.1714 (74)11 (52)Nonsmoker, n (%)

.14Education, n (%)

13 (68)19 (91)TAFEa/university

5 (26)2 (10)High school

1 (5)0 (0)Not disclosed

.185.0 (5.9)7.6 (6.2)Duration of diabetes (years), mean (SD)

.32Diabetes treatment, n (%)

5 (26)2 (10)Diet alone

8 (42)14 (67)Oral hypoglycemic medication

6 (32)5 (24)Insulin oral hypoglycemic agent

7.3 (2.1)7.2 (1.6)HbA1c
b (%), mean (SD)

.94HbA1c range (%), n (%)

9 (47)9 (43)<6.5

8 (42)8 (38)6.5-8.5

2 (10)4 (19)>8.5

.9231.6 (5.1)31.8 (8.6)BMI (kg/m2), mean (SD)

.94118 (9)118 (11)Systolic blood pressure (mm Hg), mean (SD)

.394 (21)7 (33)Antihypertensive medication, n (%)

.874.7 (0.9)4.6 (1.2)Total cholesterol (mmol/L), mean (SD)

.322.7 (2.1)2.1 (1.6)Triglycerides (mmol/L), mean (SD)

.587 (37)6 (29)Lipid-lowering medication, n (%)

.88112 (13)111 (19)eGFRc (mL/min/1.73 m2), mean (SD)

.676 (32)8 (38)Abnormal UACRd, n (%)

.143.3 (0.5)3.1 (0.3)HLQe Scale 2 scoref, mean (SD)

.404.1 (0.6)4.0 (0.7)HLQ Scale 6 scoreg, mean (SD)

aTAFE: Technical and Further Education.
bHbA1c: glycated hemoglobin A1c.
ceGFR: estimated glomerular filtration rate.
dUACR: urine albumin to creatinine ratio.
eHLQ: Health Literacy Questionnaire.
fHLQ Scale 2 score reflects an individual’s confidence in their knowledge to manage their health. Higher scores equate to higher confidence levels.
gHLQ Scale 6 score reflects an individual’s confidence in their ability to actively engage with health care providers. Higher scores equate to higher
confidence levels.
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Primary Endpoint: 100% Attendance at Scheduled
Follow-up Appointments
The proportion of participants who maintained 100% attendance
at scheduled clinic appointments for successive follow-up
appointments is presented in Figure 1. At 12 months, more

participants in the enhanced SMS intervention group achieved
100% attendance at scheduled clinic appointments (12/21, 57%,
vs 5/19, 26%). A statistically significant difference between the
intervention and control groups was observed with respect to
100% attendance (Figure 1, Table 2; log-rank P=.04).

Figure 1. Kaplan-Meier curve illustrating the proportion of participants who maintained 100% attendance as scheduled throughout the study.

Table 2. Participants in the enhanced SMS and control groups who maintained 100% attendance in the TEXT2U study (N=40).

Value, n (%)Group

12 months9 months6 months3 monthsBaseline

12 (57)12 (57)16 (76)17 (81)21 (100)Intervention (n=21)

5 (26)6 (32)8 (42)13 (68)19 (100)Control (n=19)

Secondary Endpoints

Overall Clinic Attendance
The proportion of clinic appointments that were attended as
scheduled was greater in the intervention group than in the
control group (64/84, 76%, vs 44/76, 58%; Multimedia
Appendix 3, Table S2). It was possible to boost clinic attendance
to 80% in both the intervention and control groups, but only
after proactive contact by administrative staff and rescheduling
of missed appointments (Multimedia Appendix 3, Table S2).
The requirement for this extra administrative burden was lower
in the intervention group; 18% fewer rescheduling interventions
were necessary in this group.

Clinical Metabolic Outcomes
Key end-of-study metabolic indices for the intervention and
control groups are presented in Table 3. For those with 12-month
follow-up data (20/21 intervention and 15/19 control,

respectively), there was no difference in mean HbA1c between
groups (mean 7.1%, SD 1.1%, for the intervention group vs
mean 6.6%, SD 1.7%, for the control group; P=.37). For both
groups, clinic attendance was associated with glycemic stability;
there was no statistically significant change in mean 12-month
HbA1c (relative to baseline) for either the intervention or control
group (Multimedia Appendix 4, Table S3). If the analysis was
restricted to those with 100% attendance, the change in HbA1c

from baseline to study end was –0.58% (95% CI –1.70 to 0.59)
(intervention) and –0.18% (95% CI –0.46 to 0.10) (control).
Although the physicians working in the young adult type 2
diabetes clinic ensure that all patients have access to valid
prescriptions for their diabetic pharmacotherapy at each clinic
visit, absolute adherence to pharmacotherapy was not actively
assessed during this study. Analogously to HbA1c, there were
no statistically significant between-group differences with
respect to BMI, total cholesterol, or triglycerides.
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Table 3. Mean (SD) values of selected metabolic indices after 12 months for the intervention and control groups.

P valueValues, mean (SD)Metabolic index

Mean difference (95% CI)Control groupIntervention group

.370.4 (–0.5 to +1.4)6.6 (1.7)7.1 (1.1)HbA1c
a (%)

.57–1.5 (–6.7 to +3.8)31.8 (5.8)30.4 (8.4)BMIb (kg/m2)

.75–0.1 (–1.0 to +0.7)4.7 (0.9)4.6 (1.4)Total cholesterolc (mmol/L)

.50–0.8 (–3.3 to +1.6)2.9 (4.1)2.1 (1.7)Triglyceridesc (mmol/L)

aHbA1c: glycated hemoglobin A1c. 12-month HbA1c data were available for 20/21 intervention group participants and 15/19 control group participants.
b12-month BMI data were available for 18/21 intervention group participants and 15/19 control group participants.
c12-month total cholesterol and triglyceride data were available for 20/21 intervention group participants and 14/19 control group participants.

Diabetes Self-management Practices
Overall, SMBG data were available at 40% of the intervention
group’s appointments, versus 37% of the control group’s
appointments (Multimedia Appendix 5, Figure S2). The
corresponding figures for the pathology results were 69% and
66%, respectively (Multimedia Appendix 6, Figure S3). Binary

logistic regression modeling revealed no between-group
differences with respect to availability of SMBG or pathology
results at follow-up. The ORs for availability of SMBG data
and pathology results in the intervention group were 1.2 (95%
CI 0.4-3.1) and 1.1 (95% CI 0.4-3.2), respectively (Figure 2,
Panels A and B).
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Figure 2. Forest plots illustrating the odds ratios and 95% confidence intervals for positive changes in selected secondary outcomes (A, SMBG; B,
pathology results; C, PAID-5 score; D, DES-SF score; E, DSAS-2 score) for the TEXT2U intervention. DES-SF: Diabetes Empowerment Scale-Short
Form; DSAS-2: Type 2 Diabetes Stigma Assessment Scale; PAID-5: Problem Areas in Diabetes 5-item Short Form; SMBG: self-monitored blood
glucose.

Psychosocial Impact (Baseline Versus 6 Months and
12 Months)
An overview of the PAID-5, DES-SF, and DSAS-2 scores for
the study cohort is presented in Multimedia Appendix 7 (Table
S4). Analysis of the changes in DES-SF score at 6 months
revealed a significant between-group difference favoring the

intervention (Multimedia Appendix 7, Table S4); 68% (13/19)
of members of the intervention group recorded a favorable
change in DES-SF score at 6 months, versus 31% (5/16) in the
control group (P=.03). At 12 months, this difference was no
longer statistically significant. In the analyses of the changes
in PAID-5 and DSAS-2 scores, there were no significant
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between-group differences for either of the scores at 6 or 12
months (Multimedia Appendix 7, Table S4).

Binary logistic regression modeling revealed no evidence of a
difference in the odds of recording a positive change in PAID-5
or DSAS-2 scores for the intervention and control groups (Figure
2, panels C and E). Although not statistically significant at 12
months, the OR for positive change in DES-SF score at 6 months
(4.3, 95% CI 1.1-17.3) was significantly higher for those who
participated in the enhanced SMS text messaging program
(Figure 2, panel D).

Evaluation of the Enhanced SMS Text Message–Based
Support and Reminder Program
Of the 21 participants randomized to the enhanced SMS text
messaging intervention group, 20 received all study text
messages; 1 participant asked to stop receiving text messages
midstudy. Of the 21 participants randomized to the enhanced
SMS group, 11 chose to use the study-specific SMS portal
(Multimedia Appendix 8, Table S5). The median number of
messages sent by participants was 3 (range 1-29). Analysis of
message content revealed that 28% (21/74) of the messages sent
by participants expressed gratitude (for a message received or
a service provided by the clinic), 25% (19/74) of messages
directed a diabetes-specific question to the study team or sought
clarification regarding some aspect of diabetes management,
and 24% (18/74) of messages were concerned with rescheduling
a clinic appointment. With respect to diabetes-related questions,
participants inquired about a variety of different issues, including
management of hypoglycemia, dietary recommendations for
people with type 2 diabetes, guidelines for dental follow-up,
diabetic foot care, and the effects of stress and alcohol on blood
glucose.

Following study completion, 16/21 (76%) of the SMS group
participants provided feedback on their experience (Multimedia
Appendix 9, Table S6). Of the 21 SMS group participants, 5
did not attend their scheduled 12-month follow-up clinic visit
(or a makeup appointment for their missed clinic visit);
therefore, these study participants did not provide feedback on
the program. Those who did not provide feedback on the
program were slightly younger (age 29.2 years, SD 6.1 years,

vs 34.2 years, SD 5.4 years) and heavier (40.4 kg/m2, SD 11.3

kg/m2, vs 29.1 kg/m2, SD 5.7 kg/m2) with slightly lower baseline
HbA1c (6.8%, SD 0.9%, vs 7.4%, SD 1.8%).

All respondents to the end-of-study survey found that the study
messages were easy to understand, supportive in nature, and
delivered at appropriate times. In addition, 94% (15/16) of
respondents reported that the messages contained practical
information for people with diabetes and motivated them to
think about their diabetes management. Overall, 94% (15/16)
of respondents indicated that they would recommend the
program to all new patients of the clinic.

Discussion

Principal Results
The TEXT2U study established that an enhanced SMS text
message–based support and reminder program was effective at

improving scheduled clinic attendance rates. Relative to the
control group, the enhanced SMS text messaging intervention
more than doubled the number of participants who attended all
follow-up appointments. For those who attended all scheduled
clinic appointments, the overall finding was stability of HbA1c,
weight, and lipid profiles during the 12-month study period.
With respect to the psychological impact of the intervention,
we observed an improvement in psychosocial self-efficacy; a
statistically significant favorable change in DES-SF score was
observed at 6 months. However, we did not observe any
between-group differences in measures of diabetes-specific
distress nor in measures of perceived and experienced stigma
related to living with type 2 diabetes. Overall, the enhanced
SMS text message–based support and reminder program was
well received and facilitated between-visit engagement with the
health care team; >90% of respondents to the end-of-study
survey said they would recommend the program to new patients.
Although the completion rate of the end-of-study survey was
76% (5 participants did not attend a 12-month study visit), it
remains reassuring that >70% of all SMS program recipients
found utility in the SMS text messaging program employed in
this study. In this setting, one anticipates that the majority of
future consumers of TEXT2U will derive benefit from
participation in the program.

Research in Context
Our findings align with existing evidence that indicates text
messaging interventions are an effective method to aid in the
modification of health behaviors [11,13]. In a diabetes-specific
context, the Sweet Talk RCT [26] identified that a text
messaging system to support young people with type 1 diabetes
was successful in improving measures of diabetes self-efficacy
but not glycemic control. It is well recognized that the needs of
youth with type 1 diabetes differ from those with type 2 diabetes
[27]. Consequently, it is informative that this is the first study
to show clear benefit of an enhanced SMS text message–based
intervention over and above simple SMS reminder text
messaging on clinic attendance in young-onset type 2 diabetes.

The issues of suboptimal clinic attendance and loss to follow-up
are important problems in clinical practice. Maintaining clinic
attendance is particularly important during young adulthood
given the increased risk of diabetes complications [6] and the
competing demands of family, work, study, and socializing,
which interfere with maintenance of optimal care. Recurrent
nonattendance prevents timely identification of changes in an
individual’s health status and eliminates the opportunity for
diabetes complications screening, early intervention, and
ongoing education; moreover, it hinders the development of a
therapeutic relationship [28]. Various strategies, ranging from
written, verbal, and electronic reminders to expensive case
management approaches, have been used by health service
providers in an attempt to improve clinic attendance and patient
outcomes [29,30]. This study adds to the literature by
demonstrating that a low-cost, enhanced SMS text
message–based intervention is effective at improving clinic
attendance over and above a standard SMS appointment
reminder system for those with young-onset type 2 diabetes, a
cohort that is arguably at greatest risk for poor diabetes
outcomes.
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Nevertheless, maintenance of optimal clinic attendance remained
a significant challenge, with just over one half of the enhanced
SMS group and one-quarter of the control group recording a
100% attendance record. The factors that influence clinic
nonattendance in youth with type 2 diabetes are poorly
understood, likely to be complex, and an important area for
further study.

In addition to adverse effects for the individual, nonattendance
reduces clinic efficiency and places a significant burden on
administrative staff, who are required to contact nonattenders
and reschedule make-up appointments [31]. Notably, the
enhanced SMS text messaging intervention resulted in improved
clinic attendance rate without additional administrative burden.
Overall clinic attendance rates were boosted to 80% in both
groups; however, with additional administrative intervention
to contact patients after missed appointments and then
reschedule makeup appointments, this requirement was much
higher for the control group. In a resource-constrained setting,
it is highly likely that youth who miss clinic appointments will
be lost to follow-up and therefore at increased risk of poor
long-term outcomes. Moving forward, in-built automation of
this program will allow the intervention to be scaled with
minimal demand on clinic resources. Although a formal
cost-benefit analysis was not undertaken, the relatively low cost
of SMS text messaging ensures that this program is not
prohibitively expensive.

It is well accepted that improving engagement of patients with
their own health care can improve outcomes, and the concept
of an informed and empowered patient is now central to many
models of care [32-34]. The DES-SF measures diabetes
self-efficacy across three main domains: (1) managing
psychosocial aspects of diabetes care, (2) assessing
dissatisfaction and readiness to change, and (3) setting and
achieving goals [19]. For those who attended follow-up
appointments in our study, we observed a more favorable pattern
of response with respect to serial DES-SF scores in the
intervention group. Conceivably, delivery of supportive text
messages and the opportunity to clarify queries by SMS text
messaging between clinic visits in our study facilitated an
increased sense of empowerment. Furthermore, incorporation
of knowledge-based messages allowed important clinical
information (including dietary and lifestyle recommendations)
to be reinforced outside the clinic setting. This is particularly
relevant given that postconsultation retention of medical
information is poor [35].

The lack of a statistically significant improvement in DES-SF
score at 12 months may indicate that the support provided by
the enhanced SMS text messaging intervention has limited
durability or that there may be a threshold to any improvement
seen. Furthermore, we did not demonstrate improvement in
measures of distress or stigma; plausibly, these more negative
psychological elements respond best to in-person encounters
and are not amenable to a text-based intervention. Although
diabetes empowerment was supported by the enhanced SMS
text message–based intervention, we did not see improvement
in objective measures of self-care as evidenced by the
availability of the SMBG/pathology results.

Although the intervention increased scheduled clinic attendance,
we did not observe a difference in mean HbA1c, weight, or lipids
between the intervention and control groups at study completion.
For the most part, this is unsurprising given that the overall
attendance (ie, scheduled attendance plus attendance at makeup
appointments) was equal in both study arms. Irrespective of
whether a participant attended a scheduled or makeup
appointment, those who attended were afforded the same
opportunity to have their management adjusted by the treating
clinician. Nonetheless, stability of glycemia, close to target
HbA1c, over 12 months of follow-up is not an insignificant
achievement. The TODAY study clearly demonstrated that
many adolescents with type 2 diabetes struggle to maintain
glycemic control despite comprehensive care in a
well-supervised setting [36].

Study Strengths
The age of the study cohort and their familiarity with text
messaging allowed for immediate engagement with the SMS
text messaging program; individuals were not hampered by a
learning curve in deriving benefit from study participation. In
designing this study, we were mindful of the need to avoid
overwhelming participants with too many messages; prevention
of participant withdrawal due to message fatigue was an
important consideration. In previous studies of SMS
interventions, investigators regularly sent participants multiple
text messages every week. The length of most previous studies
has been comparatively short (usually <6 months), and
participant attrition due to message fatigue in the short term is
less likely. Given our 12-month study duration, a conscious
decision was made to taper message frequency over the course
of the study. Certainly, there is evidence to suggest that text
messaging interventions with a tapering frequency have higher
efficacy [37]. Personalization of the text messages ensured that
the messages received by each participant were relevant to their
personal circumstances, and the intervention had high
acceptability. Feedback revealed that 88% of participants felt
they had received an appropriate number of messages and 100%
felt they received messages at appropriate times. Of the 21
enhanced SMS text messaging program participants, 20 opted
to receive all study text messages; study message fatigue was
not a significant issue.

Limitations
There are several limitations of this study. First, it should be
noted that our study was powered to detect a difference in clinic
attendance but not to detect small differences in secondary
outcomes. Secondly, our study was conducted at a secondary
and tertiary referral center with a modest number of participants;
testing in other settings will be required to confirm
generalizability. In addition, our study population comprised a
well-educated cohort (80% had attended, or were attending,
Technical and Further Education [TAFE] or university).
Although the message program employed plain language, it
would be worthwhile to consider further testing in groups with
lower literacy levels to establish better generalizability of the
results. Furthermore, we specifically focused on the younger
demographic; therefore, applicability in older age groups
remains uncertain. Although all study participants had sufficient
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English proficiency, given our multicultural population,
provision of the program in a participant’s native language may
well have resulted in greater engagement. By design, it was not
possible to blind both participants and treating clinicians in this
study. However, blinding of treating clinicians and the use of
an objectively measured primary endpoint were important
aspects of the study design that help to mitigate observer bias.

Conclusions
In young-onset type 2 diabetes, a low-cost, automated, enhanced
SMS text message–based support and reminder system improved
scheduled clinic attendance and diabetes self-efficacy over 12
months of follow-up. These achievements were made with high
acceptability and low administrative burden. This text-based
intervention has the potential to have substantial impact on the
care of youth with type 2 diabetes at an especially vulnerable
time of life.
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Abstract

Background: College campuses in the United States have begun implementing smoke and tobacco–free policies to discourage
the use of tobacco. Smoke and tobacco–free policies, however, are contingent upon effective policy enforcement.

Objective: This study aimed to develop an empirically derived web-based tracking tool (Tracker) for crowdsourcing campus
environmental reports of tobacco use and waste to support smoke and tobacco–free college policies.

Methods: An exploratory sequential mixed methods approach was utilized to inform the development and evaluation of Tracker.
In October 2018, three focus groups across 2 California universities were conducted and themes were analyzed, guiding Tracker
development. After 1 year of implementation, users were asked in April 2020 to complete a survey about their experience.

Results: In the focus groups, two major themes emerged: barriers and facilitators to tool utilization. Further Tracker development
was guided by focus group input to address these barriers (eg, information, policing, and logistical concerns) and facilitators (eg,
environmental motivators and positive reinforcement). Amongst 1163 Tracker reports, those who completed the user survey
(n=316) reported that the top motivations for using the tool had been having a cleaner environment (212/316, 79%) and health
concerns (185/316, 69%).

Conclusions: Environmental concerns, a motivator that emerged in focus groups, shaped Tracker’s development and was cited
by the majority of users surveyed as a top motivator for utilization.

(J Med Internet Res 2021;23(10):e26280)   doi:10.2196/26280

KEYWORDS

tobacco cessation; college smoke and tobacco–free policies; crowdsourcing; environmental reporting; public health; smoke and
tobacco research

Introduction

Smoke and tobacco–free (STF) policies among college and
university campuses have become a high priority nationally to
denormalize the use of tobacco [1,2]. The average smoker begins
before the age of 26 years, making the transition into university

life a significant period during which young people can either
begin or avoid tobacco use [3]. Benefits of STF policies include
decreased tobacco use and exposure to second-hand smoke,
reduced tobacco litter, and greater well-being [4-6]. However,
the benefits are contingent upon effective policy implementation
and enforcement. Only 15% of US colleges detail methods for
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reporting an STF policy violation and over a third do not
formally reprimand individuals who smoke on campus [7].

Low STF policy compliance is widespread at universities and
poses a critical barrier to reducing tobacco use and related
disease risk for the estimated 19.9 million college students in
the United States [8-10]. The majority (62%) of colleges rely
on social enforcement of the policy, with typical methods
including education and outreach [7]. Given the responsibility
placed with campus community members for enforcement,
innovative approaches to engage them with the STF policy are
needed [11]. One innovative approach, crowdsourcing, is a
method of involving a large group of people on a collective
mission and is being used to address a number of environmental
and public health problems [12,13]. A crowdsourcing tool for
tobacco activity surveillance can help address a major barrier
to social enforcement: discomfort confronting tobacco users
[7,14,15]. Further, it provides a sustainable solution to an
infrastructure issue faced by most campuses lacking resources
to collect data on campus tobacco use and related litter.

The goal of this study is to develop and implement a web-based
tracking tool (Tobacco Tracker hereafter “Tracker”) to engage
users with STF policies. This study aims to (1) describe the
empirically driven process of developing and implementing
Tracker using feedback from focus groups and (2) evaluate
survey feedback from Tracker users about their motivations and
experience using the tool.

Methods

Methods Overview
An exploratory sequential mixed methods approach was utilized
to develop Tracker with guidance from campus focus groups
and to evaluate Tracker with a user survey.

Study Setting
The 2 universities in the study are located in northern and
southern California. University 1, in northern California, has
been STF since 2014. Its campus has over 39,000 students,
21,000 staff, and 2000 faculty, and its campus encompass 5300
acres including a separate health campus. University 2, located
in southern California, has been STF since 2017, has over 14,000
students, over 300 administrative staff, and 600 academic staff,
and its campus encompasses 304 acres. Approval from human
subjects was obtained through the institutional review board at
each university.

Exploratory Focus Groups for Tracker Development
Focus groups aimed to explore ideas for prototype refinement
were conducted in October 2018. A focus group comprising
students was conducted at each university (n=7 at University 1
and n=10 at University 2). An additional focus group comprising
employees was conducted at University 1 given its larger
campus and staff size (n=6). Participants at University 1 were
recruited from student or staff health and wellness listservs and
a general staff electronic newsletter. Participants were selected
in the order they responded to the recruitment advertisements
and were offered a US $40 gift card. Participants at University
2 opted into the study from a web-based research portal and

received credit toward their course requirement for participation.
Eligibility included being at least 18 years old and a current
university student or employee. Written informed consent was
obtained from each participant prior to study participation. Each
focus group lasted approximately 90 minutes.

To explore ideas for the Tracker prototype’s content and design,
guiding questions for the focus groups explored the (1)
appearance and functionality of the tool prototype, (2)
communication channels and strategies for promoting the tool,
and (3) images and messages that may raise awareness or
increase motivation to use the tool. Educational information
was presented from the California Tobacco Control Program’s
public advertisements about how cigarette butts are the top litter
problem and are not biodegradable with their plastic filters. All
focus groups were conducted by the same moderator, a
psychologist and tobacco control researcher (KP), audio
recorded, and transcribed verbatim.

Two independent researchers, one of whom is a sociologist and
qualitative researcher (MMG), conducted a thematic analysis
[16]. Emergent codes were developed from the data inductively
in addition to deductive priori codes. After the initial analysis,
a codebook was constructed to create categories and develop
themes. Two themes and 5 subthemes were developed
collaboratively between the 2 independent researchers. No
software programs were used to aid the focus group qualitative
data analysis.

Tracker Development
The Tracker prototype’s content, design, and promotion was
refined on the basis of focus group findings, and themes linked
to refined Tracker components are described below. Prototype
components such as real-time web-based reporting and using
visual maps to geographically locate environmental incidents
were based on an existing crowdsourcing tool to measure energy
overconsumption at University 1, TherMOOstat [17]. Tracker
development in regard to content and design began in November
2018 and was promoted at both universities beginning in
February 2019.

Survey of Tracker Users
Individuals who used Tracker at either university between
February 2019 and February 2020 and provided contact
information for entry into an opportunity drawing were invited
by email to participate in a survey in April 2020. A 2-week
period was provided for a response and 1 reminder email was
sent. An opportunity drawing for 4 US $25 gift cards at each
university was offered. Survey questions developed by the study
team assessed user experience: (1) how participants accessed
the tool, (2) motivation for using the tool, (3) barriers to tool
use and for future study directions, and (4) ideal actions
following a report. Survey questions allowed for multiple
responses and data were coded as a selection, no selection, or
as missing. Data were reported as n (%) values in total and by
university. 

J Med Internet Res 2021 | vol. 23 | iss. 10 |e26280 | p.80https://www.jmir.org/2021/10/e26280
(page number not for citation purposes)

Loureiro et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Results

Focus Group Discussions
Focus group analysis yielded 2 distinct themes: (1) barriers and
(2) facilitators to tool utilization (Table 1). Barriers to tool
utilization contained 3 subthemes: logistical barriers limit tool
use, information barriers, and framing as a policing tool.
Facilitators for tool use contained 2 subthemes: environmental

motivators and positive reinforcement to further engage with
the tool. Minimal differences in responses were noted among
the student participants, and differences between staff and
student responses were minor (eg, less familiar with technology
and less preference for a mascot or gamifying the tool). The
results of thematic analysis are presented as an aggregate, given
the goal of creating a tool for students and staff at both
universities.
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Table 1. Themes, subthemes, and representative quotes.

Representative quotesThemes, subthemes, and context

Theme: Barriers to tool utilization

Subtheme: Logistical barriers limit tool use

Access to Tracker with QRa codes • “What is it?” (University 1)
• “I’m in IT and we mock them” (University 1)
• “That’s kind of scary. I don’t know, that’s crazy. I’ve never done

that.” (University 1)

Access to Tracker with campus app • “I think the campus app would just be the best solution, because a
lot of [inaudible] have it installed already, but I think a lot of people
have it installed. Rather than going and getting a whole new account
or having to go find it somewhere else, it’s just an update and it’s
easy” (University 2)

• “I really prefer the app a lot more… It seems more accessible in a
sense. Like the online survey, you sometimes can’t access it or it
doesn’t work. Obviously, that happens with apps too. It’s just more
reliable.” (University 2)

Identifying location with automated GISb location services • “Yeah, it’s really useful, because you can find yourself. At least to
me, it seems kind of like a combination of the dropdown and the map,
because it’s just our campus and it has all the names of the buildings”
(University 2)

• “Sometimes you’re like not at a building, you’re in between. But I
do think sometimes people feel weird about sharing their locations.”
(University 1)

Identifying location with a dropdown menu and a campus map • “It would be best to have both options available in the tool” (Univer-
sity 1)

• “I can see what you mean about the challenge of having it as a drop-
down menu just from this example where you’re like ‘where’s my
place’, it would be easier to type” (University 1)

Internet connection • “I feel like this might be going too out of the scope of this. The inter-
net connection on campus is awful, and if it’s really slow, then I
would just give up and not do it. That many reloading of pages would
be really agonizing.” (University 1)

Subtheme: Informational barriers

Tobacco products • “What’s vaping?” (University 1)
• “I don’t know what Juul or blunts means” (University 1)

Tobacco Waste • “Are vaping things becoming garbage?” (University 1)
• “What is litter from vaping?” (University 2)

Image preference • “Just because it’s more identifiable because I’m on the go and I’m
reporting this, I need to just see an actual picture.” (University 1)

• “It would be more helpful to have the different images of what you’re
actually saying” (University 1)

Subtheme: Framing as a policing tool

• “It also avoids the policing idea” (University 1)
• “It just likes a very, it’s an activity that’s very much in a specific lo-

cation, especially since it’s forbidden to do it on campus, though.
Again, I don’t feel it’s threatening, I don’t feel like it’s about policing
people but rather about seeing signs of this activity. I can relate it to
fire, but it could also be a consequence of smoking” (University 1)

• “I just think maybe a title that plays along with being environmentally
conscious, instead of ‘Oh, I’m reporting somebody doing something
bad and illegal,’ it’s more like, ‘I’m taking care of the environment.’
So it’s less of like a whistle-blower thing” (University 1)

• “Yeah. Because it almost seems like a tattling” (University 1)

Theme: Facilitators to tool utilization
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Representative quotesThemes, subthemes, and context

Subtheme: Environmental motivators

• “I think you should have a blue theme… That kind of ties in the blue
sky” (University 1)

• “Well you don’t necessarily think of the trees, so I think that, and
making the art with it, I think that was very effective. Because I
never thought about trees before” (University 1)

• “You could have a bird with like a cigarette butt in its beak, like a
cartoony bird. And maybe there could be like a friend bird with a
fish in its beak, or something, next to it. I don’t know. But make sure
they’re really cute” (University 1)

• “I said the squirrel with the [University 1] shirt and binoculars, be-
cause I think it directly ties into the community on campus, and
squirrels are really [University 1]. And I think it’s good to have a
cute little icon like the Thermoostat has because I think people want
to use things that are cute, so I think it’s just good to have a main
character” (University 1)

• “I said [University 1 mascot] Clean just because I think there’s the
school pride, and then the clean is, I don’t know. Even with the air,
I feel like that all goes back to like… I like that it’s hinting at the
environment, but it’s still hinting at the smoking aspect versus the
littering” (University 1)

Design

• “Yeah, simple, but I also learned something. I did not know it took
up to a decade to decompose. That would make me want to report
that” (University 1)

Environmental concerns

Subtheme: Positive reinforcement

• “I think if you provide incentives, people would definitely be up for
that” (University 2)

• “Because I think it goes beyond this, and it’s more like why we recy-
cle right, because it makes us feel good. Right I kind of see this tool
as the same thing” (University 1)

Incentives

• “Gamification is the way you’re going to win this” (University 1)
• “I think like also with stuff like this that’s so widespread, it can be

hard to see any impact and nobody wants to do something, but it’s
kind of hard to like want to be super engaged and do something all
the time if you can’t really tell what you’re doing. I don’t know. Like
making kind of like mini games or something where it’s like you’ve
reported five times, and every time you report, you’re cleaning up
lungs or something” (University 2)

Gamification

aQR: quick response.
bGIS: geographic information system.

Barriers to Tracker utilization

Logistical Barriers
Participants identified logistical barriers to tool utilization, such
as technical and access barriers. Participants cited the utilization
of a dropdown menu and geographic information system (GIS)
location–enabling services as potential technical barriers to tool
utilization. Participants had mixed feelings about the utility of
an automated GIS location–enabling service compared to the
utilization of a dropdown menu of buildings from a campus
map. Some individuals were reluctant to share their location
with Tracker, while others felt it was more efficient and
convenient. Participants concluded they would like both choices.

Participants also discussed various access barriers such as quick
response (QR) codes, mobile apps, and internet connectivity.
Some participant concerns about QR codes, a barcode that can

be photographed with a phone to redirect a user to a webpage,
included how to use them or negative attitudes about their utility
(Table 1). Furthermore, participants discussed the use of mobile
apps instead of accessing the tool through a website. However,
some participants believed students would be less inclined to
download another app that would take up storage space.
Therefore, one recommendation was to integrate Tracker with
an existing campus tool. Lastly, 1 participant expressed concerns
that slow internet connectivity for devices or phones themselves
could discourage the use of Tracker.

Informational Barriers
To identify tobacco use and waste, many participants expressed
concern that they were unaware of what vaping products or
vaping waste looked like. Participants recommended presenting
visual examples of such tobacco products and waste (Table 1).
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Furthermore, participants preferred that these images look
realistic rather than being a cartoon drawing.

Framing as a Policing Tool
Participants preferred the name and branding strategies to
portray a neutral crowdsourcing tool. Specifically, participants
were concerned about whether Tracker’s name would be viewed
as public surveillance by the campus community’s smokers and
nonsmokers. One participant suggested the use of an
environmentally themed name to avoid portraying Tracker as
one for policing fellow students and staff (Table 1). The
participants preferred to de-emphasize the idea of policing
smokers on campus.

Facilitators for Tracker Utilization

Environmental Motivators
When participants were asked about Tracker’s design,
environmentally themed color schemes such as blue or green
and a name that suggested “clean” were preferred. Branding
Tracker with an animal mascot, such as a dog or squirrel, was
also recommended. Moreover, when presented with the
California Tobacco Control Program’s public advertisements,
participants found information about tobacco waste’s impact
on the environment as a highly motivational reason to use
Tracker.

Positive Reinforcement
To encourage continued use of Tracker, participants were asked
about possible incentives. Participants agreed that incentives
such as gift cards would encourage Tracker utilization. Some
participants remarked that simply submitting a report would be
rewarding enough for them to stay engaged. One user compared
submitting a report to recycling and explained that the 2 actions
made the individual feel motivated enough to continue.

To increase engagement with Tracker, student participants
recommended that it be gamified to provide positive affirmation
for Tracker reports on campus. Participants recommended that
Tracker show a mascot dancing or interacting with the user for
increased gratification and utilization. Other suggestions
included using a reward system for reports to allow dressing
the mascots.

Empirically Driven Tracker Development
Based on focus group discussions, Tracker was designed for
users to document tobacco use (smoking and vaping) or waste.

Additionally, “no smoking or vaping” and “looks good” options
were added for Tracker to have the capacity to reflect
environmental improvements (Figure 1). Realistic images of
tobacco products and waste were provided, in response to
subtheme Information Barriers. Tracker instructions were
framed to document observations of tobacco products and waste,
not people, and the word “report” was purposefully avoided;
instead, users were asked “what do you notice” and “where did
you notice this” in response to subtheme Framing as Policing
Tool as a barrier. Tracker was branded with environmentally
themed names affiliated with the STF programs on each campus
in response to subtheme Environmental Motivator. A squirrel
mascot was adopted at University 1 and a hawk mascot at
University 2, keeping with the environmental design theme.

The study team created a Tracker website for each university
with features responsive to subtheme Logistical Barriers. The
website-based platform Esri Survey 123 supported accessibility
and subsequent integration with existing campus technological
infrastructure, such as the campus app and websites. While both
universities have a personal campus website account, mostly
used by students, only University 1 allowed integration with
Tracker. Multiple options for location tracking were provided
to users: automatic GIS-enabled mobile location services,
manual designation on the campus map, or manual selection of
a building location from a drop-down menu. Additionally,
graphic designers helped design images or promotional
messages. Promotion consisted of flyers or advertisements and
items (eg, stickers and bags) distributed at campus events.

Incentives for positive reinforcement, in response to subtheme
Positive Reinforcement were also incorporated in Tracker. A
positive affirmation message after the user pushed the submit
button states, “Great! Your data was sent successfully. Thanks.”
To provide a reinforcing feedback loop, the message further
stated, “Feedback is used to identify areas of concern and inform
future policy efforts” where users may click on a link to a live
map of submitted reports. The “Looks good. No smoking/vaping
or related litter” option to report problem-free areas created an
additional opportunity to build positive reinforcement in
messages emphasizing a clean campus. Additionally, a weekly
gift card raffle incentive was offered. The study team decided
that gamification would need further development for future
efforts.
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Figure 1. Images of the final Tracker tool and key components.

Survey of Tracker Users
In total, 1163 discreet responses were documented in total from
both universities’ Tracker, and 717 individuals who provided
an email ID were invited to participate in the user survey (n=605
users at University 1 and n=112 users at University 2). Tracker
user survey responses by university are shown below (Table 2).
The response rate for University 1 was 40% (242/605

invitations) and that for University 2 was 70% (78/112
invitations). Four duplicate surveys were omitted (University
2), yielding a total of 316 survey responses. Over half of the
survey participants at both universities reported accessing
Tracker through a website. Approximately a quarter of
respondents at University 2 also reported using a QR code or
campus app; however, few participants (10 of 242 participants,
<5%) at University 1 reported using these methods.
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Table 2. Tracker user survey results (N=316).

University 2 (n=74), n (%)University 1 (n=242), n (%)Total, n (%)a

How did you access the Tracker?

N/A102c (45.9)N/AbPersonal campus website portal

34 (68.0)114 (51.4)148 (54.4)STFd or Tracker-specific website

14 (28.0)7 (3.2)21 (7.7)Campus app

13 (26.0)5 (2.3)18 (6.6)QRe code

1 (2.0)10 (4.5)11 (4.0)Other

What motivates you to use the Tracker?

40 (81.6)172 (78.2)212 (78.8)A clean environment is important to me

33 (67.3)152 (69.1)185 (68.8)Exposure to smoke or vapor is harmful to health

23 (46.9)87 (39.5)110 (40.9)Smoking/vaping on campus encourages others to
smoke/vape

33 (67.3)148 (67.3)181 (67.3)I support the campus smoke and tobacco free policy

29 (59.2)108 (49.1)137 (50.9)I believe campus policies should be followed

15 (30.6)72 (32.7)87 (32.3)Smoking/vaping does not fit the campus image

16 (32.7)82 (37.3)98 (36.4)Using the Tracker gives me an opportunity to win a
gift card

Which of the following might discourage you from using the Tracker?

20 (44.4)111 (51.9)131 (50.6)I intend to use the Tracker, but forget

21 (46.7)87 (40.7)108 (41.7)It takes too long to access the tool

10 (22.2)36 (16.8)46 (17.8)There are too many questions

4 (8.9)19 (8.9)23 (8.9)The instructions are not clear

02 (0.9)2 (0.8)The smoking/vaping or litter does not bother me very
much

6 (13.3)25 (11.7)31 (12.0)I am concerned people would know I reported

2 (4.4)18 (8.4)20 (7.7)I do not want people to get in trouble

1 (2.2)7 (3.3)8 (3.1)I feel uncomfortable using the Tracker

3 (6.7)31 (14.5)34 (13.1)Other

Ideally, what would you like to happen after you report smoking/vaping or related litter?

34 (73.9)171 (78.8)205 (77.9)The litter will be cleaned up

19 (41.3)98 (45.2)117 (44.5)The violator will be assigned community service

15 (32.6)94 (43.3)109 (41.4)The violator will be fined

12 (26.1)58 (26.7)70 (26.6)The violator will be assigned a diversion training

8 (17.4)61 (28.1)69 (26.2)A new sign will be installed

7 (15.2)42 (19.4)49 (18.6)The violator will be sanctioned

5 (10.9)19 (8.8)24 (9.1)Other

aTotal number of responses differed between questions and universities. In response to “How did you access the Tracker”, a total of 272 responses were
recorded (222 at University 1; 50 at University 2); “What motivates you to use the Tracker”, a total of 269 responses (220 at University 1; 49 at University
2); “Which of the following might discourage you from using the Tracker” a total of 259 responses (214 at University 1; 45 at University 2); and “Ideally,
what would you like to happen after you report smoking/ vaping or related litter?” a total of 263 responses (217 at University 1; 46 at University 2).
bN/A: not applicable.
cPercent sums over 100% are due to select-all type responses.
dSTF: smoke and tobacco–free.
eQR: quick response.
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The top motivations to use Tracker included environmental
concerns, health concerns, and policy support. The majority
(212/269, 78.8%) cited the importance of a clean environment,
185 (69%) participants were concerned about health hazards of
exposure to smoke or vapor, and 181 (67%) voiced personal
support for the campus STF policy.Approximately half (137/269,
50.9%) of the participants also expressed personal support that
campus policies should be followed, and less than half (110/269,
40.9%) reported concerns that tobacco use encouraged others
to smoke. Approximately one-third of participants (98/269,
36.4%) reported being motivated by campus images or the
opportunity to win a gift card.

In regard to utilization barriers to Tracker, logistical issues were
the leading barriers at both universities: of 259 participants, 131
(50.6%) intended but forgot to use Tracker, 108 (41.7%) were
discouraged because it took too long to access Tracker, and 46
(17.8%) thought that Tracker had too many
questions.Information barriers were infrequently cited, and few
reported that the instructions were unclear or that they were
unbothered by the tobacco use or waste. Other infrequently cited
responses included concerns about a policing tool, concerns
that others would know about their reporting, not wanting others
to get in trouble, and being uncomfortable using Tracker.

When asked about users’ ideal outcome following a Tracker
report, the majority (205/263, 77.9%) of participants across
both universities voiced environmental concerns with having
the litter cleaned up. There was also interest in the consequences
for policy violators including community service (117/263,
44.5%) and fines (109/263, 41.4%), followed by diversion
trainings (70/263, 26.6%). Additional signage installation was
selected by one-fourth (69/263) of respondents.

Discussion

Principal Findings
To our knowledge, this is the first reported study to describe
the development of an empirically derived web-based Tracker
for crowdsourcing campus environmental reports of tobacco
use and waste to support STF college policy compliance.
Campus focus group discussions identified barriers and
facilitators for Tracker utilization, which informed Tracker
development. Over 1 year, Tracker at both universities had been
used by over 1000 people. In response to the survey, Tracker
users cited environmental concerns as the leading motivator for
utilization, complementary to focus group findings, followed
by health concerns and STF policy support. Tracker users also
cited having litter cleaned up as the ideal outcome, further
highlighting their environmental concerns. Most potential
barriers identified in the focus groups were not cited by Tracker
users, although refinements should still be considered.

Health concerns from environmental and second-hand
smoke/vapor, cited by Tracker users as top motivators for using
Tracker, is consistent with broader population concerns, which
may be due in part to existing public health educational
campaigns. Environmental motives are consistent with a national
study of 8000 students, which revealed that the majority (66%)
reported that a college’s commitment to environmental issues

contributed to their decision to apply or attend a school [18].
Instead of focusing on individual smokers’behaviors and beliefs,
which can create defensiveness, focusing on extrinsic issues,
such as environmental concerns and second-hand smoke, has
been recommended to promote a more receptive audience [19].
Public health education campaigns about the hazards of tobacco
waste and second-hand smoke/vapor exposure are already found
in the national Truth Campaign and state campaigns through
the California Department of Public Health’s Tobacco Free
California [20,21] Future efforts incorporating environmentally
focused public health campaign messages on campus could
activate and reinforce crowdsourcing participation with Tracker.

Tracker was designed to minimize accessibility issues. The use
of a web-based platform appears to have been a good choice,
as accessing Tracker though campus websites was more
common than through the Campus App or from QR codes.
However, users cited the leading barrier as the time it took to
access Tracker. Further study is needed to understand and
resolve this issue. For example, it could be a convenience issue,
such that users may be too focused on their commute to stop
and access Tracker. This could also be related to Tracker users’
second most frequently reported barrier: “intended to use the
Tracker but forgot.” Additional user research could inform
modifications to make accessing Tracker faster and more
efficient.

Positive reinforcers were built into the Tracker design to drive
activation, crowdsourcing participation, and STF policy
engagement. In response to focus group suggestions to provide
a positive affirmation message, the Tracker message after a
report submission stated its intended goal: to identify areas of
concern and inform policy efforts. However, the user survey
finding that the top desired action following the submission of
a report was to “clean up litter.” The positive affirmation
messaging could be refined for greater specificity. For example,
the message could provide more tangible feedback, such as
“Your report has contributed to the clean-up of x number of
tobacco litter items on campus.” Interestingly, the opportunity
to win a gift card was one of the least common reasons for using
Tracker, suggesting that this incentive was not a strong
reinforcement and could be scaled back or removed.

Our findings show mixed support for formal enforcement of
Tracker. Focus group participants expressed concerns about
policing, whereas Tracker users reported some preference for
consequences for policy violators with community service or
fines. Although punitive approaches such as fines may be
perceived as a solution, they could decrease perceptions of
university support among those who smoke [22]. A combined
approach, including social and formal enforcement, may be
warranted [9]. For example, the information gathered through
crowdsourcing can be used to complement existing campus
outreach programs, such as peer-led Ambassador programs, to
target outreach or clean-up efforts in areas of concentrated
tobacco activity [23]. For colleges without the resources for an
ambassador or comparable enforcement program, the Tobacco
Tracker provides a surveillance mechanism to monitor tobacco
activity on campus and demonstrate to campus stakeholders the
need for intervention [24].
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There is growing interest in using crowdsourcing tools to effect
change for the environment, including tracking tobacco use and
litter. Ohio State’s “Cleaner U” app focuses on all types of litter
on their college campus [25] instead of just smoke and tobacco
litter, similar to Tracker. Meanwhile, the World Health
Organization’s “Tobacco Spotter” app focuses on reporting
compliance or noncompliance with a broad array of tobacco
control policies in different countries, spanning tobacco retail,
advertisement, and nonsmoking public policies [26]. Lastly,
“Litterati,” a smartphone app aimed at encouraging users to
pick up litter in their respective communities, maps litter reports,
including smoke and tobacco litter. Litterati’s user community
cleaned up approximately 50,000 pieces of litter within 1 week
[27]. While these tools have effectively used crowdsourcing to
report environmental issues, Tobacco Tracker uses
crowdsourcing to record environmental reports of STF policies,
namely tobacco use and waste, on college campuses.

Limitations
Our results must be interpreted with caution, owing to certain
limitations. While both universities studied herein represent
public systems with 100% STF policies, only 1 university per
system was included, and the results may not be generalizable
to those of other universities or outside of California.

Furthermore, focus group sizes were small and participant-level
characteristics were not assessed in the focus groups or user
surveys. Therefore, it is not known how representative the
respondents are of the university populations. Furthermore,
Tracker user experience is limited to those who provided an
email and responded to the survey and may not represent others,
including those who decided not to use Tracker.

Conclusions
Environmental concerns successfully shaped Tracker’s
development and were commonly cited as the top motivators
of use. Educating the campus community about the
environmental hazards of tobacco waste may increase support
for STF policies, especially among young adults [28]. Tracker
is a promising tool that addresses environmental and health
concerns to help support STF college policy compliance. Using
Tracker, the campus community can be engaged to uphold STF
policies by crowdsourcing data to help monitor campus areas
in need of improvement. Future efforts may include refining
Tracker for increased user accessibility or engagement and to
target outreach and clean-up efforts. Additional research is
needed to measure Tracker’s effect on improving compliance
with STF campus policies.
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Abstract

Background: Although disclosing the predictors of different behavioral and psychological symptoms of dementia (BPSD) is
the first step in developing person-centered interventions, current understanding is limited, as it considers BPSD as a homogenous
construct. This fails to account for their heterogeneity and hinders development of interventions that address the underlying causes
of the target BPSD subsyndromes. Moreover, understanding the influence of proximal factors—circadian rhythm–related factors
(ie, sleep and activity levels) and physical and psychosocial unmet needs states—on BPSD subsyndromes is limited, due to the
challenges of obtaining objective and/or continuous time-varying measures.

Objective: The aim of this study was to explore factors associated with BPSD subsyndromes among community-dwelling older
adults with dementia, considering sets of background and proximal factors (ie, actigraphy-measured sleep and physical activity
levels and diary-based caregiver-perceived symptom triggers), guided by the need-driven dementia-compromised behavior model.

Methods: A prospective observational study design was employed. Study participants included 145 older adults with dementia
living at home. The mean age at baseline was 81.2 (SD 6.01) years and the sample consisted of 86 (59.3%) women. BPSD were
measured with a BPSD diary kept by caregivers and were categorized into seven subsyndromes. Independent variables consisted
of background characteristics and proximal factors (ie, sleep and physical activity levels measured using actigraphy and
caregiver-reported contributing factors assessed using a BPSD diary). Generalized linear mixed models (GLMMs) were used to
examine the factors that predicted the occurrence of BPSD subsyndromes. We compared the models based on the Akaike
information criterion, the Bayesian information criterion, and likelihood ratio testing.

Results: Compared to the GLMMs with only background factors, the addition of actigraphy and diary-based data improved
model fit for every BPSD subsyndrome. The number of hours of nighttime sleep was a predictor of the next day’s sleep and
nighttime behaviors (odds ratio [OR] 0.9, 95% CI 0.8-1.0; P=.005), and the amount of energy expenditure was a predictor for
euphoria or elation (OR 0.02, 95% CI 0.0-0.5; P=.02). All subsyndromes, except for euphoria or elation, were significantly
associated with hunger or thirst and urination or bowel movements, and all BPSD subsyndromes showed an association with
environmental change. Age, marital status, premorbid personality, and taking sedatives were predictors of specific BPSD
subsyndromes.
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Conclusions: BPSD are clinically heterogeneous, and their occurrence can be predicted by different contributing factors. Our
results for various BPSD suggest a critical window for timely intervention and care planning. Findings from this study will help
devise symptom-targeted and individualized interventions to prevent and manage BPSD and facilitate personalized dementia
care.

(J Med Internet Res 2021;23(10):e29001)   doi:10.2196/29001
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behavioral and psychological symptoms; dementia; older adults; actigraphy; sleep; activity; risk factors

Introduction

Behavioral and psychological symptoms of dementia (BPSD)
constitute a core and prevalent feature of Alzheimer disease and
related dementia [1], with most patients experiencing one or
more types of symptoms over the course of the disease [2].
BPSD refer to frequently occurring symptoms of disturbed
perception through content, mood, or behavior [3], which
manifest into a wide range of forms, such as agitation,
aggression, depression, apathy, wandering, and socially
inappropriate behaviors [1]. Increasingly recognized as the most
challenging aspect of dementia, BPSD present adverse
outcomes, including decreased functioning and accelerated
disease progression [4], and, if poorly managed, an increased
risk of nursing home placement [5] and hospitalization [4,6,7].
BPSD are also associated with an increased burden on, and
decreased quality of life of, caregivers [8-10].

Although BPSD are associated with neurological mechanisms
of neurocognitive disease to some extent, previous studies have
revealed that the actual occurrence of symptoms can be
attributed to diverse personal factors (eg, medical conditions,
premorbid personality, and physical and psychological unmet
needs), social factors (eg, communication with caregivers,
caregivers’ stress and depression, and lack of social activities),
and environmental factors (eg, overstimulation and lack of
established routines), rather than to neurocognitive impairment
alone [11,12]. While a few studies have provided evidence that
supports frequent co-occurrence of individual BPSD, others
have contended that BPSD are distinct and heterogeneous and
have different determinants and consequences [13-15].
Determining key factors that predict the different types of BPSD
is the first step, since it would guide the determination of which
strategies should be chosen to target the underlying causes and
ultimately prevent or manage the symptoms [12,16,17].

We based this study on the need-driven dementia-compromised
behavior (NDB) model [18]. In the NDB model, BPSD arise
from the interaction of two types of factors: (1) relatively stable
background factors, including sociodemographic characteristics;
neurological, cognitive, and functional status; underlying health;
and personality traits, and (2) proximal factors, which are
fluctuating and changing states of physical and psychological
unmet needs and immediate environmental conditions. To
further explain stress-related proximal factors, we incorporated
the progressively lowered stress threshold (PLST) model [19],
which posits that individuals with dementia are increasingly
unable to manage stress, as the threshold for stress tolerance
lowers as the disease progresses. If heightened perceived
stressors accumulate, then exceed the stress threshold, the person

with dementia starts to exhibit BPSD [19-21]. The PLST model
recognizes circadian rhythms as a factor that influences the
stress threshold level and accordingly postulates that impaired
sleep and inadequate physical activity level are among the
stressors that consequently trigger BPSD [22,23].

Previous studies have recommended person-centered
nonpharmacological interventions as the first-line treatment
modality for managing BPSD given the limited efficacy and
undesired adverse effects of antipsychotics [24-26]. However,
the effect size of the existing nonpharmacological interventions
for BPSD has been small [27]. Thus, caregivers and providers
continue to struggle to implement the most effective
interventions targeting the underlying cause of certain types of
BPSD due to limited evidence for target symptoms [28].
Moreover, current knowledge of BPSD is limited, since most
existing studies considered BPSD imprecisely as a unitary
construct by using measures that aggregated symptoms, which
failed to account for the heterogeneity of different types of
BPSD [12,14,29]. Although a range of factors have been
associated with BPSD occurrence in the literature, most studies
focused on only one aspect by testing the effect of a single
intervention, such as music therapy, environmental modification,
or structured recreational activities [30,31]. A recent scoping
review highlighted a gap in the research, namely that diverse
factors, including personal, social, and environmental, have
been studied only for depression [12]. Surprisingly, few
predictive models in existing studies accounted conjointly for
the diverse factors [32,33].

A few studies found that sleep problems are associated with
depression [34,35], apathy [35,36], agitation [37,38], and
aggression [39]; however, efforts have been limited by the use
of proxy-rated instruments for disturbed sleep [34,35,39]. Since
caregiver-reported sleep measures require systemic and
continuous observation of sleep behaviors, such a
resource-intensive and time-consuming assessment may be
infeasible in real-time care settings [40]. Further, as Blytt et al
found significant discrepancies between proxy-rated sleep and
actigraphy measures, proxy raters may underreport and fail to
recognize sleep disturbances as compared with those measured
by actigraphy [41].

Although physical activity has increasingly gained attention as
a nonpharmacological approach to managing BPSD [42], few
studies have examined the influence of physical activity on
BPSD using observational rating instruments to measure activity
level [43,44]. A study reported that physical activity objectively
measured using actigraphy was significantly correlated with
agitation and aggression but did not account for other potential
factors [45]. In summary, surprisingly little is known about the
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influence of circadian rhythms, including sleep and physical
activity levels, on BPSD among community-dwelling older
adults with dementia. This is due to the limited number of
methodologically rigorous studies using objective measures,
such as actigraphy, and accounting for personal, social, and
environmental factors within a single study.

Understanding factors that predict BPSD subsyndromes is
important not only for establishing early care planning for
symptom prevention and management but for selecting the most
effective person-centered interventions. Thus, this study
explored factors associated with BPSD subsyndromes among
community-dwelling older adults with dementia, considering
background and proximal factors (ie, actigraphy-measured sleep
and physical activity levels and diary-based caregiver-perceived
symptom triggers), guided by the NDB model.

Methods

Design
This exploratory study employed a prospective observational
design with two waves of data collection. Within each wave,
background factors were collected at baseline, and repeated
measures were collected for proximal factors over approximately
14 days. Reporting of this study adheres to the Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) statement [46].

Participants and Setting
Older adults with dementia living at home were recruited from
outpatient neurology clinics at two tertiary hospitals and daycare
centers in Seoul and the Gyeonggi region in Korea. Inclusion
criteria for older adults with dementia were as follows: aged at
least 65 years, a diagnosis of dementia by a physician, a
Mini–Mental State Examination (MMSE) score of less than 24,
and exhibition of BPSD at least once a week, as screened using
the Korean version of the Neuropsychiatric Inventory at baseline
[47]. The primary caregivers who provided the majority of care
for the recruited older adults with dementia, lived in the same
home, and were able to read and write in Korean were also
included.

Procedure
The Institutional Review Board of the affiliated institutions
approved this study. Participants were recruited via on-site visits
between June 2018 and June 2019. We conducted the
second-wave data collection for participants who agreed to
continue in the study between July 2019 and June 2020. The
assessment and data collection were conducted by research staff
that included registered nurses with a master’s degree and
registered nurse research assistants with a bachelor’s degree.
The research staff with a master’s degree taught the data
collection protocol and trained the research assistants in on-site
data collection. The research staff then contacted potential
participants and explained the study purpose and procedures.
All data collection was conducted at the participants’ homes.
After obtaining written informed consent at baseline from
caregivers who were screened for eligibility, family caregivers
completed a structured questionnaire consisting of
sociodemographic information and standardized scales for

physical and neuropsychological assessments, with assistance
from the research staff. Following the baseline assessments, we
placed an actigraphy device on the participants’ wrists, and
primary caregivers logged the BPSD manifestations into the
BPSD diary on a daily basis for 14 consecutive days.

Measures

Outcome Measure: BPSD
Although the Neuropsychiatric Inventory [48] is a widely used
tool to measure BPSD, its 2-week retrospective rating likely
results in recall bias, since its rating reliability is dependent on
caregiver training [49]. Therefore, we developed a BPSD diary,
adapted from the Neuropsychiatric Inventory, to detect 12
behavioral and psychological symptoms commonly observed
in patients with dementia on a daily basis: delusions,
hallucinations, agitation or aggression, depression or dysphoria,
anxiety, elation or euphoria, apathy or indifference, disinhibition,
irritability or lability, aberrant motor behavior, sleep and
nighttime behavior, and appetite or eating disorders. The BPSD
diary is a structured, easy-to-use checklist that allows a caregiver
to record the presence and severity (ie, mild, moderate, and
severe) of individual symptoms.

Although BPSD encompass heterogeneous symptoms, clustering
a number of individual symptoms that are highly correlated and
contingently co-occur allows for a more meaningful
interpretation of the study findings [17,50]. Moreover, use of
subsyndromes rather than 12 individual symptoms can increase
power, as the number of participants who endorse the symptom
cluster will increase [51]. Since euphoria or elation, aberrant
motor behavior, sleep and nighttime behavior, and appetite or
eating disorders did not load on any clusters in previous studies
[50-54], we included them as individual symptoms. The
remaining eight symptoms were clustered as follows, based on
results from factor analyses reported in the literature: (1)
psychotic symptoms (hallucination and delusion), (2) affective
symptoms (depression, anxiety, and apathy), and (3)
hyperactivity (agitation or aggression, disinhibition, and
irritability) [51,53-55].

Proximal Factors

Sleep and Physical Activity

Sleep and physical activity were objectively measured using
actigraphy (the wGT3X-BT activity monitor; ActiGraph, LLC).
Wrist actigraphy has been shown to be a reliable method by
which to objectively measure sleep-wake cycles and is suitable
for older adults with dementia [56,57]. Participants were asked
to wear actigraphy devices on their nondominant wrist for 14
consecutive days starting on the day of the first visit. ActiLife
software (version 6.13.3; ActiGraph, LLC) was used to evaluate
actigraphy data and provide standard indices of sleep duration
and fragmentation using vector magnitude counts in 60-second
epoch data. We applied the Cole-Kripke algorithm to score a
1-minute epoch as asleep or awake [58]. We defined nighttime
sleep as the time between 8 PM and 8 AM. We used total sleep
time (TST) at night and wake time after sleep onset (WASO)
at night as sleep parameters. The previous night’s sleep
parameters were used as potential predictors of BPSD occurring
the following day. We also used actigraphy-derived energy
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expenditure (kcal burned × 100/hour) as a parameter of activity
level. Energy expenditure measured for 24 hours was used as
a potential predictor of BPSD occurring on the same day, which
reflected the physical conditions during the day when BPSD
were exhibited.

Physiological Unmet Needs States and Interpersonal and
Environmental Triggers

We used a checklist, embedded within the BPSD diary, to assess
contributing factors that family caregivers considered to be
immediate triggers for symptoms that encompassed
physiological unmet needs states and interpersonal and
environmental triggers. On the checklist, the triggers were
specifically listed as follows: hunger or thirst, urination or bowel
movement, pain or discomfort, sleep disturbance, noise, light,
temperature, interpersonal trigger related to a person or persons
who were present when the symptom occurred, environmental
change, and other. Caregivers were asked to check all
contributing factors that were present on the same day when
the BPSD were present on this daily-basis symptom checklist.
When caregivers checked the “other” option, they were asked
to provide a brief description of the triggers. Diary-based
caregiver-reported contributing factors that were observed
immediately prior to BPSD occurrence were used as potential
predictors of BPSD occurring on the same day.

Background Factors

Sociodemographic and Health Information

Participants provided demographic data, including age, gender,
marital status, and education level. Dementia diagnosis and
neurological and psychiatric medications were obtained via
medical chart review or interviews with family caregivers and
staff at the recruitment sites.

Cognitive and Functional Status

The Korean version of the MMSE (K-MMSE) was administered
to evaluate cognitive functioning at baseline. The highest total
score is 30 points, with a higher score indicating better cognitive
function [59]. The Cronbach α score for Korean older adults
with dementia was .91 [60]. The Korean version of the Activities
of Daily Living scale (K-ADL) was administered to measure
baseline functional status. This measure consists of seven items
that are rated on a 3-point Likert scale, with higher scores
indicating more severe dependency. The K-ADL has been
validated for Korean older adults with dementia, exhibiting
good psychometric properties (eg, Cronbach α score of .94)
[61].

Personality Type

A family caregiver informant was asked to rate his or her family
member’s premorbid personality using the Korean version of
the Big Five Inventory (BFI-K) [62]. The BFI-K consists of 15
items that are rated on a 5-point Likert scale, which assess five
domains of personality features, namely openness,
conscientiousness, neuroticism, extroversion, and agreeableness.
The instrument is known to be reliable, with Cronbach α scores
ranging from .67 to .82 in a Korean sample [62].

Statistical Analysis

For descriptive statistics, categorical variables were expressed
as the number of dementia patients by percentage, while
continuous variables were presented as means and SDs. We
used two-sample independent t tests and Fisher exact tests to
compare the difference between data from waves 1 and 2 (Tables
S1-S3 in Multimedia Appendix 1). We used generalized linear
mixed models (GLMMs) to explore factors predictive of BPSD
subsyndromes, with estimation of odds ratios (ORs) and 95%
CIs. The GLMM, a commonly used random-effects model, was
well suited to this analysis because the approach permits random
effects and is suitable for nonnormal or discrete outcomes that
are repeatedly measured for each subject [63,64]. All models
included a random effect of participant with a random intercept
to account for heterogeneity among individuals; all other factors
were modeled as fixed effects [65]. Once we decided on the
variables to be included in the final model based on clinical and
theoretical relevance, we then calculated variance inflation
factors to assess multicollinearity among variables. We found
that the data were suitable for regression analyses, given that
all variance inflation factors were <5, which indicated that no
multicollinearity could be detected (Multimedia Appendix 2).
The GLMMs to predict each BPSD subsyndrome (ie, psychotic
symptoms, affective symptoms, hyperactivity, euphoria or
elation, aberrant motor behavior, sleep and nighttime behaviors,
and appetite or eating disorders) were tested and compared.
Predictors were included in the models in a block-wise manner:
(1) background factors (age, gender, marital status, education,
K-ADL score, K-MMSE score, premorbid personality type,
taking sedative, and dementia type) and (2) proximal factors
(TST at night, WASO at night, and caregiver-reported symptom
triggers). The order in which the blocks entered the model was
determined based on clinical and theoretical considerations:
background factors entered first (Model 1), followed by
proximal factors (Model 2) for each BPSD subsyndrome. Given
that all available data from each participant in the data sets from
waves 1 and 2 were used to fit the GLMM, a time variable that
indicated the wave (wave 1 vs wave 2) was also present in the
models. Fit of the models was assessed and compared using the
Akaike information criterion (AIC), the Bayes information
criterion (BIC), and the likelihood ratio test. Results were
statistically significant if P<.05. All analyses were performed
using R (version 3.6.3; The R Foundation).

Results

Background Characteristics
During the first wave of data collection, we initially recruited
166 eligible participants. Out of these participants, 18 (10.8%)
were lost to follow-up due to refusal to wear the actigraphy
devices (n=10), hospitalization or emergency room visits (n=6),
death (n=1), and absence of family caregivers at home during
the study period (n=1). A total of 3 (1.8%) participants were
excluded from the analysis due to no available actigraphy data.
During the second wave of data collection, out of 64 eligible
participants, 5 (8%) were excluded from the analysis due to no
available actigraphy data (n=3) and no available BPSD diary
data (n=2). Consequently, this study included a total of 145
older adults with dementia who participated in the first wave.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e29001 | p.94https://www.jmir.org/2021/10/e29001
(page number not for citation purposes)

Cho et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Of the 145 participants, 59 (40.7%) older adults with dementia
continued to participate in the second wave.

At baseline for the first wave, the participants’ mean age was
81.23 (SD 6.01) years, with a female to male ratio of
approximately 3:2 (86/145, 59.3% female). Education level for
most participants was elementary school or below. Participants

had moderate cognitive impairment, as indicated by the
K-MMSE mean score of 17.28 (SD 5.5); the mean score of the
K-ADL was 10.57 (SD 3.6). Background characteristics of the
145 participants in the first wave at baseline are illustrated in
Table 1; these characteristics are presented separately for the
first and second waves in Table S1 in Multimedia Appendix 1.

Table 1. Background characteristics of older adults with dementia in the first wave at baseline.

Value (N=145)Variable

81.23 (6.01)Age (years), mean (SD)

Gender, n (%)

59 (40.7)Male

86 (59.3)Female

Marital status, n (%)

86 (59.3)Married

59 (40.7)Bereaved or divorced

Education level, n (%)

73 (50.3)Elementary school or below

14 (9.7)Middle school

34 (23.4)High school

24 (16.6)College or above

10.57 (3.63)Total K-ADLa score, mean (SD)

17.28 (5.51)Total K-MMSEb score, mean (SD)

Big Five Inventory score, mean (SD)

8.60 (2.96)Openness

11.66 (2.73)Conscientiousness

7.74 (2.87)Neuroticism

8.49 (1.87)Extroversion

10.92 (2.96)Agreeableness

51 (35.2)Sedative (yes), n (%)

Dementia type, n (%)

71 (49.0)Alzheimer disease

60 (41.4)Lewy body dementia

23 (15.9)Vascular dementia

31 (21.4)Other dementia

aK-ADL: Korean version of the Activities of Daily Living scale.
bK-MMSE: Korean version of the Mini–Mental State Examination.

Descriptive Statistics for BPSD Occurrence and
Proximal Factors
Summary statistics of BPSD and proximal factors for the 2354
days that encompassed the first and second waves are presented
in Table 2; these factors are presented separately for the first
and second waves in Table S2 in Multimedia Appendix 1.
Caregivers completed the BPSD diaries and participants wore
actigraphy devices for a mean of 11.5 (SD 3.5) days. Of the
2354 days during which the symptoms were measured, the most
frequently occurring BPSD subsyndrome was affective

symptoms (n=548, 23.3%), followed by hyperactivity symptoms
(n=350, 14.9%) and sleep and nighttime behaviors (n=275,
11.7%). Euphoria or elation (n=108, 4.6%) and aberrant motor
behaviors (n=103, 4.4%) were relatively infrequent. The
prevalence of BPSD across participants is also presented in
Table S3 in Multimedia Appendix 1. The prevalence of affective
symptoms was the highest (82/145, 56.6%), followed by
hyperactivity (70/145, 48.3%).

The mean TST at night was 6.4 (SD 2.5) hours, and the mean
WASO at night was 0.4 (SD 0.4) hours. The mean energy
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expenditure (100 kcal/hour) was 0.21 (SD 0.14). Among the
diverse set of caregiver-reported contributing factors, the most
frequently reported factor was sleep disturbance (276/2354,

11.7%). Urination or bowel movement (220/2354, 9.3%), pain
or discomfort (190/2354, 8.1%), and interpersonal triggers
(171/2354, 7.3%) were also relatively frequent.

Table 2. Summary statistics of BPSD subsyndromes and proximal factors.

Value (N=2354 days)BPSDa subsyndromes and proximal factors

11.54 (3.50)Days of recording BPSD and actigraphy per person, mean (SD)

BPSD subsyndromes, n (%)

234 (9.9)Psychotic symptoms

548 (23.3)Affective symptoms

350 (14.9)Hyperactivity symptoms

108 (4.6)Euphoria or elation

103 (4.4)Aberrant motor behavior

275 (11.7)Sleep and nighttime behavior

193 (8.2)Appetite or eating disorders

Proximal factors

Sleep- and energy-related factors, mean (SD)

6.44 (2.52)Total sleep time (hours at night)

0.43 (0.36)Wake time after sleep onset (hours at night)

0.21 (0.14)Energy expenditure (100 kcal/hour)

Caregiver-reported contributing factors, n (%)

149 (6.3)Hunger or thirst

220 (9.3)Urination or bowel movement

190 (8.1)Pain or discomfort

276 (11.7)Sleep disturbance

76 (3.2)Noise

69 (2.9)Light

103 (4.4)Temperature

171 (7.3)Interpersonal trigger

87 (3.7)Environmental change

238 (10.1)Other

aBPSD: behavioral and psychological symptoms of dementia.

GLMMs Predicting BPSD Subsyndromes From
Background and Proximal Factors
In the first step, the GLMMs for each BPSD subsyndrome were
assessed with only background factors included in the models
(Model 1; see results in Tables S1 and S2 in Multimedia
Appendix 3). Based on Model 1, proximal
factors—actigraphy-measured sleep and activity levels and
diary-based caregiver-reported symptom triggers—were entered
into Model 2. Table 3 presents P values of the likelihood ratio

tests as well as the respective AIC and BIC scores for Models
1 and 2 for each BPSD subsyndrome. Likelihood ratio testing
comparing Model 1, which consisted of only background factors,
with Model 2 (ie, the full model), which included both
background and proximal factors, showed that the full model
had superior fit for every subsyndrome (P<.001).
Goodness-of-fit statistics (ie, lower AIC and BIC values)
indicated that models for every subsyndrome improved with
the addition of proximal factors.
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Table 3. Comparisons of generalized linear mixed models.

P valuebBackground factors + proximal
factors (Model 2)

Background factors (Model 1)Outcomes (BPSDa subsyndromes)

BICAICBICdAICc

<.001952.81756.84993.98872.94Psychotic symptoms

<.0011575.961379.991804.891683.85Affective symptoms

<.0011260.841064.871399.461278.41Hyperactivity symptoms

<.001783.65587.68810.17689.12Euphoria or elation

<.001638.16442.19646.37525.33Aberrant motor behaviors

<.0011153.20957.221336.471215.43Sleep and nighttime behaviors

<.001988.84792.871003.88882.84Appetite or eating disorders

aBPSD: behavioral and psychological symptoms of dementia.
bP values were calculated by the likelihood ratio test.
cAIC: Akaike information criterion.
dBIC: Bayesian information criterion.

Factors Predictive of BPSD Subsyndromes
The results of the GLMMs of background and proximal factors
as predictors of BPSD subsyndromes are depicted in forest plots

of ORs in Figures 1 and 2 and displayed in Tables S1 and S2
in Multimedia Appendix 4. The results are also summarized
below for each subsyndrome.

Figure 1. Forest plots of odds ratios (with 95% CIs shown as whiskers) for the influence of background and proximal factors on psychotic symptoms,
affective symptoms, hyperactivity symptoms, and euphoria or elation. ADL: Activities of Daily Living scale; MMSE: Mini–Mental State Examination;
BFI: Big Five Inventory; ref.: reference; WASO: wake time after sleep onset.
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Figure 2. Forest plots of odds ratios (with 95% CIs shown as whiskers) for the influence of background and proximal factors on aberrant motor behavior,
sleep and nighttime behaviors, and appetite or eating disorders. ADL: Activities of Daily Living scale; MMSE: Mini–Mental State Examination; BFI:
Big Five Inventory; ref.: reference; WASO: wake time after sleep onset.

Psychotic Symptoms
Regarding proximal factors, patients were more likely to exhibit
psychotic symptoms on the same day if they were exposed to
environmental change (OR 14.7, 95% CI 5.3-40.8; P<.001) or
inadequate light (OR 7.8, 95% CI 1.5-40.7; P=.02). Patients
were more likely to exhibit psychotic symptoms (OR 8.8, 95%
CI 3.6-21.7; P<.001) if they had sleep disturbance observed and
reported by caregivers as well as pain or discomfort (OR 4.4,
95% CI 1.9-10.3; P<.001), urination or bowel movement–related
problems (OR 3.1, 95% CI 1.4-6.9; P=.005), or hunger or thirst
(OR 2.6, 95% CI 1.1-6.4; P=.03).

Background factors significantly associated with psychotic
symptoms were educational attainment at the middle school
level (OR 10.2, 95% CI 1.5-70.1; P=.02), greater impairment
in activities of daily living (ADLs) (OR 1.3, 95% CI 1.1-1.7;
P=.01), taking sedatives (OR 4.6, 95% CI 1.0-21.1; P=.049),

and high conscientiousness traits (OR 0.8, 95% CI 0.6-1.0;
P=.02).

Affective Symptoms
Of environmental condition–related proximal factors, increased
likelihood of affective symptoms was significantly associated
with noise (OR 12.1, 95% CI 4.5-32.4; P<.001), inadequate
light (OR 5.1, 95% CI 1.5-17.4; P=.01), inadequate temperature
(OR 2.9, 95% CI 1.2-7.1; P=.02), and being exposed to
environmental change (OR 2.4, 95% CI 1.2-4.9; P=.02). Of
proximal factors associated with physical unmet needs states,
affective symptoms were more likely to be exhibited by patients
with pain or discomfort (OR 8.6, 95% CI 4.6-16.4; P<.001),
sleep disturbance (OR 5.3, 95% CI 3.3-8.7; P<.001), urination
or bowel movement problems (OR 3.5, 95% CI 2.0-6.1; P<.001),
or hunger or thirst (OR 2.3, 95% CI 1.2-4.6; P=.02).
Interpersonal triggers related to a person or persons who were
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present with the patients with dementia were also significantly
associated with an increased likelihood of affective symptoms
(OR 8.4, 95% CI 4.8-14.6; P<.001).

Background factors significantly associated with affective
symptoms included agreeable personality traits (OR 1.2, 95%
CI 1.0-1.3; P=.03), greater impairment in ADLs (OR 1.1, 95%
CI 1.0-1.3; P=.03), and educational attainment at the middle
school level (OR 0.2, 95% CI 0.0-0.6; P=.005).

Hyperactivity Symptoms
With respect to proximal factors, patients were more likely to
exhibit hyperactivity symptoms if they experienced pain or
discomfort (OR 8.8, 95% CI 4.6-16.9; P<.001), hunger or thirst
(OR 4.5, 95% CI 2.1-9.5; P<.001), urination or bowel movement
problems (OR 4.2, 95% CI 2.2-8.0; P<.001), or sleep disturbance
(OR 3.0, 95% CI 1.7-5.2; P<.001). Increased likelihood of
hyperactivity symptoms was also predicted by being exposed
to noise (OR 8.5, 95% CI 3.2-22.6; P<.001) and environmental
change (OR 4.9, 95% CI 2.1-11.8; P<.001). Interpersonal
triggers also increased the predicted odds of hyperactivity
symptoms (OR 7.6, 95% CI 4.0-14.4; P<.001).

Background factors that increased the predicted odds of
hyperactivity symptoms were greater impairment in ADLs (OR
1.1, 95% CI 1.0-1.3; P=.04) and taking sedatives (OR 2.5, 95%
CI 1.1-5.9; P=.03).

Euphoria or Elation
Regarding proximal factors, patients with greater levels of
energy expenditure (100 kcal/hour) measured by actigraphy
were less likely to exhibit euphoria or elation on the same day
(OR 0.02, 95% CI 0.0-0.5; P=.02). In contrast, patients who
were exposed to environmental change (OR 19.7, 95% CI
7.5-51.7; P<.001) or interpersonal triggers (OR 13.0, 95% CI
6.0-28.4; P<.001) were more likely to show symptoms of
euphoria or elation.

Background factors significantly associated with euphoria or
elation included diagnosis of Alzheimer disease (OR 5.7, 95%
CI 1.4-23.6; P=.02), bereavement or divorced status (OR 4.9,
95% CI 1.4-17.1; P=.01), and high conscientiousness traits (OR
1.3, 95% CI 1.0-1.6; P=.046).

Aberrant Motor Behaviors
Of proximal factors, environmental condition–related factors
that increased the likelihood of aberrant motor behaviors were
being exposed to noise (OR 21.6, 95% CI 5.0-93.5; P<.001),
inadequate temperature (OR 5.8, 95% CI 1.6-21.3; P=.008),
and environmental change (OR 5.6, 95% CI 1.2-26.0; P=.03).
In contrast, light was significantly associated with decreased
likelihood of such behaviors (OR 0.1, 95% CI 0.0-0.8; P=.03).
Patients were more likely to exhibit BPSD behaviors if they
had pain or discomfort (OR 18.0, 95% CI 6.9-47.1; P<.001),
sleep disturbance (OR 6.4, 95% CI 2.7-14.9; P<.001), hunger
or thirst (OR 3.6, 95% CI 1.1-11.2; P=.03), or urination or bowel
movement problems (OR 3.2, 95% CI 1.2-8.3; P=.02).

Background factors significantly associated with aberrant motor
behaviors were greater impairment in ADLs (OR 1.3, 95% CI
1.1-1.6; P=.01), higher K-MMSE score (OR 1.2, 95% CI

1.0-1.3; P=.048), older age (OR 0.9, 95% CI 0.8-1.0; P=.02),
high extroversion traits (OR 0.7, 95% CI 0.5-0.9; P=.01), and
taking sedatives (OR 0.2, 95% CI 0.0-0.7; P=.02).

Sleep and Nighttime Behaviors
Among proximal factors, greater numbers of total nighttime
sleep hours measured by actigraphy were significantly associated
with decreased likelihood of sleep and nighttime behaviors
occurring the next day (OR 0.9, 95% CI 0.8-1.0; P=.005). In
contrast, patients were more likely to exhibit sleep and nighttime
behaviors given sleep disturbance observed and reported by
caregivers (OR 19.4, 95% CI 11.6-32.7; P<.001), urination or
bowel movement problems (OR 7.7, 95% CI 4.0-14.7; P<.001),
or hunger or thirst (OR 4.6, 95% CI 2.2-9.6; P<.001). Increased
odds of sleep and nighttime behaviors were also associated with
environmental change (OR 5.9, 95% CI 2.4-14.6; P<.001),
inadequate temperature (OR 4.0, 95% CI 1.6-10.2; P=.003),
and noise (OR 2.7, 95% CI 1.0-6.8; P=.04). None of the
background factors were significantly associated with the
likelihood of sleep and nighttime behaviors.

Appetite or Eating Disorders
Of proximal factors, increased likelihood of appetite or eating
disorders was associated with exposure to environmental change
(OR 11.1, 95% CI 4.2-29.3; P<.001), inadequate lighting (OR
3.4, 95% CI 1.1-10.8; P=.03), and inadequate temperature (OR
2.9, 95% CI 1.1-8.0; P=.04). Patients were also more likely to
exhibit appetite or eating disorders on the same day if they
experienced hunger or thirst (OR 8.5, 95% CI 4.0-18.1; P<.001)
or urination or bowel movement problems (OR 6.0, 95% CI
2.9-12.6; P<.001). Interpersonal triggers also predicted an
increased likelihood of appetite or eating disorders (OR 2.2,
95% CI 1.0-4.6; P=.04). The openness trait was the only
background factor that significantly predicted appetite or eating
disorders (OR 1.3, 95% CI 1.1-1.6; P=.003).

Discussion

Principal Findings
Although BPSD are recognized to arise from background and
proximal factors, it is unclear exactly how the different BPSD
subsyndromes are influenced by specific proximal factors, such
as sleep and physical activity levels and physical and
psychosocial unmet needs states. This study explored factors
associated with BPSD subsyndromes among
community-dwelling older adults with dementia, including sets
of background and proximal factors (ie, actigraphy-measured
sleep and physical activity levels and diary-based
caregiver-perceived symptom triggers) guided by the NDB
model. This research expanded upon the limited previous
research by using actigraphy and diary-based assessments,
thereby enabling the collection of objective and/or continuous
time-varying proximal data.

The Effects of Proximal Factors on the Occurrence of
BPSD Subsyndromes
Our results demonstrated that BPSD subsyndromes were
predictable based on proximal factors, including
actigraphy-measured sleep and activity levels and diary-based
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caregiver-reported symptom triggers. The models to predict
BPSD subsyndromes demonstrated better predictive ability
when both background and proximal factors served as predictors
in the models compared to those with only background factors.
While BPSD have been largely considered unpredictable [17]
and few previous studies have considered the impact of
preventative approaches to BPSD [11], our results support a
paradigm shift to an individualized approach to BPSD
subsyndromes through prediction and early prevention. In
particular, caregiver-reported physical, psychosocial, and
environmental triggers largely influenced most subsyndromes,
except for euphoria or elation. This suggests that, despite the
unmodifiable nature of background factors, most BPSD can be
prevented through early identification of at-risk individuals and
timely assessment of targeted physical and psychosocial unmet
needs.

However, it remains unclear as to which BPSD subsyndromes
are under circadian control (ie, influenced by sleep and activity
levels). In this study, greater nighttime sleep hours were
associated with a lower likelihood of sleep and nighttime
behaviors, manifested as nighttime awakening or excessive
daytime napping, occurring the next day. This finding is
consistent with previous studies, in that sleep problems are both
a risk factor and a symptom outcome [66,67]. In previous
studies, the association between sleep disturbance and BPSD
has been inconsistent and variable among different BPSD. For
example, a previous study of a Korean sample found that more
severe sleep impairment, measured by the Korean version of
the Pittsburgh Sleep Quality Index (PSQI) [68], was significantly
associated with apathy or indifference, but not with other types
of symptoms [69]. In another study conducted in China, the
total scores of the PSQI and its subscales were significantly
correlated with depression, apathy, and sleep and nighttime
behaviors [35]. Moreover, one study of a hospitalized sample
noted that the average number of sleep minutes significantly
predicted agitation and irritability [37]; another study of nursing
home residents with severe dementia found that a greater number
of nighttime sleep hours was a predictor of daytime aggressive
behaviors [70]. One possible explanation for the nonsignificant
relationship between sleep parameters and aggression in our
study could lie in the differences in sample characteristics. Given
that the mean K-MMSE score in our sample indicated moderate
cognitive impairment, nighttime sleep perhaps affects aggression
when cognitive impairment is severe. Regarding the activity
level, euphoria or elation was associated with energy expenditure
measured by actigraphy. A previous study showed that an
increased physical activity level was associated with an
increased likelihood of agitation and aggression in hospitalized
patients with severe dementia [45]. This may be because
increased physical activities could reflect heightened agitation
and aggressive symptoms per se rather than physical exercise.
To summarize, it still remains unclear as to which BPSD
subsyndromes are under circadian control. The inconsistent
results among prior studies call for further research to build on
extant knowledge.

Implications for Different Approaches to
Heterogeneous BPSD Subsyndromes
While the NDB model explains the effect of the interplay
between background and proximal factors on the broad construct
of BPSD [71], the findings from this study extend the NDB
model by indicating which specific background and proximal
factors exert their effects on which specific BPSD
subsyndromes. For example, while a greater number of
nighttime sleep hours was associated with attenuated likelihood
of sleep and nighttime behaviors occurring the next day,
nighttime sleep hours did not influence other BPSD
subsyndromes. While physical unmet needs states (eg, pain or
discomfort, sleep disturbance, and hunger or thirst) and physical
environmental conditions (eg, noise and lighting) were
significant factors associated with affective symptoms, they
were not found to influence symptoms of euphoria or elation.
Instead, actigraphy-measured energy expenditure was a proximal
factor that predicted euphoria or elation, whereas it did not
influence any other symptoms. Thus, the results underscore that
etiological-based differentiated interventions are needed to focus
on the factors underlying the target BPSD subsyndromes [17].

Accordingly, our study provides empirical evidence regarding
the heterogeneity of BPSD [13-15] by revealing the distinct
underlying predictors for the seven BPSD subsyndromes.
Results showed that there were multiple predictors of all BPSD;
however, the mechanisms underlying how a set of
neurobiological, psychosocial, and environmental factors
interplay and subsequently result in specific symptoms remain
elusive [72]. Since the etiopathogenesis of BPSD is complex,
multifactorial, and variable depending on the BPSD
subsyndromes or individual symptoms [12,72], it is challenging
for health care providers and caregivers to decide which
interventions should be used to manage certain types of
symptoms. Several interventional algorithms have been proposed
to simplify complex information on the relationships among
multifactorial factors and make it usable, such as the Describe,
Investigate, Create, and Evaluate (DICE) approach [11,73] and
the BPSD–Describe and Measure, Analyze, Treat, and Evaluate
(DATE) algorithm [72]. Although the algorithms have been
helpful for caregivers to simplify the complex nature of
heterogeneous BPSD trajectories, further research is needed to
develop predictive models that will guide health care providers
and caregivers to move toward personalized BPSD care. Our
study represents a starting point for developing more data-driven
predictive algorithms tailored to BPSD subsyndromes to advance
more precise BPSD care.

Advancing BPSD Research and Practice by Leveraging
Digital Health Technologies
The results also facilitate the use of technological advances to
achieve personalized BPSD care. Assessment of BPSD has
largely relied on information reported by informal or formal
caregivers, which has resulted in information bias and caregiver
burden [74]. While the traditional nomothetic approach to
assessment of BPSD has limitations in terms of capturing the
unique trajectories of BPSD manifestations and their contexts,
human behavior and psychology research has considered
idiographic approaches to capture prospective and
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time-dependent variation within individuals [75]. Our study
demonstrates the potential of using real-world data to measure
fluctuating contextual information by leveraging digital health
technologies to advance BPSD research and practice using an
idiographic and personalized approach. Although concerns may
exist regarding applying actigraphy to patients with dementia,
our results demonstrated the feasibility of assessing sleep and
activity levels using actigraphy in individuals with dementia,
as evidenced by relatively low attrition rates and low amounts
of missing data.

Along with the objectively measured actigraphy data, the results
of the GLMMs revealed the large magnitude of the associations
between diary-based caregiver-perceived symptom triggers and
BPSD subsyndromes, which indicates the importance of
collateral information from caregivers for predicting BPSD
subsyndromes. Information and communications technologies
(ICTs) can be a solution to complement paper-based symptom
diaries by allowing the collection of high-frequency contextual
information on BPSD that is episodic and evolves over time
[76]. Future studies could adopt mobile app–based symptom
diaries, which would facilitate the tracking and monitoring of
BPSD by using push notifications to ensure measurements are
not missed and to assist caregivers in easily checking symptoms
anywhere and anytime with their mobile phones. Ecological
momentary assessment (EMA) [77] is a promising tool that
could be incorporated into mobile app–based symptom diaries.
EMA data collected using electronic diaries could capture the
momentary aspects of BPSD occurrence, rather than relying on
recall over time and how BPSD manifestations vary over time
and situations through repeated assessments [77]. Moreover,
integrating prediction models into digital devices, such as
smartphones, or connecting them to electronic health records
could further improve the clinical utility of prediction models.

Limitations
Several limitations should be noted. First, we used a proxy
measure of BPSD based on caregivers’ reporting, rather than
direct observation of symptoms, which may have introduced
observer and recall bias. Second, because BPSD and
caregiver-reported contributing factors were checked on a daily
rather than episodic basis, caregivers could check multiple types
of symptoms and related triggers if different types of symptoms
were observed within a day. This may have made it difficult to
identify the caregiver-reported factors that contributed to specific
types of BPSD that occurred during the day. Future mobile
app–based symptom diaries that collect episodic data would
make it possible to disentangle aggregated proximal factors and
symptoms that occur within a day. Finally, although it was not
within the scope of this study, the bidirectionality of the
relationships between proximal factors and BPSD is unclear in
the current literature. A more thorough understanding of the
reciprocal effects of sleep and physical activity levels with
BPSD is needed to understand the mechanisms that underly the
associations.

Conclusions
In conclusion, this prospective study demonstrated that BPSD
are clinically heterogeneous, and their occurrence can be
predicted by different contributing factors. Our results for
various BPSD suggest a critical window for timely intervention
and care planning. These findings represent the starting point
for the establishment of a prediction model tailored to specific
symptoms. However, further studies with larger samples are
needed to confirm these findings. Nonetheless, these findings
will assist in devising symptom-targeted and individualized
interventions to prevent and manage different types of BPSD
and to ultimately facilitate personalized dementia care.
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Background characteristics of older adults with dementia, summary statistics of behavioral and psychological symptoms of
dementia (BPSD) and proximal factors, and summary statistics for the prevalence of BPSD subsyndromes.
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Summary statistics for the prevalence of behavioral and psychological symptoms of dementia (BPSD) subsyndromes.
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Multimedia Appendix 3
Results of generalized linear mixed models (GLMMs) for psychotic, affective, and hyperactivity symptoms and euphoria or
elation (Model 1) and results of GLMMs for aberrant motor behaviors, sleep and nighttime behaviors, and appetite or eating
disorders (Model 1).
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Multimedia Appendix 4
Results of generalized linear mixed models (GLMMs) for psychotic, affective, and hyperactivity symptoms and euphoria or
elation (Model 2, full model) and results of GLMMs for aberrant motor behaviors, sleep and nighttime behaviors, and appetite
or eating disorders (Model 2, full model).
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Abstract

Background: Multisensor fitness trackers offer the ability to longitudinally estimate sleep quality in a home environment with
the potential to outperform traditional actigraphy. To benefit from these new tools for objectively assessing sleep for clinical and
research purposes, multisensor wearable devices require careful validation against the gold standard of sleep polysomnography
(PSG). Naturalistic studies favor validation.

Objective: This study aims to validate the Fitbit Charge 2 against portable home PSG in a shift-work population composed of
59 first responder police officers and paramedics undergoing shift work.

Methods: A reliable comparison between the two measurements was ensured through the data-driven alignment of a PSG and
Fitbit time series that was recorded at night. Epoch-by-epoch analyses and Bland-Altman plots were used to assess sensitivity,
specificity, accuracy, the Matthews correlation coefficient, bias, and limits of agreement.

Results: Sleep onset and offset, total sleep time, and the durations of rapid eye movement (REM) sleep and non–rapid-eye
movement sleep stages N1+N2 and N3 displayed unbiased estimates with nonnegligible limits of agreement. In contrast, the
proprietary Fitbit algorithm overestimated REM sleep latency by 29.4 minutes and wakefulness after sleep onset (WASO) by
37.1 minutes. Epoch-by-epoch analyses indicated better specificity than sensitivity, with higher accuracies for WASO (0.82) and
REM sleep (0.86) than those for N1+N2 (0.55) and N3 (0.78) sleep. Fitbit heart rate (HR) displayed a small underestimation of
0.9 beats per minute (bpm) and a limited capability to capture sudden HR changes because of the lower time resolution compared
to that of PSG. The underestimation was smaller in N2, N3, and REM sleep (0.6-0.7 bpm) than in N1 sleep (1.2 bpm) and
wakefulness (1.9 bpm), indicating a state-specific bias. Finally, Fitbit suggested a distribution of all sleep episode durations that
was different from that derived from PSG and showed nonbiological discontinuities, indicating the potential limitations of the
staging algorithm.

Conclusions: We conclude that by following careful data processing processes, the Fitbit Charge 2 can provide reasonably
accurate mean values of sleep and HR estimates in shift workers under naturalistic conditions. Nevertheless, the generally wide
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limits of agreement hamper the precision of quantifying individual sleep episodes. The value of this consumer-grade multisensor
wearable in terms of tackling clinical and research questions could be enhanced with open-source algorithms, raw data access,
and the ability to blind participants to their own sleep data.

(J Med Internet Res 2021;23(10):e26476)   doi:10.2196/26476

KEYWORDS

wearables; actigraphy; polysomnography; validation; multisensory; mobile phone

Introduction

Highly sensitive and precise instruments are necessary for the
accurate measurement of sleep in healthy and clinical
populations. Polysomnography (PSG), the prevailing gold
standard in clinical and research settings [1], reliably reflects
the physiological processes underlying sleep with high temporal
resolution [2]. The PSG recordings are conducted to capture
sleep macrostructure (eg, stages and cycles) and microstructure
(eg, K-complexes, spindles, and arousals), and to quantify
different variables such as power density spectra of the
electroencephalogram and heart rate (HR) variability, to estimate
an individual’s sleep quality and health. Despite the many
strengths of PSG, attendant disadvantages include high cost,
the need for personnel trained in technical aspects and
interpretation of data, and the highly technical recording system
itself, which usually necessitates a dedicated sleep laboratory,
although ambulatory systems also exist [3]. Inexpensive,
practical, and portable alternatives that are equally accurate and
reliable as PSG in measuring sleep would be welcome for
clinicians and researchers.

Currently, the only validated and United States Food and Drug
Administration–approved alternative to PSG in ambulatory
settings is actigraphy [4]. Actigraphy measures movement using
a multiaxis accelerometer in a device resembling a wristwatch,
sometimes accompanied by an embedded light sensor.
Actigraphy captures rest-activity behaviors such as sleep habits,
bedrest, rise times, and light exposure [5,6]. The basic
assumption of actigraphy is that motion implies wakefulness,
whereas no motion implies sleep. Fully disclosed algorithms
[7,8] are used to compute sleep variables with some precision,
but performance compared with PSG varies because of the
inherent limitation in discriminating sleep from waking that is
not accompanied by movement [3,4]. Actigraphy is a dedicated
scientific instrument in clinical and research contexts and
depends on specialists for setting up and interpreting data [9].

Recently, there has been greater acceptance, but also
controversy, among the scientific community about using
commercially available wearable devices such as fitness trackers
in research [10]. Fitness trackers are multisensor,
consumer-grade devices that represent a cost-efficient, practical,
and convenient means of objectively collecting rest-activity
data longitudinally under ambulatory conditions [4]. Fitbit is a
market leader [11], and efforts have been made to validate its
devices, such as the Fitbit Charge 2, against PSG [4,12-15] and
the portable single-channel electroencephalogram sleep scope
device [16]. Such devices not only rely on movement but also
measure HR via photoplethysmography. Changes in the activity
of the autonomic nervous system regulating HR are coupled to

changes in electroencephalogram patterns [17,18], and various
HR measures are correlated with electroencephalogram-defined
sleep states [19]. These relationships potentially permit a
multisensor fitness tracker to estimate an array of sleep variables
above and beyond that of conventional actigraphy [20-22].

A recent laboratory-based validation study suggested that the
proprietary algorithm of Fitbit Charge 2 (Fitbit Inc) to estimate
different sleep variables performed reasonably well [3]. More
specifically, the device displayed a 9-minute overestimation of
total sleep time (TST), whereas sleep onset (Son) latency was
underestimated by 4 minutes. Furthermore, Fitbit’s light stage
was overestimated by 34 minutes, and Fitbit’s deep sleep stage,
assumed to be equivalent to the N3 sleep stage, was
underestimated by 24 minutes compared with the PSG-derived
sleep stages N1+N2 and N3, respectively. No bias was observed
in wakefulness after Son (WASO) or the duration of rapid eye
movement (REM) sleep stage. Findings in patients with periodic
limb movements during sleep revealed comparable results [3].
In contrast, a study in patients with obstructive sleep apnea
contradicted the unbiasedness of WASO for 2 Fitbit devices,
Fitbit Charge 2 and Fitbit Alta HR. Both devices underestimated
WASO, possibly indicating variable performance in different
clinical populations [23]. Other work performed at participants’
homes compared Fitbit Charge 2 with a portable single-channel
electroencephalogram sleep monitor [16]. This study showed
86.9% agreement; however, there was an underestimation of
TST by 12.3 minutes, of light sleep by 42.4 minutes, and of
REM sleep by 11.6 minutes. Conversely, WASO was
overestimated by 24.5 minutes and deep sleep by 39.8 minutes.
These estimates also showed a large SD.

Regarding HR, a study found a moderate underestimation of
5.9 beats per minute (bpm) with Fitbit Charge 2 compared with
the electrocardiogram, whereas precision for individual
measurements was poor as reflected by wide limits of agreement
(LoA) [24]. Another study found that this device tended to
slightly overestimate HR in ranges <50 bpm (bias=0.51 bpm)
and underestimate HR in ranges >80 bpm (bias=0.63 bpm)
compared with the electrocardiogram [13]. The Fitbit Charge
HR model displayed a general underestimation (bias=0.88 bpm)
in a similar range [25].

Therefore, the findings of previous sleep and HR validation
studies of Fitbit Charge 2 are rather inconsistent and warrant
further research. It was previously concluded that apart from
the sample population studied, inaccurate temporal
synchronization between Fitbit wearables and PSG is an
important challenge in some validation studies [26]. In addition,
consumer-grade wearables need to be validated under
naturalistic conditions and in diverse populations, as such factors
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may affect their performance. We attempted to validate Fitbit
Charge 2 against gold-standard PSG in a healthy study sample,
but one that regularly performed shift work and exhibited an
elevated risk of occupational stressors, which likely interfered
with and attenuated the quality of sleep. With these objectives
in mind, we seek to validate the usefulness of Fitbit Charge 2
to evaluate sleep quality in first responder shift workers under
naturalistic conditions, with a special focus on rigorous data
preprocessing and time alignment of the data recordings.

Methods

Study Sample
The participants of this study were recruited from July 2017 to
November 2019 by various informational media, emails, and
presentations at shift change as part of a larger study
investigating sleep and resilience to psychological stress and
trauma. They completed 1 month of monitoring of wrist-derived
rest-activity behavior with a Fitbit Charge 2 that was worn
continuously by all individuals on their nondominant wrist.

The Ethics Commission of the Canton of Zurich approved
(2016-01357) all study protocols and experimental procedures,
and written informed consent was obtained before participation.
Participants invited to participate fulfilled all inclusion criteria:
aged between 18 and 65 years, BMI ≤26 (or if exceeding a BMI
of 26, which is typical of very athletic participants, an absence
of sleep problems, such as sleep breathing disorders, was
reported), current employment in 1 of 2 participating emergency
rescue stations and a police station in the greater Zurich area of
Switzerland, possession of a smartphone, and German language
fluency. Exclusion criteria included the presence of a
neurological disorder diagnosis or head injury with the potential
to affect electroencephalogram variables, reported intake of >5
alcoholic beverages per week, or if a urine drug screen (Drug
Screen Multi 12-AE; Nal von Minden GmbH) revealed drug
abuse. All participants were shift workers, although specific
shift schedules varied among individuals by occupation, such
that emergency medical rescue workers and emergency doctors
worked cycles of two 12-hour days followed by two 12-hour
nights, terminating in 4 free days. Police officers worked four
contiguous shifts with varying individual activities and bedrest
times. Data on individual shifts were not collected or analyzed.
Individuals received monetary compensation for participating
in the study. Participants additionally received a report on their
sleep derived from their own sleep data derived from Fitbit
Charge 2 and PSG. This report was explained to them by a study
staff member.

Validated German translations of questionnaires administered
at meetings at the start and upon completion of 1 month of
monitoring were used to assess lifestyle and psychological and
sleep variables. The Pittsburgh Sleep Quality Index (PSQI) [27],
Posttraumatic Stress Disorder Checklist for Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition [28], and
the Perceived Stress Scale 10 (PSS-10) [29] were used to assess
subjective sleep quality, posttraumatic stress symptoms, and
stress in the past month. Cutoff scores of ≥5 on the PSQI, >31
on the Posttraumatic Stress Disorder Checklist for Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition, and

substantial deviations from the normative values—12.1 (SD
5.9) for men and 13.7 (SD 6.6) for women—indicate poor sleep
quality [27], a probable posttraumatic stress disorder diagnosis
[28], and elevated perceived stress [29], respectively. The
Horne-Östberg Morningness-Eveningness Questionnaire-A
Reduced Scale (rMEQ) was used to assess the participants’
preferred rest-activity behavior or chronotype, with higher scores
indicating increased morning activity preference. Scores on the
rMEQ have a range of 4-25. A previous study found that most
individuals (60%; scores: 12-17) show neither a pronounced
evening (20% of individuals; scores: 4-11) nor morning (20%
of individuals; scores: 18-25) activity preference [30].

Polysomnographic Recordings
A total of 62 individuals (43 emergency medical rescue workers,
16 police officers, and 3 emergency doctors), of whom 56%
(35/62) were women, completed 2 nights of ambulatory PSG
recordings in their homes. The PSG recordings were always
made of nocturnal sleep following a day work shift and consisted
of an adaptation night and then a baseline night the following
evening. Individuals were free to determine their bedtime and
sleep duration. The adaptation night served as a combined
adaptation and screening night, whereas the baseline night
provided the data analyzed in this report, with the exception of
8 individuals, whose data originated from the adaptation night
because the PSG data of the baseline nights were of poor quality.
The PSG data from one individual were excluded from the
analyses because the data were of poor quality on both nights.
Therefore, the total PSG sample consisted of 61 individuals.
On 2 nights, the Fitbit Charge 2 data sets for 2 individuals were
not obtained, reducing the sample to 59 individuals who had
both PSG and Fitbit Charge 2 data for comparison. All PSG
data were acquired using dedicated ambulatory
polysomnographic amplifiers (SOMNOscreen Plus,
SOMNOmedics GmbH). All electrodes and sensors for PSG
recordings were applied by trained members of the research
team. The overall PSG montage consisted of scalp electrode
sites Fz, Cz, Pz, Oz, C3, C4, A1, and A2 applied according to
the International 10-20 System [31] and electrooculogram,
submental electromyogram, and electrocardiogram and
grounding electrode according to the American Academy of
Sleep Medicine standards [32]. The Cz electrode served as the
reference during recording, and the opposite mastoid was used
for the rereferenced display. The sampling rate for all the sites
was 256 Hz. For recording, high-pass (0.2 Hz) and low-pass
filters (128.0 Hz) were used. High-pass (0.3 Hz) and low-pass
(35.0 Hz) filters in addition to a powerline filter were applied
for visual sleep scoring. Sleep stages were scored visually by
an experienced individual in 20-second epochs according to the
American Academy of Sleep Medicine (2007) criteria.

The electrocardiogram trace in the PSG recordings was
examined visually for one epoch at a time for all wake epochs
before Son and all epochs of sleep and wake stages after Son

(performed by an experienced individual). Artifacts and ectopic
beats present in the electrocardiogram trace that had the potential
to interfere with the quantification of interbeat intervals (IBIs),
defined as the time interval between the normal R peaks of the
QRS complex, were manually marked and removed before data
processing and analysis.
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Fitbit Charge 2 Recordings
All participants wore the Fitbit Charge 2 continuously during
the PSG recorded nights. The device records wrist activity using
accelerometry and pulses via photoplethysmography. It produces
two types of sleep data depending on whether certain criteria
are fulfilled during data collection. These criteria are sufficient
battery charge, a sleep episode >3 hours in duration, and
sufficient skin contact with the photoplethysmography sensor.
If these criteria are not fulfilled, then classic sleep data are
generated, comprising asleep, awake, and restless variables at
a 1-minute data granularity. If these criteria are fulfilled, then
stages data are produced, comprising wake, light, REM, and
deep sleep at a 30-second data granularity. If stages data are
obtained for a given sleep episode, then users receive two data
sets, that is, (1) sleep data, which is composed of stages, and
(2) wake data, which is composed exclusively of wake episodes
<30 seconds. Both data sets are present in a single JSON file
for a given data collection date. However, there were also wake
episodes contained within the sleep data set. This data structure
is especially relevant for researchers who wish to extract entire
hypnogram data and information not provided by Fitbit, such
as REM sleep latency (REML). The variable WASO was created
in this study by merging these two data sets contained within
the stages data type output. The Fitbit sleep staging algorithm
occasionally scores the first stage after Son and the last stage
before sleep offset (Soff) as wake. This runs counter to the
intuitive definition of Son and Soff as the first occurrence of sleep
and the last occurrence of sleep, respectively.

We manually omitted such bordering wake epochs and adjusted
the Son, Soff, TST (ie, Soff – Son), and WASO values accordingly.
Son, Soff, and REML are variables that are not provided directly
by Fitbit; hence, we calculated them from the sleep staging
information provided by Fitbit. All other variables were standard
Fitbit variables. Adjustments only affected the Bland-Altman
analyses. The results of the analyses without adjustment for the
standard Fitbit variables can be found in Figure S1 and Table
S1 in Multimedia Appendix 1. A sleep sensitivity setting is
needed to be set for Fitbit’s sleep recordings, with options
sensitive and normal. When set to normal, only major body
movements, such as rolling over, will register as wake, whereas
when set to sensitive, more subtle movements will additionally
be registered as wake. We set the setting to sensitive throughout
the data collection.

Statistical Analyses
All analyses and data processing steps were performed in the
programming language R (version 4.0.0; R Foundation for
Statistical Computing) [33]. Fitbit intraday HR measures were
used. For electrocardiogram R peak detection, the Pan-Tompkins
algorithm [34] was used as implemented in the rsleep package
(version 1.0.3) [35]. However, the algorithm could not
distinguish sharp T waves from R peaks on various occasions.
Thus, a modification of the algorithm had to be made. The signal
can sometimes be inverted in the sign, and for this reason, we
changed the signal to have positive R peaks (which was revealed
by the mean of the detected peak values by the Pan-Tompkins
algorithm). Sometimes, the peak can be slightly misaligned with
the actual R peak maximum. Therefore, after running the

Pan-Tompkins algorithm, the detected peak was aligned with
the actual maximum ±200 ms around the detected peak.
Furthermore, in cases where two peaks were observed within
less than 360 ms, we checked if the subsequent peak was a
mistakenly detected T wave or an actual R peak. This was done
by examining the signal in a small window of ±28 ms around
the detected and maximally aligned peak and taking its second
derivative. T waves generally display slower changes in the
tangents of the electrocardiogram signal as compared to faster
tangent changes found in R peaks. The 60% quantile of the
absolute value of the second derivative (QAVSD60) was then
compared with a cutoff point specific to an individual participant
derived from the density function of the QAVSD60 values from
all the detected peaks. The cutoff point was defined as the first
local minimum of the density within the hard limits of 35/256

µV/s2 and 120/256 µV/s2. If no local minimum was present,

35/256 µV/s2 was used instead. The density of QAVSD60

revealed a multimodal distribution of nearly no overlap between
the T wave characteristic QAVSD60 values compared with those
originating from R peaks. Erroneously detected T waves were
omitted, thereby rescuing the affected segments of the
electrocardiogram data sets for subsequent analyses. This small
T wave check and alignment of the peak to the local maximum
significantly improved the algorithm performance on visual
inspection. From PSG IBIs, a transformation into bpm was made
with 60 seconds divided by the IBI duration in seconds.

The internal clock times of the Fitbit and PSG systems were
misaligned. This is a common problem in studies involving
multiple measurement instruments, as they often do not share
the same clock and thus require temporal alignment [36,37].
Hence, we estimated a time shift for each individual to ensure
good time alignment. For this, linear interpolation was used to
estimate values between two data points in either the PSG
beat-per-beat data or the lower-resolution Fitbit data. We
resampled both the Fitbit and PSG interpolated time series of
a given night at 0.2-second intervals. The cross-correlation
function was used to extract the lag with the maximal correlation
between the time series.

Bland-Altman plots were constructed with the blandr package
(version 0.5.1) [38] for all the sleep variables, two tailed t tests,
and LoA defined as b (SD 1.96), where b denotes the bias and
SD is the standard deviation of the bias. A variable is termed
as unbiased if bias b is not significantly different from 0 from
the corresponding t test. The differences in the Bland-Altman
analyses were set to denote PSG minus Fitbit. Thus, a positive
difference corresponds to an underestimation of Fitbit compared
with PSG, and a negative difference corresponds to an
overestimation. Concerning the repeated measurements of the
10%-trimmed HR average (HR10) and 10%-trimmed HR
variance average (HRvar10) as measured at 1-minute intervals,
a linear mixed effects regression with the nlme package (version
3.1-147) was estimated [39]. The dependent variable was set to
be the PSG-Fitbit value, and just a single intercept without a
slope was considered the independent variable. For the random
effect, a random intercept per subject was included. Owing to
the consecutive 1-minute HR10 and HRvar10 measurements with
potential time correlations, an autocorrelation structure of order
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one was added. The t tests and LoAs were estimated using a
mixed model.

Epoch-by-epoch (EBE) analyses were performed through the
following statistical measures:

Sensitivity = TP/P (1)

Specificity = TN/N (2)

Accuracy = (TP + TN)/(P + N) (3)

Matthews correlation coefficient (MCC) = (TP * TN

- FP * FN)/ (4)

Positive predictive value (PPV) = TP/(TP + FP) (5)

Negative predictive value (NPV) = TN/(TN + FN)
(6)

In these equations, TP represents true positives (number of Fitbit
epochs that share a given PSG stage), TN represents true
negatives (the number of Fitbit epochs that are not in a given
stage and where the according PSG epoch is also not labeled
as that stage), FP represents false positives (number of Fitbit
epochs that do not share a given PSG stage), and FN represents
false negatives (number of Fitbit epochs that did detect a given
stage, whereas PSG did not detect it). Sensitivity measures the
proportion of epochs of a given PSG-derived sleep state that
was correctly identified by Fitbit (eg, for REM sleep, it is the
percentage of Fitbit REM sleep stages among all PSG REM
sleep stages). Specificity, however, describes the percentage of
Fitbit correctly identifying the nonoccurrence of a given sleep

state. Accuracy is a combined measure of the true discoveries
and true negatives of Fitbit divided by all positives and negatives
in the PSG sample. MCC is more informative than the measure
accuracy, because it considers all true positive, true negative,
false positive, and false negative. This can be interpreted as a
correlation coefficient, that is, the more positive, the better Fitbit
predicts the PSG epochs, such that 0 would be random guessing,
and negative values indicate disagreement. PPV, often called
precision, describes the proportion of Fitbit correctly identifying
a given stage among the number of times Fitbit assigned that
stage, and NPV describes the equivalent for correctly identifying
an epoch that is not a given stage. In our sample, the epoch
length was defined as 20 seconds, but Fitbit’s algorithm has an
epoch length of 30 seconds. Thus, a direct EBE analysis was
not possible. Therefore, we looked at all PSG-derived epochs
and compared them with the dominating Fitbit stage (>50%) in
the same interval. In cases where one PSG epoch contained two
different Fitbit stages of equal length, we chose the first stage.

Results

Demographic Characteristics of the Study Sample
The demographics of the 59 individuals studied as well as their
mean PSG- and Fitbit-derived sleep and HR measures are
summarized in Tables 1 and 2. The mean values on the PSQI
and PSS-10 indicated slightly impaired subjective sleep quality
and a slightly elevated perceived stress level [27]; however, no
diagnostic criteria for possible posttraumatic stress disorder
have been met [28].

Table 1. Demographics of study sample (N=59).

Value

33 (56)Female, n (%)

15 (25)Police, n (%)

33.5 (8.1)Age (years), mean (SD)

23.9 (2.9)BMI, mean (SD)

5.8 (2.7)PSQIa, mean (SD)

6.2 (7.9)PCL-5b, mean (SD)

12.2 (4.9)PSS-10c, mean (SD)

14.4 (3.5)rMEQd, mean (SD)

aPSQI: Pittsburgh Sleep Quality Index.
bPCL-5: Posttraumatic Stress Disorder Checklist for Diagnostic and Statistical Manual of Mental Disorders Fifth Edition.
cPSS-10: Perceived Stress Scale 10.
drMEQ: Horne-Östberg Morningness-Eveningness Questionnaire-A Reduced Scale.
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Table 2. Sleep and heart rate variables (N=59).

Value, mean (SD)

FitbitPolysomnography

23.4 (2.4)23.4 (0.9)N1so
a (clock time)

7.8 (2.6)8.0 (1.7)TSTb (hours)

1.7 (0.7)1.7 (0.8)REMd
c (hours)

4.4 (1.3)4.2 (1.1)lightd
d (hours)

1.3 (0.5)1.5 (0.6)deepd
e (hours)

1.0 (1.1)0.4 (0.5)WASOf (hours)

103.9 (59.7)76.3 (30.6)REMLg (minutes)

15 (8.7)11.6 (8.1)REMh in the first cycle (%)

59.9 (8.2)60.9 (9.1)HR10
i REM (bpmj)

59.2 (7.5)61.8 (9.2)HR10 N1k (bpm)

55.7 (7.0)56.6 (7.7)HR10 N2l (bpm)

57.2 (7.2)58.8 (8.8)HR10 N3m (bpm)

6.4 (16.1)28.1 (90.8)HRvar10
n REM (bpm)

6.8 (16.7)48.7 (110.1)HRvar10 N1 (bpm)

4.7 (24.3)22.0 (76.7)HRvar10 N2 (bpm)

2.9 (12.9)25.4 (111)HRvar10 N3 (bpm)

aN1so: sleep onset with non–rapid eye movement (NREM) sleep stages 1 criteria.
bTST: total sleep time.
cREMd: rapid eye movement sleep duration.
dlightd: light sleep or NREM sleep stages 1+NREM sleep stages 2 duration, respectively.
edeepd: deep sleep or NREM sleep stages 3 duration, respectively.
fWASO: wakefulness after sleep onset.
gREML: rapid eye movement sleep latency.
hREM: rapid eye movement.
iHR10: 10%-trimmed heart rate average.
jbpm: beats per minute.
kN1: NREM sleep stages 1.
lN2: NREM sleep stages 2.
mN3: NREM sleep stages 3.
nHRvar10: 10%-trimmed heart rate variability.

Time Alignment
Accurate temporal synchronization between the PSG system
and the wearable Fitbit device often poses a methodological
challenge in validation studies [4]. This was also the case in
this study. When scrutinizing our data, we noticed that the time
discrepancies between the PSG system’s and the Fitbit app’s

clocks increased as the study progressed. In other words, the
later the participant entered the study, the higher the time
difference between PSG and Fitbit recordings. This relationship
can be seen in Figure 1 as a linear association between the
individual participant identifier number and the estimated time
shift between the two measurement instruments.
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Figure 1. The consecutive study participant numbers (higher numbers indicate chronologically later entry into the study) from the entire study sample
are shown on the x-axis; the data-driven timeshift between polysomnography and Fitbit is shown on the y-axis. There was a significant linear relationship

between the identifier and the shift (P<.001; adjusted R2=0.85). Thus, the times drifted apart as the study went on, with a minimum time misalignment
of 1.9 minutes and a maximum of 7.5 minutes. PSG: polysomnography.

To align the time series, we computed the cross-correlation
function for each participant and corrected the time shift by the
emergent maximum. Our time alignment efforts produced good
correspondence in our data between the two instruments, as
evident in the simultaneous occurrences of HR bursts in the two
time series (Figure 2). Nevertheless, the variability and

amplitude of the Fitbit curve were reduced compared with PSG
because only between 4 and 12 measurements per minute were
made available by Fitbit. The analysis of the entire Fitbit sample
revealed that an average of 7.48 HR counts per minute was
available (Figure 3). In contrast, PSG HR data were sampled
at a frequency of 1/256 Hz.
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Figure 2. Data on the validation night of the first participant in the study with identifying number 004 (left column) and the last participant in the study
with number 104 (right column) are shown. Row A displays the cross-correlation function, which displays a large visible maximum at the orange vertical
line representing the best alignment between the two devices (PSG and Fitbit). The dashed vertical reference line shows a lag of 0 minutes. Rows B-D
share the same x-axis, which denotes hours after PSG-derived sleep onset with criteria. For each hour in the recording, a vertical dashed gray line was
added. Row B shows the HR in bpm derived from PSG (red) and Fitbit (black) that were seen before any time alignment was applied, whereas row C
presents the HR data after the data-driven shift from panel A was applied. The time-aligned time series visually shows good agreement after correcting
for the time difference. Fitbit shows reduced variability in the signal but fairly good average correspondence. In panel D, the top row shows PSG-derived
hypnograms for both participants, whereas in the bottom row, the Fitbit-derived hypnograms are displayed. All hypnograms have been time-corrected
according to panel A. The overall sleep structure is captured reasonably well by Fitbit, but Fitbit detects more wake and REM episodes compared with
PSG, and the distinction of light (N1+N2) and deep (N3) sleep often seems to be particularly challenging for Fitbit. bpm: beats per minute; HR: heart
rate; PSG: polysomnography; REM: rapid eye movement; W: wake.
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Figure 3. The available data of all nights (n=59) were extracted and counted for the number of heart rate measures contained. A total of roughly 28,320
minutes (corresponding to 59 study participants who, on average, spent 8×60 minutes asleep) were expected. In fact, 28,601 individual minutes of data
were recorded; this figure displays the distribution of all heart rate measures, yielding an average of 7.48 measures per minute. Count data for >12
measures per minute and <4 measures per minute are not displayed because their occurrences were so small that they are not visible on the plot.

Distribution of Sleep Stage Durations
Next, we compared the distribution of sleep stage durations
between the Fitbit and PSG data (Figure 4). Duration was
defined as the duration of consecutive epochs with the same
sleep stage until interrupted by any other stage, independent of
its duration. We observed that Fitbit uses 30-second intervals
to classify the stages data, whereas the classic data are presented
with less time-resolved, 1-minute resolutions. With respect to
wake episodes, the Fitbit data resembled the PSG distribution,
with mostly short uninterrupted wake episodes and much rarer
longer episodes. The awake category in the classic datatype had
higher tails, possibly owing to having a resolution of 1 minute
instead of 30 seconds, thus potentially missing certain stage
changes that occur faster. On the basis of the inspection of the
data distributions, we assumed that Fitbit’s light sleep stage in
the stages datatype might capture PSG-defined N1+N2 sleep

stages, whereas deep sleep might capture PSG-defined N3 sleep.
However, these assumptions need to be treated with caution
because no information is provided by Fitbit. In general, light
and deep sleep showed longer tails than the PSG-defined
non–rapid eye movement (NREM) sleep stages, possibly owing
to different temporal resolutions or slower changes in HR and
HR variability compared with the more sudden changes in brain
states. Furthermore, the deep sleep distribution showed a
pronounced discontinuity at around 4 minutes and 30 seconds,
which could also be observed in the Fitbit REM sleep stage
duration. The distributions of light, deep, and REM sleep showed
discrepancies to the PSG-derived durations, indicating that the
algorithm does not fully reflect PSG-derived data and may miss
brief stage changes and stage interruptions. Furthermore, the
restless stage in the classic datatype is unknown. This stage
displayed a peak at approximately 11 minutes, with an unknown
origin.
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Figure 4. The distribution of sleep stage durations for Fitbit (left panel) and PSG (right panel). Both were computed on the sample of the nights used
for validation. Here, the plot has been cut off at 40 minutes for visual purposes; the tails continue to decrease as one would expect. The Fitbit sleep
staging data types "classic" (red) and "stages" (blue) show large deviations compared with PSG sleep stages (black). Of note, deep and REM sleep show
nonbiological discontinuity at around 4.5 minutes, and all Fitbit stages have larger tails. The stage "restless" has a peak at 11 minutes with unknown
meaning. PSG: polysomnography. REM: rapid eye movement; WASO: wakefulness after sleep onset.

Bland-Altman Analyses of Sleep Variables
We split our validation into two analyses, one with the
PSG-determined first occurrence of N1 sleep as the criterion
for Son (N1 Son [N1on]) and the other with the first occurrence
of N2 sleep as the criterion for Son (N2 Son [N2on]). This was
done because it is unknown how Fitbit estimates Son. In Figure
5, we plotted the variables computed with N1on, and Table 3
provides the associated statistics. The N2on analyses revealed
systematically higher biases. These data are presented in Figure
S2 and Table S2 in Multimedia Appendix 1. Son, defined as
N1on, was unbiased (–1.6 minutes; P=.73). Soff, TST, REM
sleep duration (REMd), the duration of Fitbit’s light sleep
duration (lightd) in minutes (as recorded by the Fitbit; interpreted
as N1+N2), and the deep sleep duration (deepd) in minutes (as
recorded by the Fitbit) did not display significant bias.
Nevertheless, deepd showed a trend toward a bias of 11.2

minutes with N1on (P=.08), likely pointing to a slight
underestimation with Fitbit of N3 sleep. REML and WASO
both exhibited a significant overestimation with Fitbit—REML
was overestimated by 29.4 minutes and WASO by 37.1 minutes
(Pall<.001). Although the marginal densities of the differences
for Son, Soff, and TST were quite narrow, indicating a good
estimator in general, some occasional sleep episodes disagreed
strongly between the Fitbit and PSG instruments, as reflected
in the large LoA (Table 3). The marginal distributions of REMd,
lightd, and deepd showed higher variance, even if outliers were
neglected. This observation may indicate that the estimation of
stages of sleep is challenging for Fitbit’s algorithm and a source
of variability, although being unbiased. The data on the standard
Fitbit variables without the bordering wake epoch adjustment
revealed very similar results, however, with slightly larger biases
for TST and WASO, as shown in Figure S1 and Table S1 in
Multimedia Appendix 1.
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Figure 5. Bland-Altman plots for various sleep variables are shown with sleep onset defined as the first occurrence of N1. The dashed lines denote
lower limits of agreement, bias, and upper limits of agreement. The dotted lines are the respective 95% CI of limits of agreement. On the top and right
of each panel, the marginal densities are plotted. The x-axis displays the PSG variables, and the y-axis denotes the differences between the two devices
(PSG-Fitbit). N1-derived sleep onset is unbiased. Sleep offset, total sleep time, light sleep or N1+N2 sleep duration, deep sleep or N3 sleep duration,
and REMd do not have significant bias. WASO and REML display a significant deviation of the difference between the devices from 0. deepd: deep
sleep duration; lightd: light sleep duration; PSG: polysomnography; REMd: rapid eye movement sleep duration; REML: rapid eye movement sleep
latency; Soff: sleep offset; Son: sleep onset; TST: total sleep time; WASO: wake after sleep onset.
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Table 3. Bland-Altman statisticsa.

P valueUpper LoALower LoAcPSGb-FitbitVariable

.7365.6–68.8–1.6Son
d (minutes)

.66178.2–189.3–5.6Soff
e (minutes)

.77196.3–204.3–4.0TSTf (minutes)

.6782.4–87.8–2.7REMd
g (minutes)

.27116.0–136.8–10.4lightd
h (minutes)

.0895.2–72.911.2deepd
i (minutes)

.001113.8188.1–37.1WASOj (minutes)

.00186.6–145.4–29.4REMLk (minutes)

HR10
l (bpmm)

<.0018.6–6.90.9Overall

.039.2–5.41.9WASO

.1411.3–8.91.2N1n

.0016.0–4.70.6N2o

.0087.6–6.40.6N3p

<.0016.0–4.70.7REMq

aStatistics accompanying the Bland-Altman plots (Figure 5). Sleep onset and rapid eye movement (REM) sleep latency were calculated using the
non–rapid eye movement (NREM) sleep stages 1 sleep onset criteria. The average 10%-trimmed heart rate and 10%-trimmed heart rate variance values
in various sleep states are presented in the columns below the sleep variables. The average difference between polysomnography and Fitbit measures
bias can be found in the first column. The lower and upper limits of agreement describe 1.96 times the SD around the bias and can be found in the
subsequent columns. In the last column, the P values for the paired t test are reported; we tested whether the bias was significantly different from 0.
bPSG: polysomnography.
cLoA: limit of agreement.
dSon: sleep onset.
eSoff: sleep offset.
fTST: total sleep time.
gREMd: REM sleep duration.
hlightd: light sleep duration.
ideepd: deep sleep duration.
jWASO: wakefulness after sleep onset.
kREML: REM sleep latency.
lHR10: 10%-trimmed heart rate average.
mbpm: beats per minute.
nN1: NREM stage 1 sleep.
oN2: NREM stage 2 sleep.
pN3: NREM stage 3 sleep.
qREM: rapid eye movement.

Bland-Altman Analyses of HR Variables
The Bland-Altman plots for the HR variables are shown in
Figure 6. When computing the interval between 30 minutes
before N1on until Soff without considering the different
wakefulness and sleep states, HR10 and HRvar10 measures both
appeared biased. More specifically, Fitbit underestimated HR10

overall by 0.9 bpm and displayed LoA of –6.9 and 8.6 bpm

(Table 3). This underestimation was rather small, with a
relatively narrow marginal distribution of the differences. When
focusing on 1-minute HR10 values restricted to the time interval
between Son and Soff and dividing among the PSG-derived states
N1, N2, N3, REM sleep, and wake, HR10 displayed a higher
bias in the wake (1.9 bpm; P=.03) and N1 (1.2 bpm; P=.14)
stages compared with the sleep stages N2 (0.6 bpm; P=.001),
N3 (0.6 bpm; P=.008), and REM sleep (0.7 bpm; P<.001).

J Med Internet Res 2021 | vol. 23 | iss. 10 |e26476 | p.118https://www.jmir.org/2021/10/e26476
(page number not for citation purposes)

Stucky et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


When analyzing overall HR variance, Fitbit strongly
underestimated HRvar10 with a bias of 20.3 bpm (P<.001),
which was associated with higher LoA –82.1 and 122.7. When
HRvar10 was divided among the different sleep stages, we

observed behavior similar to HR10, such that HRvar10 wake and
N1 had a higher bias (60.2 and 51.1 bpm) than N2, N3, and
REM sleep (17.6, 16.3, and 18.5 bpm), all with low P values
and considerably large LoA.
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Figure 6. Bland-Altman plots for heart rate–derived variables. The dashed lines denote lower limits of agreement, bias, and upper limits of agreement
for a mixed model dealing with the repeated measures. On the top and right of each panel are the marginal densities. The x-axis displays the means of
both devices (ie, [polysomnography + Fitbit]/2), and the y-axis denotes the differences between the two devices (polysomnography-Fitbit). Overall
average 10%-trimmed heart rate and 10%-trimmed heart rate variance values are calculated for 1-minute intervals between 30 minutes before sleep
onset with N1 criteria and 30 minutes after sleep offset. All other variables are calculated between sleep onset and sleep offset, only extracting the
designated variable, in 1-minute intervals. HR10: 10%-trimmed heart rate average; HRvar10: 10%-trimmed heart rate variance average; REM: rapid
eye movement; WASO: wake after sleep onset.

EBE Analysis
The EBE analysis results are displayed in Table 4. The EBE
comparison between Fitbit and PSG revealed that Fitbit

displayed better specificity (WASO: 0.898; light sleep as
N1+N2: 0.574; deep sleep as N3: 0.92; REM sleep: 0.889) than
sensitivity (WASO: 0.428; light sleep as N1+N2: 0.534; deep
sleep as N3: 0.279; REM sleep: 0.548). The sensitivity for REM
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sleep was worse during the initial 120 minutes of sleep (0.432)
when compared with REM episodes beginning 120 minutes or
more after Son (0.57). In contrast, for specificity, this relationship
was reversed (REM<120 minutes: 0.963; REM>120 minutes:
0.864). Accuracy was best for WASO (0.898) and REM sleep
(0.880) and worse for deep sleep N3 (0.776) and light sleep
N1+N2 (0.553). A similar relationship was reflected in the
MCC, ranging from weak to moderate correlation (REM sleep:
0.339; WASO: 0.329; deep sleep as N3: 0.25; light sleep as
N1+N2: 0.108). The MCC measure is preferable to accuracy

as it only leads to higher scores if the prediction is
simultaneously accurate in all confusion matrix categories (true
positive, false positive, true negative, and false negative) [40].
PPV, the probability that an episode with a given Fitbit stage
will also have the same PSG stage, was generally lower (WASO:
0.438; light sleep as N1+N2: 0.592; deep sleep as N3: 0.501;
REM sleep 0.306) compared with NPV, the probability that an
episode that does not have a certain Fitbit stage will also not
have that PSG stage (WASO: 0.894; light sleep as N1+N2:
0.516; deep sleep as N3: 0.815; REM sleep: 0.956).

Table 4. Epoch-by-epoch analysisa.

NPVdPPVcMCCbAccuracySpecificitySensitivityState

0.8940.4380.3290.8240.8980.428WASOe

0.5160.5920.1080.5530.5740.534Light sleep

0.8150.5010.2500.7760.9200.279Deep sleep

0.9560.3060.3390.8610.8890.548REMf sleep

0.9670.4030.3830.9340.9630.432REM sleep <120 minute

0.9530.2960.3290.8370.8640.570REM sleep >120 minute

aEpoch-by-epoch comparison of Fitbit and polysomnography stages.Each stage—wakefulness after sleep onset, light sleep (non–rapid eye movement
[REM] stage 1 [N1] sleep+NREM stage 2 sleep), deep sleep (NREM stage 3 sleep), and REM sleep—was analyzed. REM sleep was divided into
analyses with REM sleep episodes occurring during the first 120 minutes after sleep onset with N1 sleep criteria (N1 sleep onset) and REM sleep
episodes occurring later than 120 minutes after N1 sleep onset. Various performance measures were used, including sensitivity, specificity, accuracy,
the Matthews correlation coefficient, the positive predictive value, and the negative predictive value. More information on these measures can be found
in the Methods section. Fitbit showed mostly good specificity but poor sensitivity. The accuracy was relatively high except for the light sleep stage.
The Matthews correlation coefficient displayed a moderately positive relationship, with light and deep sleep being considerably less good. The negative
predictive value was usually higher than the positive predictive value.
bMCC: Matthews correlation coefficient.
cPPV: positive predictive value.
dNPV: negative predictive value.
eWASO: wakefulness after sleep onset.
fREM: rapid eye movement.

Discussion

Principal Findings
We evaluated the performance of the multisensor wearable Fitbit
Charge 2 against PSG of the sleep macrostructure and HR in a
sample of first responder shift workers under naturalistic
conditions. We observed that Son, Soff, TST, REMd, N1+N2
sleep duration, and N3 sleep duration showed unbiased estimates
but nonnegligible LoA. Fitbit overestimated REML by –29.4
minutes, possibly because the proprietary algorithm failed to
detect very short first REM sleep episodes. This hypothesis is
supported by the right shift in the maximum duration of stages
and larger tails (Figure 4) and a cluster of REML data points
occurring at approximately –100 minutes (Figure 5), indicating
that Fitbit cannot capture short-lasting stage durations well. Not
only REML but also other sleep variables often exhibited a wide
LoA. In addition, despite performing a careful, data-driven time
alignment between the Fitbit and PSG time series, which
differed from 1.9 minutes to 7.5 minutes depending on the
participants’entrance into the study, Fitbit overestimated WASO
by as much as 37.1 minutes. We concluded that the unbiased
sleep variables allow average estimations of important sleep

quality characteristics in ecological conditions. However, the
wide LoA in most variables and the large biases in REML and
WASO limited the meaningfulness of quantifying individual
sleep episodes. These findings highlight the considerable
challenges still present when relying on consumer-grade
technology to address clinical and research questions.

One of our most striking and novel findings is that the
distribution of all sleep episode durations differs between the
Fitbit Charge 2 and PSG. Fitbit’s sleep staging algorithm
probably treats REM and deep sleep states of less than 4.5
minutes differently than sleep stages exceeding this duration.
This introduces a nonbiological discontinuity, indicating the
potential limitations of the tracker’s staging algorithm.
Furthermore, it is not clear what PSG measurement corresponds
to the Fitbit stage restless, which renders meaningful
comparisons impossible. Our findings in the sleep episode
duration distribution are consistent with recent work [41], which
also revealed an underestimation of sleep stage transition
dynamics.

The Son measures from Fitbit were unbiased concerning the
N1on criteria, whereas there was a higher but nonsignificant
underestimation for N2on. Thus, it is likely that Fitbit’s definition
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of Son time roughly corresponds to PSG-derived N1on. Son

criteria should be reported in future validation studies because
whatever criterion one selects (eg, N1on, N2on, or alternatively
any stage of sleep) will impact many sleep variables, such as
TST, REML, and WASO, whose operational definition and
calculation depend upon the criterion of Son. This may be one
of the reasons for discrepancies reported in the validation
literature. A peculiarity of the staging information provided by
Fitbit is that the first stage after the Son time and the last stage
before Soff time is sometimes staged as awake or wake. We
manually adjusted the Son and Soff times to be delineated by the
first and last occurring stages of sleep rather than including
stages of wake at the border of sleep. In a large Fitbit data set
collected in 89 individuals for 1 month capturing roughly 3000
sleep episodes [42], 69.8% of all sleep episodes in the first stage
after Son and in 50% of all cases, the last stage before Soff was
not coded as a sleep stage. In other words, an appreciable
proportion of Fitbit sleep episodes are bookended by a stage of
wake. This is an inconspicuous but important caveat. Our
adjustment of these data could be a reason why we found N1on,
Soff, and TST to be unbiased when comparing Fitbit data with
PSG data, whereas Liang et al [16], de Zambotti et al [43], and
Morena-Pino et al [23] found TST biases in different directions.
More specifically, a previous study [43] found unbiasedness;
another reported an overestimation of WASO [16], whereas
Moreno-Pino [23] found an underestimation of WASO when
validating Fitbit Charge 2 against PSG. The study by Liang et
al [16] with a WASO bias of 24.5 minutes is closest to our
results of 37.1 minutes.

Overall, EBE analyses revealed better specificity than sensitivity
for all sleep states. This might have been expected. For example,
there are much fewer deep sleep epochs than epochs labeled as
any other sleep stage, which is why a single misclassification
carries more weight for sensitivity than specificity. We found
light sleep to have 0.55 accuracy, whereas de Zambotti et al
[43] found an accuracy of 0.81. However, the same study found
an accuracy of 0.49 for deep sleep, whereas we found a higher
respective value of 0.78. Furthermore, REM sleep showed an
accuracy of 0.86, similar to that of 0.74 found by de Zambotti
et al [43]. A recent systematic review (Haghayegh [14] on
various Fitbit devices including Alta, Alta HR, Charge 2, Charge
HR, Classic, Flex, One, Surge, Ultra and Versa models) found
accuracy values in the range of 0.69-0.81 for light sleep,
0.36-0.89 for deep sleep, and 0.62-0.89 for REM sleep. Thus,
our results for light sleep are slightly lower than the range
suggested previously, whereas, for deep sleep and REM sleep,
the accuracy in our study was in the upper range reported. The
MCC value, which can be interpreted as a usual correlation
coefficient, ranged from 0.11 in light sleep to 0.34 in REM
sleep. These numbers indicate low to medium strength of
correlation, pointing toward room for improvement in the
estimation of sleep stages by Fitbit.

The information Fitbit provides on the sleep sensitivity setting,
with options sensitive and normal, may have an influence on
the amount of stages that are scored as wake [44]. We set the
setting to sensitive when data were collected, which might have
led to an overestimation of WASO, as seen in Figure 2.

However, Fitbit states that this setting has no impact on devices
utilizing HR to track sleep [45]. Consistent with our results,
REMd was also found to be unbiased by [3]. In addition, we
found lightd and deepd to be unbiased. As the algorithm is not
open source, we do not know with certainty whether our study
was running on an updated version of the algorithm compared
with other validation studies. This limitation makes it difficult
to compare the validation study outcomes of consumer fitness
trackers in general [4] and could contribute to the discrepancies
with the previous literature. Another reason might stem from
the different populations sampled or recording conditions. For
example, the algorithm might be better suited to assess sleep in
healthy individuals than in patients or shift workers or may
perform better in a sleep laboratory than in a naturalistic
environment. The discrepancies among studies underscore the
necessity to define standardized procedures to test consumer
sleep technology to benefit from their potential to collect
large-scale sleep data in ecological conditions [21,22,26].

Regarding the HR data, Fitbit slightly underestimated overall
HR10 by 0.9 bpm with a limited capability to capture sudden
HR changes. This underestimation was smaller in N2, N3, and
REM sleep stages (0.6, 0.6, and 0.7 bpm, respectively) compared
with N1 sleep and wake (1.2 and 1.9 bpm), thus indicating a
sleep stage–specific bias. The bias was low and probably not
biologically relevant. The low P values of biases in differences
in the HR measures between the devices arise from the repeated
measure design as a vast number of 1-minute values during the
whole night for each subject was calculated, thereby increasing
the statistical power to detect small biases as significant. The
evident HR bias of 0.9 bpm is strikingly similar to the HR bias
of 0.88 bpm found in de Zambotti et al [25] in the related Fitbit
Charge HR device. As mentioned in the report by Haghayegh
et al [13], Fitbit Charge HR and Fitbit Charge 2 share the same
hardware and software, thus making a comparison feasible,
software updates notwithstanding. We found a stage-dependent
bias with lower underestimation in deeper sleep stages sharing
lower HR on average and a larger underestimation in wake state
and a more transitory sleep stage N1, which share higher HR
values on average, a finding compatible with the HR-dependent
bias reported by Haghayegh et al [13]. For an HR during sleep
of <50 bpm, these authors found an overestimation of 0.51 bpm,
and for an HR during sleep >80 bpm, an underestimation of
0.63 bpm. These values are comparable with our findings. On
the other hand, Benedetto et al [24] found an HR
underestimation of 5.9 bpm during wake state. We also found
a larger underestimation during wake episodes of 1.2 bpm, but
not as high as 5.9 bpm. In the study by Benedetto et al [24], no
time alignment between the two instruments was reported. The
method of capturing HR via video recording of live values
displayed on the Fitbit app was innovative but could be a source
of error. Hence, the results could potentially be influenced by
a timing misalignment between the instruments and data
collection methods.

Fitbit HR variance was reduced owing to the inaccessibility of
raw data and showed higher LoA than the LoA for HR. The
differences between the assessments are not surprising, as Fitbit
only provided 7.4 measurements per minute on average (Figure
3). This is probably owing to their algorithm providing some
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averaged values in preferably 5 seconds, 10 seconds, and 15
seconds measurement intervals (but other interval lengths, eg,
2-second or 7-second intervals, can also be found in the data).
For comparison, a PSG-derived HR value can be computed for
each IBI. Thus, receiving preprocessed data from Fitbit instead
of raw data naturally leads to a considerably higher variance in
PSG recordings. Moreover, all HR values from Fitbit are
integers, whereas the values from the PSG are real values. This
difference in the nature of the values (rounded to integers)
additionally leads to slightly different behaviors of the HR10

and HRvar10 measures. The Fitbit photoplethysmography would
be able to capture brief bursts in HR, as evidenced by a study
on exercising awake individuals [24]. Data with approximately
1-second time resolutions are only made available in the device’s
exercise mode, which prevents sleep tracking. Nevertheless,
Fitbit may still be able to detect variability changes for longer
periods during sleep with a reasonable degree of accuracy even
without providing users with high resolution or raw HR data
(as seen in Table 1, where the ordering of the variance per sleep
stage remains nearly intact between Fitbit and PSG).

Limitations
The missing information regarding an objective marker of lights
out is a limitation of our study, which prevented us from
estimating sleep latency. In addition, the number of
measurements per minute provided by Fitbit varied, potentially
owing to variable signal quality and other internal
decision-making processes in Fitbit’s proprietary data
preprocessing algorithms. Updates to software or firmware
could have occurred without notice, harboring a great potential
to confound research or clinical undertaking, particularly in
longitudinal scenarios. Individual sleep episodes can vary

appreciably even within an individual, and caution should be
exercised when interpreting results from a Fitbit device. Not
being able to blind participants to their own sleep data after
collection could influence their behavior in subsequent sleep
episodes. This concern is particularly pressing when clinical or
otherwise vulnerable populations are involved, and device output
is interpreted, which may impact treatment options or health
outcomes. For this reason, it is crucial that these devices be
validated in more clinically diverse populations.

Conclusions
In a study conducted at home in a relatively large sample
validating Fitbit Charge 2 against PSG, compared with most
previous validation studies (n=15 [24]; n=25 [16]; n=35 [43];
n=35 [14]; and n=65 [23]), we found unbiased mean estimates
of various sleep and HR variables, although the data generally
exhibited wide LoA. In addition, we noticed problems in
capturing the first REM sleep episodes. The naturalistic design
of the study in a heterogeneous sample in terms of age and sex
and regularly performing shift work increased the external
validity and benefited our understanding of the Fitbit Charge
2’s performance in a minimally controlled home environment.
Nevertheless, for the reliable use of consumer-grade sleep
technology for clinical and research purposes, access to raw
data, the use of open-source data analysis algorithms, more
control of the data flow to blind users, and compliance with all
regulatory aspects are indispensable. Furthermore, future
validation studies should also be conducted in populations with
sleep disorders, such as narcolepsy, who often present with Son

REM sleep episodes that appear particularly difficult to detect.
Such studies can help identify the factors that determine the
accuracy of Fitbit’s sleep and HR measures.
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N1on: N1 sleep onset
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PPV: positive predictive value
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PSQI: Pittsburgh Sleep Quality Index
PSS-10: Perceived Stress Scale 10
QAVSD60: 60% quantile of the absolute value of the second derivative
REM: rapid eye movement
REMd: rapid eye movement sleep duration
REML: rapid eye movement sleep latency
rMEQ: Horne-Östberg Morningness-Eveningness Questionnaire-A Reduced Scale
Soff: sleep offset
Son: sleep onset
TST: total sleep time
WASO: wakefulness after sleep onset

Edited by R Kukafka; submitted 14.12.20; peer-reviewed by J Zhang, M Pobiruchin, J Golbus; comments to author 15.03.21; revised
version received 08.05.21; accepted 14.06.21; published 05.10.21.

Please cite as:
Stucky B, Clark I, Azza Y, Karlen W, Achermann P, Kleim B, Landolt HP
Validation of Fitbit Charge 2 Sleep and Heart Rate Estimates Against Polysomnographic Measures in Shift Workers: Naturalistic
Study
J Med Internet Res 2021;23(10):e26476
URL: https://www.jmir.org/2021/10/e26476 
doi:10.2196/26476
PMID:34609317

©Benjamin Stucky, Ian Clark, Yasmine Azza, Walter Karlen, Peter Achermann, Birgit Kleim, Hans-Peter Landolt. Originally
published in the Journal of Medical Internet Research (https://www.jmir.org), 05.10.2021. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work, first published in the Journal of
Medical Internet Research, is properly cited. The complete bibliographic information, a link to the original publication on
https://www.jmir.org/, as well as this copyright and license information must be included.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e26476 | p.126https://www.jmir.org/2021/10/e26476
(page number not for citation purposes)

Stucky et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://www.jmir.org/2021/10/e26476
http://dx.doi.org/10.2196/26476
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34609317&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Feasibility of a Mobile Health App for Routine Outcome Monitoring
and Feedback in SMART Recovery Mutual Support Groups: Stage
1 Mixed Methods Pilot Study

Peter J Kelly1,2, BSc, GradDipAppPsych, PhD; Alison K Beck1, DClin, BPsych (Hons); Frank P Deane1,2, BSc,

PGDipClinPsych, MSc, PhD; Briony Larance1,2, BSc (Hons), PhD; Amanda L Baker3, BA (Hons), MPsych, PhD;

Leanne Hides4, BBehSc (Hons), PhD; Victoria Manning5, BSc (Hons), MSc, PhD; Anthony Shakeshaft6, BA, MA,

PhD; Joanne Neale7, BA (Hons), MA, CQSW, DPhil; John F Kelly8, BSc, PhD; Christopher Oldmeadow9, BMath

(Hons), PhD; Andrew Searles10, BEc, MMedStat, DipEd, PhD; Kerrin Palazzi9, BBiomedSc, MPH; Kenny Lawson10,

BA (Hons), MSc, PhD; Carla Treloar11, BSc (Hons), PhD; Rebecca M Gray11, BA (Hons), MA, PhD; Angela Argent12,

BA (Hons), PhD; Ryan McGlaughlin12, PGCert (Comm Mgt), MNFPSocEntM
1School of Psychology, Faculty of Arts, Social Sciences and Humanities, University of Wollongong, Wollongong, Australia
2Illawarra Health and Medical Research Institute, University of Wollongong, Wollongong, Australia
3School of Medicine and Public Health, University of Newcastle, Newcastle, Australia
4Centre for Youth Substance Abuse Research, Lives Lived Well Group, School of Psychology, University of Queensland, Brisbane St Lucia, Australia
5Eastern Health Clinical School, Faculty of Medicine, Nursing and Health Sciences, Monash University, Box Hill, Australia
6National Drug and Alcohol Research Centre, University of New South Wales, Sydney, Australia
7Institute of Psychiatry, Psychology and Neuroscience, King’s College London, London, United Kingdom
8Harvard Medical School, Harvard University, Boston, MA, United States
9Clinical Research Design, IT and Statistical Support Unit, Hunter Medical Research Institute, New Lambton, Australia
10Hunter Medical Research Institute Health Research Economics, Hunter Medical Research Institute, New Lambton, Australia
11Centre for Social Research in Health, Faculty of Arts and Social Sciences, University of New South Wales, Sydney, Australia
12SMART Recovery Australia, Sydney, Australia

Corresponding Author:
Alison K Beck, DClin, BPsych (Hons)
School of Psychology
Faculty of Arts, Social Sciences and Humanities
University of Wollongong
Northfields Ave
Wollongong, 2522
Australia
Phone: 61 2 4239 2382
Email: alisonbe@uow.edu.au

Abstract

Background: Mutual support groups are an important source of long-term help for people impacted by addictive behaviors.
Routine outcome monitoring (ROM) and feedback are yet to be implemented in these settings. SMART Recovery mutual support
groups focus on self-empowerment and use evidence-based techniques (eg, motivational and behavioral strategies). Trained
facilitators lead all SMART Recovery groups, providing an opportunity to implement ROM.

Objective: The aim of this stage 1 pilot study is to explore the feasibility, acceptability, and preliminary outcomes of a novel,
purpose-built mobile health ROM and feedback app (SMART Track) in mutual support groups coordinated by SMART Recovery
Australia (SRAU) over 8 weeks.

Methods: SMART Track was developed during phase 1 of this study using participatory design methods and an iterative
development process. During phase 2, 72 SRAU group participants were recruited to a nonrandomized, prospective, single-arm
trial of the SMART Track app. Four modes of data collection were used: ROM data directly entered by participants into the app;
app data analytics captured by Amplitude Analytics (number of visits, number of unique users, visit duration, time of visit, and
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user retention); baseline, 2-, and 8-week follow-up assessments conducted through telephone; and qualitative telephone interviews
with a convenience sample of study participants (20/72, 28%) and facilitators (n=8).

Results: Of the 72 study participants, 68 (94%) created a SMART Track account, 64 (88%) used SMART Track at least once,
and 42 (58%) used the app for more than 5 weeks. During week 1, 83% (60/72) of participants entered ROM data for one or more
outcomes, decreasing to 31% (22/72) by the end of 8 weeks. The two main screens designed to provide personal feedback data
(Urges screen and Overall Progress screen) were the most frequently visited sections of the app. Qualitative feedback from
participants and facilitators supported the acceptability of SMART Track and the need for improved integration into the SRAU
groups. Participants reported significant reductions between the baseline and 8- week scores on the Severity of Dependence Scale
(mean difference 1.93, SD 3.02; 95% CI 1.12-2.73) and the Kessler Psychological Distress Scale-10 (mean difference 3.96, SD
8.31; 95% CI 1.75-6.17), but no change on the Substance Use Recovery Evaluator (mean difference 0.11, SD 7.97; 95% CI –2.02
to 2.24) was reported.

Conclusions: Findings support the feasibility, acceptability, and utility of SMART Track. Given that sustained engagement with
mobile health apps is notoriously difficult to achieve, our findings are promising. SMART Track offers a potential solution for
ROM and personal feedback, particularly for people with substance use disorders who attend mutual support groups.

Trial Registration: Australian New Zealand Clinical Trials Registry ACTRN12619000686101;
https://anzctr.org.au/Trial/Registration/TrialReview.aspx?id=377336

International Registered Report Identifier (IRRID): RR2-10.2196/15113

(J Med Internet Res 2021;23(10):e25217)   doi:10.2196/25217

KEYWORDS

mHealth; SMART Recovery; mutual support group; mutual aid; routine outcome monitoring; treatment progress feedback;
addiction; mobile phone

Introduction

Background
Routine outcome monitoring (ROM) is central to evidence-based
health care for a range of chronic conditions [1], including
addictive behaviors [2,3]. ROM is central to understanding,
evaluating, and improving service delivery [4-6]. A range of
clinical benefits have been identified [7-9], particularly for those
people identified as not on track early in the course of treatment
[10,11]. Emerging evidence suggests that providing clients with
tailored feedback may be central to demonstrated improvements
in client outcomes [12].

To date, ROM and feedback have been implemented in a range
of mental health [13] and addiction [14,15] treatment settings
but not in mutual support groups. Mutual support groups offer
an important source of fee-free, accessible support to people
experiencing a range of addictive behaviors. Mutual support is
particularly important for people experiencing addictive
behaviors, given the often long-term and nonlinear process of
recovery [16]. Mutual support groups may be attended before,
during, after, or in lieu of engagement with formal treatment
services, providing the potential for continuity across the
recovery process. Although accumulating evidence highlights
the importance and benefits of participating in mutual support
[17-21], a major limitation is the lack of systematically collected
data evaluating the outcomes. Unlike other clinically endorsed
[2,3] models of mutual support for addictive behaviors (eg,
12-step approaches), SMART Recovery groups use a trained
facilitator. This provides a unique opportunity to work with
group facilitators to embed ROM and personal feedback as a
standard component of the groups.

Integrating ROM and tailored feedback into routine service
provision is not without challenges [22,23]. Common barriers

include the time burden associated with completing, scoring,
interpreting, or discussing outcome assessments [22,24], as well
as skepticism regarding the perceived relevance of the outcomes
assessed and feedback generated [25,26]. Additional limitations
include the traditionally clinician-centric nature of ROM (see
studies by Carlier and van Eden [7] and Thompson et al [13]
for a discussion and studies by Lambert et al [8], Goodman et
al [12], and Burgess et al [27] for common instruments) and
accompanying feedback [28,29]. Improved acknowledgment
of the client perspective during assessment [30] and greater
client involvement in the feedback process [31] are both
important clinical and research priorities.

The idea of using technology to track progress within health
care settings is not new, but current approaches are limited [32].
Unlike other health information technology approaches (eg,
web-based platforms), mobile health (mHealth [33]) apps offer
a quick, easy, interactive, and engaging platform for tracking
and accessing information about health and health-related
behaviors [34]. A key benefit of mHealth apps is their ability
to provide timely, individualized feedback [35]. Given the
ubiquity of smartphone ownership [36,37], smartphone apps
can engage individuals in real time and in their natural
environment and by offering moment-to-moment support as
needed [38]. Indeed, a recent systematic review of digital
support services highlighted that their on-demand nature is a
key benefit [39].

Although not specifically designed for the purposes of ROM
and feedback, mHealth apps with the capability to track a variety
of health behaviors, conditions, or outcomes [40-45], including
alcohol consumption, substance use, and other addictive
behaviors [39,44-52], have been developed. However, a key
limitation is the ever-increasing gap between the availability of
mHealth apps and their scientific validation [40,52-55].
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Moreover, the level of end-user involvement throughout the
development process is often unclear. This is important because
inadequate consideration of the needs and preferences of the
end user has been implicated in mHealth attrition [56-58].
Accordingly, we worked alongside end users to develop a
purpose-built mHealth app for ROM and feedback in SMART
Recovery Australia (SRAU) mutual support groups (SMART
Track), which was then evaluated in this study.

Objective
The aim of this stage 1 nonrandomized, single-arm pilot study
is to explore the feasibility, acceptability, and preliminary
outcomes of a novel mHealth ROM and feedback app (SMART
Track) in mutual support groups coordinated by SRAU.

Methods

Overview
Approval was granted by the University of Wollongong and
Illawarra Shoalhaven Local Health District Health and Medical
Human Research Ethics Committee (2018/099;
HREC/18/WGONG/34). The study was registered with the
Australian New Zealand Clinical Trials Registry
(ACTRN12619000686101), and a protocol was published [59].

The reporting of this study follows the CONSORT
(Consolidated Standards of Reporting Trials)-EHEALTH
checklist [60].

Setting
Participants were recruited from the SMART Recovery groups
registered with SRAU. Detailed accounts of SMART Recovery
groups have been published [61]. Briefly, SMART Recovery
groups originated in the United States and are now available
across 23 countries. They offer support for people experiencing
a range of addictive behaviors, including substance- and
non–substance-related behaviors. SMART Recovery groups
focus on self-empowerment and use evidence-based techniques
(eg, cognitive behavioral therapy and motivational interviewing)
[62]. These groups are held in a variety of community, inpatient,
outpatient, residential rehabilitation, and clinical health settings.
Online support groups are also available.

We invited 20 sites in New South Wales, Australia, to participate
in this study, and 14 (70%) agreed (Figure 1). To enhance
generalizability, the invited sites were selected to reflect a range
of geographical locations and service providers. We sought to
recruit 100 study participants. A sample of this size was selected
to allow estimation of the recruitment rate and 95% CI with a
margin of error of no more than 7%.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e25217 | p.129https://www.jmir.org/2021/10/e25217
(page number not for citation purposes)

Kelly et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. CONSORT (Consolidated Standards of Reporting Trials) flow diagram depicting the number of participants referred, lost, and retained
according to the referral source. AOD: alcohol and other drugs; NSW: New South Wales.

Participants
Participants were eligible if they were aged at least 18 years,
were currently participating in SRAU groups (either face-to-face
or online), had (or were willing to obtain) an email address, and
comprehended English at a level sufficient to complete the study
requirements. Participants were eligible irrespective of
self-reported computer or smartphone literacy, and they did not

have to own a smartphone. The study sites were provided with
an Android (Samsung Galaxy Tab A) tablet for on-site
participant use. No restrictions were placed on concomitant care
or the frequency or duration of SMART Recovery group
participation. The only exclusion criterion was inability or
unwillingness to provide informed consent.
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Recruitment
A group facilitator or member of the research team provided
potential participants with standardized written and verbal
information at the beginning of the SMART Recovery group
session. Potential participants were asked to provide their
preferred contact details, and they were contacted directly by a
member of the research team. To avoid any potential coercion
or desirability bias arising from the working relationship
between facilitators and participants, the researcher (not the
facilitator) was responsible for confirming participant interest
and seeking informed consent. To boost accrual, during the final
month of recruitment, a web-based expression-of-interest form
(displayed prominently on the SRAU website) was introduced.
Potential participants could contact the research team directly
through email, phone, or the web-based expression-of-interest
form. All participants provided verbal or written informed
consent. The participants were reimbursed (Aus $30 [US $22.02]
supermarket voucher) for their time, travel, and effort associated
with each interview: baseline and 8-week assessments, as well
as qualitative interviews (up to a total of Aus $90 [US $66.06]).

SMART Track: ROM and Feedback mHealth App

Development

Overview

The preparatory qualitative work [63] and development process
[64] have been reported separately, and further details are
available in the published protocol [59]. Briefly, three
frameworks [56,65,66] informed the design, development, and
content of SMART Track. Although each framework can be
used in isolation, we chose to combine these approaches to
ensure that app development was informed by a more
comprehensive set of guidelines that included foci related to
the end user (ie, person; person-based [56]); best practice
recommendations for mHealth development (Behavioral
Intervention Technology Model [65]); and a collaborative,
iterative development process involving the research team, app
developers, and participants (Integrate, Design, Assess, and
Share Framework [66]). SMART Track is grounded in behavioral
theory (Self-Determination Theory [67] and Social Control
Theory [68]) and the guiding principles of SMART Recovery
(self-management, mutual aid, and choice [69]). Behavioral
strategies are drawn from the Behavior Change Taxonomy
(self-monitoring, feedback, action planning, prompts or cues,
and nonspecific reward [70]) and process motivators (choice or
control, competence, context, curiosity, personalization, and
reframing [66]). The agency contracted for app development
and design was GHO, Sydney [71].

Beta-Testing

The initial beta version of the app was submitted to the Apple
App Store and Google Play Store for approval in March 2019.
The functionality of the app was initially tested with 3 members
of the research team (beginning April 5, 2019). Several bugs
were identified and fixed before the emended beta version was
released (June 4, 2019) for further testing to a convenience
sample comprising 40 members of the SRAU Research Advisory
Committee, SRAU steering committee, and SMART Recovery
board, as well as SMART Recovery facilitators. Further

refinements were made in line with the feedback (bug fixes and
minor amendments to functionality and content). The participant
version of SMART Track was available in the Google Play Store
(version 0.0.7) and Apple App Store (version 0.7) on July 15,
2019. SMART Track is freely available for Android [72] and
Apple [73] devices.

Revisions and Updating

The time frame of the weekly period of ROM data collection
was emended in July 2019 (from closing 24 hours after the
nominated meeting began to closing 30 minutes after the
nominated meeting began). This was to enable the next week
of data collection to begin during the meeting such that the
participants could set a new 7-day plan at the end of the meeting
(rather than having to wait 24 hours). Cloud functions were
updated in September 2019 to fix to participant reports (4/72,
6%) that they had not received the expected prompt from
SMART Track to complete the ROM items.

Overview

Summary

The SMART Track app is designed for participants attending
SMART Recovery groups (either face-to-face or online).
SMART Track comprises core ROM and feedback functionality
and several additional features to enhance engagement
(resources, customizable supports, personal motivations,
interactive urge log, and pop-up motivations and
self-management strategies, as described below). The content
is distributed across five main screens (Figure S1 of Multimedia
Appendix 1).

ROM Domains and Items

Consistent with clinical guidelines [2,3] and published
recommendations [7,31], SMART Track provides
multidimensional assessment and feedback. The items included
in the app are detailed in Table S1 of Multimedia Appendix 2
[74-83] as a function of target domain and assessment frequency.
Further details are available in the published protocol [59].
Briefly, the participants were prompted each week to answer a
set of questions, and their responses were used to provide
tailored progress feedback.

Progress Feedback

Feedback consists of tailored visual and written feedback across
eight domains (7-day plan, behavior of concern, effect of
substance use, self-care, relationships, outlook on life, resources,
and mental health; see Tables S2 and S3 of Multimedia
Appendix 2 for the scoring algorithms).

Resources

The Resources screen is able to deliver a maximum of 10 pieces
of content. This was distributed across seven self-management
resources (including SMART Recovery resources) and three
motivational stories (extracted with permission from the Lives
of Substance website [84]). Content upload was managed by
the research team using WordPress according to the schedule
outlined in Table S4 of Multimedia Appendix 2.
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Customizable Supports and Personal Motivations

Participants have the option of tailoring app content by
uploading one or more contact numbers, support services or
personal motivations for change (photo, audio, video, or text)
into the Me section of the app.

Interactive Urge Log

In addition to tracking the number, frequency, and strength of
urges, when the participant reports an urge, this interactive tool
prompts them to manage their urges, log triggers, and reflect
on how to maintain or improve effective urge self-management.
The interactive urge log contains a range of urge management
strategies or motivational content (Table S5 of Multimedia
Appendix 2). The content was derived from SMART Recovery
manuals [85,86] and transcripts of participants’ qualitative
interviews [63] and presented to the participants in random
order. The participants could also use the Me section of the app
to enter their own personal strategies and motivations.
Participant-entered content is always shown before prespecified
content, and it is not accessible to other participants.

Pop-up Motivations and Self-management Strategies

The participants received pop-up messages when they opened
the app for the first time each day (Table S6 of Multimedia
Appendix 2). This content is derived from transcripts of
qualitative interviews [63]. A combination of direct excerpts
and emended content (modified for clarity) was used.

Implementation

Orientation

After completion of the baseline assessment, the researcher
asked the participants to use SMART Track at least once a week
to complete the ROM questions and enter their 7-day plan and
use the other app functions as needed. This was reinforced in
an introductory email, which also contained the Google Play
Store and Apple App Store links to download the app. SMART
Recovery facilitators were asked to prompt the participants at
the beginning and end of each group session. No additional
training or support was provided (outside of what may have
been naturally provided by facilitators and peers as part of the

group session). A walk-through is included in the app to orient
participants to the app (Figure S1 of Multimedia Appendix 1).

Prompts and Reminders

The 7-day plan and ROM questions were linked to the day and
time that the participant used SMART Track in their regular
SMART Recovery group session. Tasks were set for 7 days
after the meeting. The 7-day plan notifications were
customizable. For each task, the participants elected whether
and when to receive a reminder notification. A notification to
complete the ROM questions was automatically sent 24 hours
before the nominated group session. If the questions were not
answered, additional reminders were sent 12 hours and again
30 minutes before the group session. The ROM notifications
could not be switched off by the participant.

Privacy and Confidentiality

To allow participants to reset their password, SMART Track
captures the email addresses of all end users. However, it is up
to the participant to decide whether the email address they
choose to use contains any element of personal information (eg,
their name). Given the potential impact of privacy- and
confidentiality-related concerns on participant engagement with
SMART Track, a comprehensive privacy and confidentiality
policy is available.

Data Collection Procedures

Overview
The study activities are outlined in Figure 2. The four modes
of data collection included (1) participant-completed ROM data
collected through SMART Track (Table S1 of Multimedia
Appendix 2); (2) app data analytics captured using Amplitude
Analytics (Amplitude, Inc; number of visits, number of unique
users, visit duration, time of visit, and user retention) [87]; (3)
baseline, 2-week, and 8-week follow-up assessments conducted
over the telephone by AKB; and (4) qualitative interviews with
the study participants and group facilitators (conducted over
the telephone by RMG). The primary and secondary objectives,
measures, and indicator variables are summarized in Table 1.
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Figure 2. Flowchart of study activities.
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Table 1. Primary and secondary objectives, measures, and indicators.

VariablesObjectives

Primary objectives (measures and indicators)

To explore the feasibility of using
SMART Track as part of SMART Re-
covery groups

• Proportion of eligible participants who consent to the study, create an account, and use SMART
Track

• Proportion of missing data for each of the routine outcome monitoring items and instruments at
each week of administration across the 8-week period of SMART Track use

• Engagement and use patterns indexed through data analytics captured daily across the data collection
period

• Costs associated with developing SMART Track and maintaining the app until the completion of
data collection

To explore the acceptability of using
SMART Track as part of SMART Re-
covery groups

• Detailed qualitative feedback from SMART Recovery group members and facilitators to explore
their experience of, and satisfaction with, SMART Track (8-week follow-up)

• Quality ratings as assessed by participant ratings of the end-user version [87] of the Mobile App
Rating Scale [88] at 8-week follow-up

• Digital therapeutic alliance ratings as assessed by participant ratings of the Digital Working Alliance
Inventory at 8-week follow-up

Secondary objective (secondary end points)

To provide preliminary evidence for
participant-reported outcomes

• Participant-reported progress across the 8-week period of app use in (1) substance dependence
(Severity of Dependence Scale [89]), (2) addiction recovery (Substance Use Recovery Evaluator
[74]), and (3) mental health (Kessler Psychological Distress Scale [75,90])

Key Measures and Assessment Instruments

Overview

The study measures and assessment instruments are detailed in
the published protocol [59] and summarized in Table 2.
Feasibility and acceptability were informed by data analytics
captured using Amplitude Analytics (number of visits, number
of unique users, visit duration, time of visit, and user retention)
[87]; qualitative interviews; quality assessment conducted using

the simplified, end-user version [88] of the Mobile App Rating
Scale (MARS) [89] and the Digital Working Alliance Inventory
(DWAI) [92]; and a cost analysis informed by a cost capture
template [93-95] and an adapted version of the Client Service
Receipt Inventory—Generic UK Mental Health [96].
Preliminary evidence for participant-reported outcomes after
the use of SMART Track in conjunction with SMART Recovery
groups was captured using the Severity of Dependence Scale
(SDS) [90], Kessler Psychological Distress Scale-10 (K-10)
[97], and the Substance Use Recovery Evaluator (SURE) [74].
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Table 2. Schedule of data collection.

8-week follow-up2-week follow-upWeeklyDailyBaseline

SMART Recovery participants

SMART Track app

✓aData analytics

✓ROMb itemsc

✓✓Demographics

NADAd COMSe

✓✓Severity of Dependence Scale

✓✓Drug and Alcohol Use

✓✓Kessler 10+

✓✓The World Health Organization Quality of Life 8

✓✓NSWf Minimum Data Set items (living arrangements and
income)

✓✓BTOM-Cg items on arrests

✓✓BTOM-C items on risky drug using practices

✓✓Substance Use Recovery Evaluator

✓✓Client Services Receipt Inventory

✓Mobile Application Rating Scale–User Version

✓✓Digital Working Alliance Inventory

✓Qualitative interview (n=20)

SMART Recovery facilitators

✓Demographics

✓Mobile App Rating Scale

✓Qualitative interview (n=8)

aData collected.
bROM: routine outcome monitoring.
cSee Multimedia Appendix 2 (Table S1) for a detailed description of routine outcome monitoring items as a function of assessment domain and frequency
of administration.
dNADA: Network of Alcohol and Other Drugs Agencies.
eCOMS: Client Outcomes Management System.
fNSW: New South Wales.
gBTOM-C: Brief Treatment Outcome Measure—Concise.

Nested Qualitative Evaluation

Qualitative interviews were conducted by RMG after the 8-week
period of app use to explore the experiences and opinions of
participants with diverse engagement with SMART Track. The
participants were sampled to reflect the diversity of their
characteristics (gender and primary behavior of concern), referral
source, and pattern of SMART Track use. An independent
qualitative researcher (RMG) used a topic guide (Table S7 of
Multimedia Appendix 2) to ask additional open-ended questions
of a selection of participants (n=20) and facilitators (n=8). The
participants and facilitators were sampled to reflect diversity in
gender, geographical location, and (for participants only)
behavior of concern. For the app users, this included the pathway
to SMART Recovery groups (opening and warm-up),
perceptions and experiences of app use, initiation circumstances

for the app, motivation to join the trial and use the app, and
suggestions for improvements. The facilitators were asked
similar questions, but the focus was on their professional
capacity rather than on their personal experience with apps. The
interview started by eliciting information about how they came
to be a facilitator, how the app was initiated with their group,
their perceptions and experiences in implementing the app with
the service users, their motivation levels related to the
implementation of the app, and suggestions for improvements.
All interviews were audio recorded and transcribed by a
professional transcriber working under a confidentiality
agreement.
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Analysis

Feasibility Indicators

Enrollment and Engagement

Data analytics were captured daily from the time the app was
launched until the last participant completed their 8-week
follow-up interview. The first participant was given the
download details on July 15, 2019, and follow-up data collection
was completed on December 2, 2019. Weekly summaries for
the total number of unique users and the average number of
visits per user were downloaded from Amplitude Analytics.
Unique user codes were linked, and the number of weeks that
each study participant used the app was calculated.

Use Patterns

To explore how the participants engaged with the various
features of SMART Track, weekly analytics (total number of
visits, total number of unique users, and total duration) for each
of the SMART Track features (Urge button, Urges screen,
Resources screen, Me screen, and Overall Progress screen) and
the time of day that the app was used were downloaded from
Amplitude Analytics and descriptive statistics calculated.
Retention was characterized using weekly summaries from the
User Lifecycle feature of Amplitude Analytics. This feature
categorizes participants into the following mutually exclusive
categories:

1. New users (used the app for the first time that week).
2. Current users (used the app at least once that week and at

least once during the preceding week).
3. Resurrected users (used the app at least once during the

week after being dormant during at least the previous week).
4. Dormant users (did not use the app that week but did use

the app at least once during the preceding week).

Proportion of Missing ROM Data

ROM use (yes or no) for each week of the 8-week follow-up
period was defined as participant entry of SMART Track data
for at least one outcome domain (7-day plan, ROM
questionnaire, and Urges). This was used to calculate the weekly
proportion of participants who entered the data.

Research and Development Costs

An economic costing analysis was conducted to assess the
research and development (R&D) costs related to the creation
of the SMART Track app. This included both the costs of
developing the technology and the research costs (mainly time)
that were integral to the development of the app, such as
workshops to assess development and testing. Furthermore, an
estimate of the total time spent in meetings across the R&D
process was estimated, from steering group meetings to the
conduct of focus groups. The number of hours were estimated
to provide additional context of the time invested in the R&D
process in developing a comprehensive and user-friendly app.

Acceptability Indicators

Nested Qualitative Evaluation

The qualitative analysis component of the study was undertaken
through two processes: first, as a thematic study to provide
insights into the acceptability of the app and the meetings more
broadly, which was described in detail in a previous paper [63],
and second, as part of the nested evaluation process [98], where
the qualitative data were used to support app development and
contribute to the experimental nature of the study. Unlike strictly
triangulated studies, nested research studies use a combination
of data to enrich insights and provide points of comparison to
generate new hypotheses [98]. Research questions and interview
topics informed the first more deductive coding frame.
Categories were summarized and presented with pertinent quotes
to the broader team for discussion, which continued until
consensus was reached. The analysis sought to shed light on
specific questions about the feasibility and acceptability of the
app from the perspective of end users. We also explored
accounts of the experience of submitting ROMs. Although
thematic saturation was not the aim of this part of the analysis,
we noticed recurring themes in 12 interviews.

Quality Ratings and Digital Therapeutic Alliance

The MARS–User Version (uMARS) [88] and DWAI [92]
domain as well as overall mean scores were calculated at the
2-week follow-up.

Preliminary Outcomes
Paired sample two-tailed t tests were used to compare
participant-reported outcomes on the SDS, K-10, and SURE
between baseline and the 8-week follow-up.

Results

Sample Characteristics
A total of 72 participants were enrolled in this study (Figure 1).
The participant characteristics were comparable with prior
accounts of SRAU group characteristics [99]; the average age
of the participants was 44 years (SD 11), with more men (44/72,
61%) than women (28/72, 39%; Table 3). Most of the
participants were born in Australia (59/72, 81%), and 6% (4/72)
reported being of Aboriginal, Torres Strait Islander, or both
Aboriginal and Torres Strait Islander descent. Employment was
the main source of income for almost half of the participants
(35/72, 48%).

At baseline, the participants reported attending an average of
6.63 (SD 5.44) SMART Recovery meetings in the preceding
12 weeks (range 0-24). Excessive alcohol consumption was the
most common primary behavior of concern, endorsed by 68%
(49/72) of participants over the preceding 4 weeks. Injecting
drug use (ever) was reported by 25% (18/72), and 11% (8/72)
of the sample reported a recent arrest (past 3 months).
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Table 3. Participant characteristics (n=72).

ValuesVariables

44 (11)Age (years), mean (SD)

Gender, n (%)

44 (61)Male

28 (39)Female

59 (81)aBorn in Australia, n (%)

4 (6)Aboriginal, Torres Strait, or both Aboriginal and Torres Strait Islander descent, n (%)

Primary source of incomeb, n (%)

35 (48)Employment (full-time, part-time, or self-employed)

10 (13)Temporary benefit (eg, unemployment)

13 (18)Pension (eg, aged and disability)

7 (9)Other (eg, retirement fund, savings, and investment)

5 (6)No income or dependent on others

Highest completed level of education or training, n (%)

19 (26)High school or less

26 (36)Certificate, diploma, or trade

16 (22)Bachelor’s degree

11 (15)Postgraduate degree

Usual accommodationb, n (%)

33 (45)Own home

33 (45)Rented home (public or private)

4 (5)Other (eg, friends, family, and rehab)

Marital statusa, n (%)

27 (38)Single or unmarried

28 (39)Married or defacto

7 (9)Separated

8 (11)Divorced

1 (1)Widow or widower

54 (75)Ever received treatment for a mental health problem

Self-reported diagnosis received, n (%)

9 (12)Depression

8 (11)Anxiety

22 (30)Depression and anxiety

15 (20)Other (eg, posttraumatic stress disorder, bipolar disorder, borderline personality disorder, and schizophrenia)

Addictive behavior causing the greatest concern, n (%)

49 (68)Alcohol

7 (9)Amphetamines

6 (8)Cannabis

5 (6)Another drug (eg, cocaine, ecstasy, γ hydroxybutyrate, benzodiazepines)

5 (6)Another behavior (eg, gambling and food)

Injecting drug use, n (%)

3 (4)Within the last 3 months
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ValuesVariables

3 (4)More than three but less than 12 months ago

10 (13)12 months ago or more

54 (75)Never injected

8 (11)Arrested in the last 3 months?b, n (%)

1 (1)Overdose (any drug) in the last 3 monthsb, n (%)

Service use (preceding 3 months), n (%)

11 (15)Detoxification or withdrawal management

4 (5)Residential rehabilitation

13 (18)Alcohol or other clinic

13 (18)Psychiatrist

47 (65)General practitioner

30 (41)Psychologist

17 (23)Other allied health care provider (nurse, social worker, or counsellor)

69 (95)cSMART Recovery

13 (18)12-step

Source of referral to SMART Recovery, n (%)

23 (31)Self

17 (23)Alcohol and/ or other clinic treatment service

13 (18)Mental health care service

9 (12)Legally recommended or mandated

4 (5)Family member or friend

6 (8)Other health care provider or service

aMissing data for 1 participant.
bMissing data for 2 participants.
cThree new SMART Recovery participants reported that their first meeting (scheduled for the week before baseline assessment) had been canceled.
These participants were due to participate in their first group the week of the baseline assessment.

Feasibility Indicators

Enrollment and Engagement
In total, 216 people expressed interest in participating in the
study. Of these 216, 97 (44.9%) were deemed eligible, and 72
(33.3%) went on to enroll. Of the 72 participants enrolled in
the study, 68 (94%) created an account, 64 (88%) subsequently

used SMART Track at least once, and 57 (79%) used SMART
Track multiple times (mean 16.39, SD 16.10; range 2-83 visits).
More than half of the participants (42/72, 58%) used SMART
Track for ≥5 weeks across the study period (Table 4). SMART
Track was accessed on 74 unique devices (ie, some participants
used the app across multiple devices). Apple iPhone (n=33) and
Samsung Galaxy (n=21) smartphones were the primary devices
used.

Table 4. Frequency of SMART Track use expressed as the proportion of study participants per time interval across the 20-week study period (n=72).

Participants, n (%)

8 (11)Never

7 (10)1 week

15 (21)2-4 weeks

25 (35)5-8 weeks

17 (24)>8 weeks
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Use Patterns
The number of participants using SMART Track each week
gradually increased across the recruitment period (ie, until the
week beginning September 16, 2019), with a gradual decline
thereafter (Figure 3). In any one week, the maximum number
of study participants using the app was 49% (35/72), and the

number of visits to the app ranged from 2.47 to 5.27 (mean 3.39,
SD 0.75; Figure 3).

The changes in the number of new, current, resurrected, and
dormant users each week (Figure 4) suggest that the participants
typically used SMART Track intermittently rather than on a
regular (weekly) basis.

Figure 3. Total number of study participants using SMART Track each week and the corresponding average number of visits per user.

Figure 4. Incoming and outgoing users each week expressed as current versus new versus resurrected versus dormant users.
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The two main SMART Track screens designed to provide
feedback data (Urges screen and Overall Progress screen) were
the most frequently visited sections of the app (Table 5). The

participants spent the most time (minutes) using the Me screen
and the least time viewing the Overall Progress screen (Table
5).

Table 5. Use of SMART Track features, expressed as the total number of visits to each of the main screens and the total time spent using each of the
main screens.

Total duration (minutes)Total visits

—a361Urge button

2468.4913Track urges

443.62587Resources

3915.94467Me

321.33789Overall progress

aDuration is not provided for the urge button as use requires a single brief click and is therefore not captured.

Considerably fewer visits were documented for each of the
individual progress screens. These sections of the app were
visited, on average, only once or twice per week across the
duration of the study by a maximum of 8% (6/72) of the
participants (Figure S2 of Multimedia Appendix 1).

The study participants most frequently used the app between 6
PM and 9 PM, with almost a quarter of all visits (500/2166,
23.08%) occurring during this time frame. In the morning, use
was greatest between 9 AM and midday (Figure S3 of
Multimedia Appendix 1).

Proportion of Missing ROM Data
During the first week of app use, 83% (60/72) of the participants
had used SMART Track to enter data for at least one ROM
instrument (7-day plan, ROM questionnaire, or urge log). There
was a reduction across time in the number of participants
completing the ROM items. At the end of 8 weeks, almost a
third (22/72, 31%) of the participants had provided ROM data,
reflecting a 50% reduction compared with week 1 (Figure 5).

Figure 5. Proportion of study participants using SMART Track to enter routine outcome monitoring data.

R&D Costs
To develop the SMART Track app, the developer (GHO)
received Aus $76,500. However, the true cost to GHO was more
than double (Aus $154,034) when the actual time invested by

GHO staff (8 staff members; 876 hours) was fully accounted
for (Table 4). Furthermore, the research costs to support the
development of the app, such as workshops to assess feasibility
and usability testing, were estimated at Aus $127,023 (Table
6). This also includes staff time spent by the trial coordinator
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and qualitative researcher on development activities. These
costs exclude the academic research and evaluation costs that
were conducted alongside app development (eg, ethics,
recruitment, and economic evaluation; Table 7).

In total, the R&D cost incurred was Aus $203,523. If the true
costs to GHO Sydney were included, then the total R&D cost
would have been Aus $281,058. Finally, an estimate of the total
number of hours invested in the R&D process was estimated at
1485 hours (Table 7). More than three-quarters were in-kind
costs and goodwill.

Table 6. Cost of SMART Track development and research costs to support development.

Cost (Aus $)RateHoursVariable

Development costs

72,320160452App developer

864018048Account director

10,87515073Project manager

387018022User experience designer

37,530180209User interface designer

400025016Strategy director

16,80035048Creative director

154,0351450868Total

Cost of research to support SMART Track development

67,81369983Trial coordinator

12,61756224SMART Recovery technology lead

899258156Facilitator support for app

29,880144208Qualitative researcher

1759N/AN/AaTranscription (20 interviews, focus group)

596238156Administrative support

127,023N/AN/ATotal

aN/A: not applicable.

Table 7. Total hours spent to support the research and development processa.

Person hoursPeopleDurationMeetings

105104514Expert advisory committee

10.78302Steering committee

427306Trial coordinator and external steering committee members

567604Original development company

1.3355Interviewing new developers

1080151203GHO: preliminary workshops

5686014GHO meetings: design and development

22.55309GHO: usability testing sessions

486604Qualitative researcher meetings

648608SMART Recovery facilitators: focus groups

1485.47750069Total

aOver three-quarters of time was in-kind.
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Acceptability Indicators

Qualitative Findings
In total, 28 in-depth qualitative interviews were conducted with
20 app users (group members) and 8 facilitators. The participants
tended to perceive and describe their use of SMART Track within
their broader experiences and competencies related to
information and communication technology. Of the 20 app users
interviewed, the level of knowledge and prior experience of
mHealth apps and other digital resources varied widely and
were not related to their age or education level. Moreover, the
participants’ prior knowledge and experience of apps did not
seem to be connected to their use of SMART Track. For example,
those who demonstrated high use of SMART Track often
described themselves as new to apps. Participants with “lots of
experience” with apps often described ceasing use after a short
time (Alec, group member, low app use).

Compared with another sample of SRAU participants who
provided input to inform the development of SMART Track
[63], the participants in this study expressed less concern about
digital support tools replacing face-to-face meetings. These
group members tended to perceive the app as complementary
to their mutual aid group and described using the resources
within it to “stay on track between meetings” (Jasmine, group
member, high app use). For these participants, “logging urges
and tracking progress” were more desirable than completing
routine outcome measures (Campbell, group member, low app
use), except when the outcomes data were available to them in

“more detail” (Harold, group member, high app use). It is
therefore possible that increasing the usability of outcome data
tracking activities would increase app users’ engagement with
outcome measurements. Consistent with other research, end
users seem to be more open to completing repeated and routine
outcome measures when their understanding of their outcomes
is aligned with the outcome measures selected by the program
designers [30,74].

The group facilitator seemed to play a key role in implementing
the app and collecting routine outcome data. Facilitators who
were knowledgeable about the app and purposefully integrated
its use in meetings were more likely to report higher app use
among the participants. This is consistent with feedback received
from client-participants, who described the facilitators’ efforts,
or lack of efforts, when “inspiring” group members to use the
app (Mitchell, group member, high app use). Given the lack of
experience that some facilitators have with app use and other
information and communication technology, it is possible that
basic training would have improved their engagement with
implementation. In summary, the posttrial interview findings
suggest that SMART Track is an engaging platform for collecting
routine outcome data, and participant concerns expressed at the
pretrial time point were not described after the trial.

Quality Ratings
The uMARS ratings (Table 8) confirmed the acceptability of
SMART Track. The overall app quality score was good, and
every domain was rated as either acceptable or good (ie, uMARS
rating >3).

Table 8. Quality assessment as indexed by participant responses to the uMARSa and DWAIb.

Value, median (range)Values, mean (SD)Variable

uMARSc

3.6 (2.0-5.0)3.6 (0.5)Engagement

4.0 (2.5-5.0)4.1 (0.7)Functionality

4.3 (3.0-5.0)4.2 (0.6)Aesthetics

4.5 (2.5-5.0)4.3 (0.5)Information

4.1 (3.0-4.9)4.0 (0.5)Overall quality

4.0 (1.0-5.0)3.8 (0.8)Subjective quality

3.7 (1.7-5.0)3.7 (0.9)Perceived impact

DWAId

3.5 (1.0-5.0)3.5 (1.0)Goals

3.5 (2.0-5.0)3.7 (1.0)Tasks

3.5 (1.5-5.0)3.4 (1.1)Bond

3.7 (1.7-5.0)3.5 (0.9)Overall

auMARS: Mobile App Rating Scale–User Version.
bDWAI: Digital Working Alliance Inventory.
cAll items are rated on a 5-point scale from 1 (inadequate) to 5 (excellent).
dAll items are rated on a 5-point scale from 1 (seldom) to 5 (always).
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Digital Therapeutic Alliance
The DWAI ratings (Table 8) also support the acceptability of
the app with the domain scores indicating that, on average, the
participants rated the key elements of therapeutic alliance (goals,
tasks, and bonds) as being present between fairly often and very
often.

Preliminary Evidence on Outcomes
There was a significant reduction between baseline and 8-week
follow-up for the SDS (mean difference 1.93, SD 3.02; 95% CI
1.12 to 2.73) and K-10 scores (mean difference 3.96, SD 8.31;
95% CI 1.75 to 6.17), but there was no change in the SURE
scores (mean difference 0.11, SD 7.97; 95% CI –2.02 to 2.24).

ROM Reliability
There was a strong relationship between the
clinician-administered SURE [74] (at baseline) and the
app-administered SURE (week 1; r=0.89; P<.001). For the
quality-of-life item, there was a moderate relationship between
baseline clinician administration as part of the EUROHIS-QOL
8-item index [76] and as part of the app-administered measures
2 weeks later (r=0.61; P=.005). For the Kessler Psychological
Distress Scale-6 (K-6) [75], there was a moderate relationship
between baseline clinician administration as part of the K-10
[97] and app administration as part of the K-6 2 weeks later
(r=0.51; P=.02). The internal consistency (Cronbach α) for the
SURE and K-6 was high across time points and when collected
through clinician-interviewed telephone assessments or within
the app (SURE: .86 to .94; K-6: .86 to .90).

Discussion

Principal Findings
This study was designed to assess the feasibility, acceptability,
and preliminary outcomes of SMART Track for ROM and
feedback in SRAU. The qualitative and quantitative findings
support the feasibility, acceptability, and utility of SMART Track
for ROM and feedback in SRAU. The findings also provide
insight into avenues for enhancing sustained engagement.
SMART Recovery participants were willing to use SMART
Track, demonstrated sustained use across the 8-week follow-up
interval, engaged most with the two main progress screens
(Urges and Overall Progress), and experienced SMART Track
as useful and consistent with SMART Recovery principles and
strategies. Although it is difficult to attribute it directly to the
use of SMART Track or SMART Recovery, the participants
also showed clinical improvement over the 8-week follow-up,
specifically reductions in the severity of dependence and
psychological distress. Varied rates of ROM completion,
minimal use of domain-specific feedback screens, and
qualitative feedback suggest that the utility of SMART Track
would be improved by making minor changes to app
functionality and improving attention to implementation
strategies.

Engagement With SMART Track
To put engagement with SMART Track in perspective, it is
helpful to consider the rates of engagement with other mHealth
apps. One of the challenges with such comparisons is the

considerable variation in the metric used to capture mHealth
use (eg, mean number of log-ins, sessions, modules, activities
completed [100]) and the degree to which these variables are
reported [101,102]. Although several systematic reviews of
digital recovery support services [39], digital measurement
feedback systems [32], and addiction-related mHealth apps are
available [54,103-105], the focus tends to be on content,
experience, or outcomes, with little to no data examining
participant engagement or use. However, the use of mHealth
apps by people in recovery from substance use has been shown
to vary from as high as 90% in the first few weeks to as low as
18% after 6 weeks [105]. For people with mental health
conditions, engagement varied according to the target mental
health condition. The number of nonusers (individuals who fail
to download or use the intervention) has been calculated as 41%
(range 25%-58%) for apps targeting depression and 8% (range
0%-16%) for apps targeting anxiety [100]. Reduced engagement
over time was common [100]. Compared with these data,
participant engagement with, and sustained use of, SMART
Track is at least comparable, if not higher than the available
evidence.

Another useful point of comparison comes from use trends
within the global app marketplace. In 2019, data derived from
more than 12,000 apps demonstrated that a quarter of the users
will abandon an app after one-time use [106]. In comparison,
of the 94% (68/72) of the participants in this study who created
a SMART Track account, more than one occasion of use was
documented for 79% (57/72) of the participants. Benchmarks
pertaining specifically to lifestyle-related apps (which include
fitness-, health-, and travel-related apps) indicate that the
average 2-month retention rate is 36% [107]. In comparison,
more than half of the participants in this study used SMART
Track for between 5 and 8 weeks (25/72, 35%) or longer (17/72,
23%), and week 8 ROM data were provided by 31% (22/72) of
the study participants.

Uncertainty exists around what is considered a good level of
mHealth use. Some addiction-related apps (eg, In My First Year
of Recovery and A-CHESS mHealth interventions) have
documented high levels of sustained participant engagement
(78% program completion and 4-month retention, respectively
[105]). In contrast, SMART Track use was intermittent, with a
proportion of the participants using the app weekly, whereas
others disengaged and re-engaged every few weeks. Emerging
evidence suggests that engagement with digital recovery support
tools may be influenced by recovery duration [39]. Accordingly,
engagement with SMART Track is likely to vary widely, given
that SRAU caters to people across the spectrum of recovery
experiences. It is also possible that users may perceive apps as
a short-term commitment [108]. Therefore, compared with the
use of other digital platforms (eg, the web), app use may be
shorter and more sporadic [109]. Moreover, training in SMART
Track was not extensive. The researchers met with the
facilitators at each site to orient them to the features of the app.
The participants received an email with brief instructions and
an in-app onboarding process, although analytics showed that
this was used by less than 45.2% (105/232) of users who
downloaded SMART Track during the study period. The
exemplary use rates documented by In My First Year of
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Recovery and A-CHESS may have been due to the more active
role of counselors in encouraging mHealth use [105] and point
to the importance of improved integration of SMART Track into
SMART Recovery groups. Identifying participant and contextual
factors that influence engagement represents an important
challenge for future research.

Routine Outcome Monitoring
A few studies have examined ROM implementation report data
on engagement and attrition rates [8,25,28,110,111]. Compared
with recent data from the Netherlands, however, the proportion
of participants using SMART Track to input ROM data is largely
comparable, and in some cases, greater than traditional
clinician-completed methods [112]. A 50% response rate has
been recently suggested as an acceptable benchmark for ROM
data and is likely sufficient to protect against bias and yield
valid information about patient progress (see study by de Beurs
et al [112] for a discussion). In this study, this benchmark was
achieved each week across the first month of data collection,
with 83% (60/72), 63% (45/72), 60% (43/72), and 53% (38/72)
of the study participants completing at least one of the ROM
instruments across the first 4 weeks of app use. ROM completion
continued to decline during the second month of data collection,
with 31% (22/72) of the sample providing ROM data during
week 8. Ongoing efforts are needed to improve ROM
completion and understand the participant characteristics
associated with drop-off (eg, through attrition analyses). For
example, given the voluntary, open-enrolling format of SMART
Recovery groups and individual variation in group attendance
(0-24 in this study), it would be interesting to examine whether
app use varies according to group engagement.

Cost Analysis
The R&D costs of SMART Track were estimated at Aus
$203,523. However, the developer offered considerable in-kind
support, and the overall true cost was Aus $281,058. It is
important to reiterate that these are essentially sunk costs. If
SMART Track had been rolled out routinely in SMART
Recovery groups, the cost of implementation would have
consisted of costs related to app hosting, infrastructure,
maintenance, and training. The dynamic nature of the industry
makes it difficult to estimate these costs and points to the need
for ongoing data collection to understand the long-term
real-world feasibility of SMART Track.

Opportunities
To maximize participant engagement in ROM, a clear rationale
for why the data are being collected and what they will be used
for is essential [25]. The measures must be experienced as
relevant [110] and the process deemed worthwhile [113].
Analytics revealed that few people accessed the detailed,
personalized feedback provided within each of the domains
listed on the summary page. Qualitative feedback highlighted
a mismatch between the effort expended and satisfaction with
the feedback provided. Given that the participants were asking
for feedback that was already provided in the app (but not
accessed), we expect that modifications to improve the visibility
of these sections of the app will further enhance ROM
completion. Importantly, the regular and frequent use of app

self-monitoring features has been linked to a longer period of
use and reduced likelihood of abandoning apps [114]. Additional
features that have been linked to mHealth engagement include
an esthetically pleasing interface, ease of use, degree of
personalization, reinforcement (eg, rewards and reminders),
communication (with peers or professionals), message
presentation (including language, tone, and design), and
credibility (encompassing trustworthiness and confidentiality
[115]). Although these features were considered throughout the
design of SMART Track (and positively evaluated as part of the
quality assessment), an opportunity exists to further enhance
the user experience (eg, through improved personalization,
greater use of rewards, and the addition of information-sharing
or communication capabilities).

Organizational resources are essential for ensuring the sustained
implementation of digital interventions to reduce substance use
[105], for example, ensuring leadership support; providing
adequate training and resources to both staff and service users;
leveraging the expertise of service users to contribute to training;
and having a process in place to monitor, evaluate, provide
feedback, and respond to uptake rates [116]. Training is a
particularly important consideration and provides a forum to
(1) build clinician knowledge and confidence in app use and
features, (2) practice introducing it to participants, and (3)
identify and overcome any concerns or perceived barriers to
implementation of mHealth to support routine care [117]. The
next steps for SMART Track include improved facilitator training
and support and leveraging of participant and facilitator
champions (ie, individuals who actively support the use of
SMART Track).

Strengths
The development of SMART Track was grounded in theory
[40,57] and user-centered design [57]. Consistent with
recommendations for enhancing measurement-based care,
SMART Track includes both standardized and idiographic
outcome assessment and harnesses technology to overcome
traditional barriers to ROM (eg, scoring and providing tailored
feedback [110]). Quality assessment was conducted using a
psychometrically valid tool [88], and SMART Track surpassed
the minimum acceptable quality benchmark (≥3 [88]) on each
of the domains assessed by the uMARS, with an overall quality
rating of good. This is superior to several published accounts
[50]. The observed quality of SMART Track likely reflects the
user-centric approach to development. However, because the
ratings were collected as part of a telephone interview with the
researcher, the contribution of response bias cannot be ruled
out.

Evidence from mental health settings suggests that mHealth
apps that have a clear purpose and simple user interface and are
easy and time efficient to navigate and demonstrate were more
likely to be used as part of routine practice [117]. Quantitative
and qualitative data indicate that SMART Track possesses these
attributes. Pending minor upgrades and improved training and
support, this finding further bolsters our confidence in the
routine uptake of SMART Track within SMART Recovery
groups.
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Limitations
This study includes several limitations. In its current format,
SMART Track is not suitable for people who cannot adequately
read and comprehend English. The reliance on written and visual
information may also compromise the suitability of SMART
Track for people with vision impairment. The use of cloud
functions for collecting and storing data means that SMART
Track needs a reliable internet connection to function. The
study’s approach to assessing engagement is consistent with
recommendations for a multidimensional approach using mobile
app data analytics (index of microengagement), indices of
behavior change (macro level of engagement), and participant
subjective experience [102]. However, differences in how
various studies define engagement and use make it hard to
position SMART Track within the context of existing studies.
Recent guidelines for the measurement and reporting of
engagement data in digital interventions may be beneficial in
the future [118].

The current findings are derived from a small sample of
participants who attended a limited sample of SRAU groups.
We did not collect data on the number of participants attending
SRAU groups across the study period; therefore, although
participant characteristics are comparable with published

accounts [99], generalizability is unclear. Furthermore, the
short-term nature of the study makes it challenging to position
the findings within the often long-term, nonlinear experience
of recovery [16]. Finally, because this is a stage 1 feasibility
study, our finding that participants reported reduced severity of
dependence and psychological distress from baseline to 8 weeks
needs to be interpreted cautiously.

Conclusions
The qualitative and quantitative findings support the feasibility
and acceptability of SMART Track and lend insight into avenues
for enhancing sustained engagement. Low rates of engagement
and high rates of attrition are known challenges for services
working with participants who experience substance use and
mental health–related difficulties [119]. Sustained engagement
with mHealth apps is notoriously difficult to achieve. In light
of these challenges, our findings are promising. SMART Track
offers a potential solution for ROM and feedback, particularly
for people with substance use disorders who attend mutual
support groups. Future research should focus on identifying
relevant demographic, clinical, and contextual factors that may
influence the engagement, attrition, and perceived utility of this
promising mHealth app.
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Abstract

Background: GPS alarms aim to support users in independent activities. Previous systematic reviews have reported a lack of
clear evidence of the effectiveness of GPS alarms for the health and welfare of users and their families and for social care provision.
As GPS devices are currently being implemented in social care, it is important to investigate whether the evidence of their clinical
effectiveness remains insufficient. Standardized evidence frameworks have been developed to ensure that new technologies are
clinically effective and offer economic value. The frameworks for analyzing existing evidence of the clinical effectiveness of
GPS devices can be used to identify the risks associated with their implementation and demonstrate key aspects of successful
piloting or implementation.

Objective: The principal aim of this study is to provide an up-to-date systematic review of evidence based on existing studies
of the effects of GPS alarms on health, welfare, and social provision in the care of older adults compared with non–GPS-based
standard care. In addition, the study findings were assessed by using the evidence standards framework for digital health technologies
(DHTs) established by the National Institute for Health and Care Excellence (NICE) in the United Kingdom.

Methods: This review was conducted according to the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines. Primary studies published in peer-reviewed journals and gray literature from January 2005 to August
2020 were identified through searches in 13 databases and several sources of gray literature. Included studies had individuals
(aged ≥50 years) who were receiving social care for older adults or for persons with dementia; used GPS devices as an intervention;
were performed in Canada, the United States, European Union, Singapore, Australia, New Zealand, Hong Kong, South Korea,
or Japan; and addressed quantitative outcomes related to health, welfare, and social care. The study findings were analyzed by
using the NICE framework requirements for active monitoring DHTs.

Results: Of the screened records, 1.6% (16/986) were included. Following the standards of the NICE framework, practice
evidence was identified for the tier 1 categories Relevance to current pathways in health/social care system and Acceptability
with users, and minimum evidence was identified for the tier 1 category Credibility with health, social care professionals.
However, several evidence categories for tiers 1 and 2 could not be assessed, and no clear evidence demonstrating effectiveness
could be identified. Thus, the evidence required for using DHTs to track patient location according to the NICE framework was
insufficient.

Conclusions: Evidence of the beneficial effects of GPS alarms on the health and welfare of older adults and social care provision
remains insufficient. This review illustrated the application of the NICE framework in analyses of evidence, demonstrated
successful piloting and acceptability with users of GPS devices, and identified implications for future research.
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Introduction

Background
Health and welfare technologies (HWTs) are “technology-based
interventions that aim at maintaining or promoting health,
well-being, quality of life (QoL) and/or increasing efficiency
in the service delivery system of welfare, social and health care
services, while improving working conditions of the staff” [1].
This definition can be regarded as an integration of the
Scandinavian term welfare technology [2] and the global concept
digital health [3], including a broader definition of health
according to the World Health Organization: “a state of complete
physical, mental and social well-being and not merely the
absence of disease or infirmity.” GPS alarms are examples of
HWTs that aim to support users in independent activities of
daily living, both indoors and outdoors, something that is needed
by large groups of older adults who want to maintain
independent living in spite of cognitive impairments, for
example, persons with dementia in the early or middle stage.
Globally, approximately 50 million people have dementia, and
nearly 10 million new persons develop dementia every year [4].
The global population of persons with dementia is estimated to
increase to 82 million in 2030 and to 152 million in 2050 [4].

GPS solutions enable the user to send an alarm to home care,
family members, or both, either at home or outdoors. The user’s
position can be localized through GPS coordinates when an
alarm is sent. GPS alarms may also include a geofencing
function that automatically generates an alarm if the user leaves
a predefined geographical area. A European overview has
identified ongoing implementation of GPS alarms in the
municipal care of older adults in Sweden and Norway [5].

Research on the implementation of welfare technology in
Swedish municipalities has identified several barriers to its use,
including lack of supporting evidence of the benefits and
positive outcomes [6]. Hence, evidence of positive outcomes
of GPS alarms can justify large-scale implementation and
confidence in their use.

When making implementation decisions, it is important to
consider what kind of evidence is needed to make an informed
decision. To date, there is no national Swedish evidence-based
framework to support decision-making processes related to
HWTs [7]. However, the National Institute for Health and Care
Excellence (NICE) in the United Kingdom, together with
relevant stakeholders, has produced an evidence standards
framework for digital health technologies (DHTs) to ensure that
new technologies can demonstrate clinically effective and
economic value in a structured and transparent manner [8]. The
framework classifies DHTs by function and thereby allows them
to be stratified into evidence tiers based on the potential risk to
users. For example, DHTs that track patient location can be
classified as active monitoring and thereby stratified into
evidence tier 3b in the framework. Good levels of evidence for

tier 3 DHTs include evidence of credibility with health and
social care professionals, relevance to current care pathways in
health care systems, acceptability with users, equalities
considerations in provision and use, accurate and reliable
measurements and transmission of data, reliable information
content, ongoing and planned continuous data collection to
follow up on the use and value of the DHT, quality and
safeguarding, and demonstration of its effectiveness according
to intended outcomes. The framework has been applied in
examples of case studies that demonstrate evidence of
effectiveness and economic value of a number of DHTs [9].
These studies are based largely on information provided by the
developers that has not been independently verified. Information
from studies published in peer-reviewed journals and in gray
literature can therefore strengthen the validity of evidence of
DHTs.

Two previous scoping reviews of tracking technology in the
care of older adults conducted by Røhne et al [10] and Neubauer
et al [11] identified limited evidence in peer-reviewed scientific
studies for the effects of GPS use on health, quality, and
cost-efficiency among users and spouses and in the health and
welfare sector [10] as well as pointed out that further research
was needed to identify technologies with high levels of evidence
for effectiveness and usability [11]. Moreover, a synthesizing
review of empirical evidence on the broader use of GPS
technologies by home-dwelling persons with dementia and their
family caregivers (CGs), conducted by Bartlett et al [12], found
only nontrial evidence and demonstrated the lack of large-scale
studies. As GPS devices are currently being implemented in
social care, it is important to investigate whether the evidence
of their clinical effectiveness remains insufficient. By analyzing
existing evidence of GPS devices using an established
framework, the risks associated with their implementation and
conclusions from successful piloting or implementations can
be identified.

Objectives
The aims of this review are to (1) systematically update evidence
from existing studies of the effects of GPS alarms on the health,
welfare, and social provision in receivers of care for older adults
compared with non–GPS-based standard care and (2) review
the findings using an established evidence framework for DHTs.
Studies from both peer-reviewed journals and gray literature
were included, and the findings were compared with the NICE
evidence standards framework for DHTs [8]. The goal is to
assess the available evidence according to the desired evidence
standards of an established framework to support
decision-making in future implementations of GPS-based
alarms.
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Methods

Protocol and Registration
This systematic literature review was reported according to the
PRISMA (Preferred Reporting Items for Systematic Reviews

and Meta-Analyses) guidelines [13].

Eligibility Criteria
The elements of the review (aim, eligibility criteria, and
outcomes) were defined as shown in Textbox 1.

Textbox 1. Review elements.

Aim

• To conduct a systematic review of existing evidence of the effects of GPS alarms on the health, welfare, and social provision in the care of older
adults compared with standard non–GPS-based care

Inclusion criteria

• Original, peer-reviewed publications published between January 2005 and August 2020 in the English language

• Studies performed in Canada, the United States, European Union, Australia, New Zealand, Singapore, Hong Kong, South Korea, or Japan

• Population aged ≥50 years

• GPS-based alarm interventions enabled the users to initiate alarms, with or without localization and with or without geofencing functions

Exclusion criteria

• Qualitative studies, technical validations, proof-of-concept studies, system descriptions, reviews, and editorials

Outcomes

• Outcomes related to the health and welfare of users and their informal caregivers, and outcomes related to provision in the care of older adults

Search Strategy
A three-step search strategy was used: (1) an initial search of
electronic peer-reviewed scientific publication databases; (2) a
search of gray literature databases, trial registers, and Google
Scholar; and (3) a search of gray literature from the Nordic
countries in targeted websites set up by authorities and
organizations, academic publication databases, and Google
Scholar. All three steps used a snowballing approach [14,15]
in which the articles that reached title-, abstract-, or full-text
screening of an initial database search were used in iterations
of both backward (reference search) and forward (citation
search) snowballing.

Information Sources and Searches

Summary and Complete Strategies
A summary of information sources and retrieved records for all
the search steps is presented in Multimedia Appendix 1
[10,16-19]. The complete database-specific search strategies
for the initial searches of scientific and gray literature are
presented in Multimedia Appendix 2.

Scientific Literature
The literature search was completed on August 20, 2020, in the
following electronic databases: Academic Search Elite, APA
PsycINFO, Applied Social Sciences Index & Abstracts,
CINAHL Plus, Cochrane Library, International Bibliography
of the Social Sciences, IEEE Xplore, PubMed, Scopus,
SocINDEX, Social Services Abstracts, Sociological Abstracts,
and Web of Science Core Collection. The search strategy
included both free-text and controlled vocabulary. The search
was limited to articles published in 2005 or later.

Gray Literature
A primary search in gray literature databases was conducted on
September 8 and 9, 2020. The databases searched included Base,
OpenGrey, OAIster, DART-Europe, ProQuest Dissertations &
Theses Global, WHO ICTRP, ClinicalTrials.gov, International
HTA Database, and Google Scholar. The search strategy was
simplified and adapted to the search interface of gray literature
databases. Finally, a larger search for gray literature from the
Nordic countries was conducted by searching the websites of
government agencies and organizations working with health
and welfare issues. Publication databases from universities in
the Nordic countries were also searched including the databases
and websites of associations of local authorities and regions in
the Nordic countries and Google Scholar. The searches were
conducted from September 22, 2020, to September 29, 2020,
and involved searching for terms in Swedish, Norwegian,
Danish, Finnish, and Icelandic.

Study Selection
The relevant records were downloaded to the reference
management software EndNote (Clarivate Analytics). In the
search for Nordic gray literature, the retrieved records were
screened to determine their relevance related to the aim of the
review before downloading the publications to EndNote. In the
other searches, all retrieved records were directly downloaded
to EndNote. After the removal of duplicates, the records were
transferred to the systematic review software Covidence (Veritas
Health Innovation Ltd). All four steps were performed by an
information science specialist or librarian. The Covidence
software, which automatically detected and removed any
remaining duplicates, was used for title and abstract screening,
full-text review, and data extraction. The screening of titles or
abstracts, eligibility assessment of full-text articles, and full-text
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screening were performed independently by 2 reviewers; any
conflicts were resolved by a third reviewer.

Data Extraction
Information on the included studies’ aims, design, conduct,
population, intervention, and outcomes as well as the results
for relevant outcomes were extracted from the publications by
2 reviewers independently using a predefined template. Any
conflicts in eligibility assessment were resolved through
discussion between the reviewers. Information regarding the
included studies is presented in Table 1.

Risk-of-Bias Assessment
Publications that aimed to demonstrate evidence of effectiveness
(for tier 3a) were assessed for risk of bias at the study level by
2 researchers independently. The criteria assessed for the
randomized study followed the Cochrane Risk-of-Bias Tool 2.0
guidelines [20] and included the method used for random
sequence generation, allocation concealment, blinding of
participants and personnel, blinding of outcome assessment,
the completeness of outcome data, the possibility of selective
outcome reporting, and other sources of bias. For
nonrandomized studies, the Risk of Bias in Non-randomized
Studies of Interventions tool [21] was used to assess bias due
to confounding and missing data as well as selective reporting
and in the selection of participants and classification of, and
deviations from, interventions. Consensus resulted in inclusion
of the risk assessment in this review’s summary of findings.
Any conflicts in risk assessment were discussed by the 2
researchers (ME and MR) and any conflicts remaining were
resolved by the third reviewer (SLS).

Analysis of Findings From the Systematic Review via
the Application of the Evidence Framework
The extracted data for relevant outcomes were categorized and
summarized according to the tiers 1-3b evidence categories in
the NICE evidence standards framework for DHTs described
below. An overview of each study’s contribution to the
respective evidence categories is presented in Table 2, and a
more extensive version of the table, including the criteria for
minimum evidence and best practice standards in all evidence
categories, is presented in Multimedia Appendix 3 [22-37]. The
table was prepared by one of the researchers and reviewed by
a second reviewer. For each evidence category, data extracted
from all included studies were compared with the defined
minimum evidence and best practice standards of evidence. The
extracted data were summarized for each evidence category,
and the extent to which the results met the requirements for

minimum evidence and best practice standards in each category
was assessed. The process was carried out by one of the
researchers and reviewed by a second reviewer. Any assessment
conflicts were resolved through discussion between the
reviewers. The summarized data according to the evidence
framework are presented in this review’s summary of the
findings (Table 2).

The Standard Evidence Framework for DHTs
The framework classifies DHTs by function and thereby allows
them to be stratified into evidence tiers based on the potential
risk to users [8]. Examples of effectiveness and economic value
of digital health case studies have been provided to illustrate
how the framework can be used [9]. DHTs that track patient
location were classified as active monitoring and thereby
stratified into evidence tier 3b. Moreover, the NICE guidelines
state that “best practice evidence standards in each relevant
evidence tier should be used for DHTs that present a potential
high risk” [8]. GPS alarms can be identified as high-risk DHTs
because the intended user group is a vulnerable group and GPS
alarm failure could have serious consequences for the user, and
in some countries GPS alarms might be used without regular
support from social care professionals.

Good levels of evidence for tier 3 DHTs are presented in
Multimedia Appendix 3 [22-37]. Evidence standards of the tier
1 and tier 2 categories require documentation that demonstrate
that specific aspects have been considered and that the
procedures have been completed with a certain level of quality
control. Therefore, both the results and aims of the included
studies were considered for tier 1 evidence categories. In
contrast, tiers 3a and 3b require evidence demonstrating
effectiveness.

Results

Study Selection
The literature searches identified 1227 records. After the
removal of 240 (240/1227, 19.56%) duplicates, the titles or
abstracts of 80.36% (986/1227) of the publications were
screened for relevance; 69.85%, (857/1227) of articles were
excluded in the screening, and 10.51% (129/1227) full-text
publications were assessed for eligibility according to the
inclusion and exclusion criteria presented in Textbox 1. Of the
129 full-text publications, 113 (87.6%) were excluded, and the
remaining 16 (12.4%) articles were included in the final
assessment. Figure 1 provides an overview of the publication
selection process.
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart of publications assessed in each step of the
review process.

Study Characteristics
The 16 included studies were published as original articles in
scientific journals (n=6), conference papers (n=2), a master’s
thesis (n=1), and project reports (n=7). A summary of the
characteristics of each publication is presented in Table 1.

Of the 6 peer-reviewed journal studies, 1 was a randomized
controlled trial (RCT), and the others were nonrandomized
studies with either an experimental (n=4) or an observational
design (n=1). The other 10 studies had the following study

designs: observational design (n=5, of which 3 used mixed
methods and two used quantitative methods), pre- and
postintervention design using mixed methods (n=2), economic
evaluation (n=2), and within-subjects design using mixed
methods (n=1). Of these 10 studies, 5 were part of larger
innovation or pilot implementation projects.

The study populations were older adults in general (n=4), older
adults with dementia and their family CGs (n=11), and
municipal employees working with GPS trackers for persons
with dementia (n=1).
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Table 1. Characteristics of the included studies (N=16).

ParticipantsDesignDurationInterventionAimStudy, country

Older persons with
dementia living at

Nonrandomized experi-
mental study with pre-

9 monthsExtended safety and support
system Posifon in mobile
phone

To investigate views
and experiences of
persons with dementia
living at home, their

Magnusson et al [22],

Swedena,b

home and their fami-
ly CGs. Recruited:

and postintervention
measurements

CGsc, and the staff in- 76 persons with de-
mentia and 76 CGs;volved in use and im-
final sample: 20 per-plementation of ad-
sons with dementia
and 36 CGs

vanced electronic
tracking; to analyze
results in relation to
ethics; and to discuss
methodological as-
pects of research in-
volving persons with
dementia

Dyads: persons with
dementia and CGs.

Nonrandomized experi-
mental study, 2×2
crossover

4 weeks for each
product

2 GPS watches for people
with orientation impairment
(products A and B)

To perform an in-
depth comparison of
the user experiences
of persons with demen-

Megges et al [23], Ger-

manya,b

Recruited: 12 per-
sons with dementia

tia and their informal and 12 CGs; final
CGs with 2 similar sample: 4 persons
commercial GPS with dementia and 8

CGswatches in home de-
mentia care; to study
the products’ clinical
effectiveness in per-
sons with dementia
and CGs

20 dyads: persons
with dementia with

Mixed methods observa-
tional design

4 months (mean
and median),
range 1-7 months

GPS in watch or pendant,
some with a geofencing op-
tion. CGs track persons with
dementia and are contacted by

To determine the feasi-
bility of a prospective
randomized controlled
trial

Milne et al [24], Scot-

landa,b

a history of wander-
ing and CGs

monitoring agency if persons
with dementia report that they
are lost or have reached the
geofence

3 dyads: persons
with dementia and
CGs

Nonrandomized experi-
mental study with
crossover design

Intervention
phase B1: 5-7
weeks; interven-
tion phase B2: 4-
5 weeks

Passive positioning alarm
(transmitter based on GPS,
cell phone, and support per-
son)

To investigate the ef-
fects of using tracking
technology on inde-
pendent outdoor activ-
ities and psychologi-
cal well-being in 3

Olsson et al [25], Swe-

dena,b

persons with dementia
and their spouses

Dyads: persons with
dementia and CGs;

Nonrandomized experi-
mental study

3 monthsTracking device (GPS and
general packet radio service)
worn on belt, including track

To investigate feasibil-
ity, acceptability, and
effectiveness of 3-

Pot et al [26], The

Netherlandsa,b

persons with demen-
tia in early stage ofand trace function, telephonemonth use of GPS by
dementia. Recruited:
33; included: 28

contact, and loudspeaker
function

persons with dementia
and CGs

Older adults using
indoor alarm. Includ-

Randomized controlled
trial

6 monthsMobile safety alarm with a
built-in drop sensor using a
positioning system over a
mobile phone network

To investigate the ef-
fects of a mobile safe-
ty alarm on frequency
of going outside and
experiences regarding

Scheffer et al [27], The

Netherlandsa,b

ed: 203 (100 in inter-
vention and 103 in
control); final sam-

fear of falling, feel- ple: 135 (58 in inter-
ings of being unsafe, vention and 77 in

control)and quality of life in
older adults
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ParticipantsDesignDurationInterventionAimStudy, country

30 care profession-
als, 7 family mem-
bers of care re-
ceivers who use a
GPS tracking de-
vice, and 7 family
members of care re-
ceivers not using a
tracking device

Mixed methods observa-
tional design

N/AeGPS tracking deviceTo describe the percep-
tions and experiences
of professionals and
family members of
users and nonusers of
GPS tracking devices

Ribas Miquel et al [37],

Spaind

Populations of older
adults in Bærum,
Skien, and Sta-
vanger municipali-
ties. Included in pi-
lot: 71; included in
evaluation: 46

Mixed methods with
pre- and postinterven-

tion designf

2-9 monthsGlobal System for Mobile
communication or GPS-based
alarm unit (hanging around
the user’s neck) with geofenc-
ing, voice connection, and
tracking ability

To verify if or how
mobile safety alarms
make older adults
more independent, in-
crease their mobility
and physical activity,
engage relatives and
lead to reduced need
for care, and increase
the ability of older
adults to live longer at
home

Røhne et al [28], Nor-

wayb,f

19 municipal em-
ployees working
with GPS for per-
sons with dementia

Observational design8 monthsGPS tracking deviceTo investigate the ef-
fects and the experi-
ences of municipal
employees of GPS use
among persons with
dementia on the quali-
ty of the municipal
services

Sørli [29], Norwayg

Older adults living
at home or in nurs-
ing homes in Larvik.
47 care receivers;
number of employ-
ees unclear

Observational designf1 year (mean)GPS unit (possible to attach
to key chain) for localization
with geofencing alarm

To establish knowl-
edge about users’ and
employees’ experi-
ence of piloted GPS;
to establish knowl-
edge of the effects of
use of the technology
on users, employees,
and the service; to
identify potential
gains; to describe ser-
vice models for the
use of various security
and coping technolo-
gies in the municipali-
ty

Ausen et al [30], Nor-

wayh

9 persons with de-
mentia and with affil-
iation with either
housing associa-
tions, nursing
homes, or activity
centers; 13 home
users with follow-up
of relatives

Mixed methods with
pre- and postinterven-

tion designf

6 monthsMobile safety alarm with GPS
tracking and geofencing
(Safemate)

To establish knowl-
edge of the users’ and
employees’ experi-
ence of the technolo-
gies being piloted; to
identify potential
gains; and to propose
measures to realize
the benefits

Boysen and Støle [31],

Norwayh
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ParticipantsDesignDurationInterventionAimStudy, country

Persons with mild
and more advanced
dementia; persons
with more advanced
dementia with munic-
ipal care; all living
in a home setting
with some form of
care from relatives.
Approximately 80
(same as [22])

Economic evaluation9-10 monthsMobile safety alarm with GPS
tracking, geofencing, and
voice communication (Posi-
fon, same as [22])

To perform a socioeco-
nomic analysis in the
form of a cost-benefit
assessment of a mo-
bile security alarm

Dahlberg [32], Swedenh

8 persons with de-
mentia living in
home settings in
Östersund municipal-
ity and their rela-
tives or informal
CGs. Prescribers of
alarms within the
municipality

Economic evaluation37-260 daysGPS or Global System for
Mobile communication pas-
sive position alarm (bracelet)
with geofencing function

To assess the costs
and benefits of pas-
sive alarms for users,
their relatives, the
municipality, and soci-
ety; to develop a deci-
sion-making basis for
prescription of differ-
ent passive alarms; to
increase knowledge
regarding passive
alarms and their costs
and benefits for stake-
holders

Malmquist [33], Swedenh

Oslo inhabitants
with dementia or de-
mentia-like condi-
tions, 94% living in
their own home. 109
users; 216 in total
(users and their rela-
tives, employees in
care services and at
alarm center, and lo-
calization technolo-
gy providers)

Mixed methods observa-

tional designi
Up to 1 year
(58% of the
users); 1-2 years
(35% of the
users), more than
2 years (7% of
the users)

GPS devices (1 of 3) with
alarm, tracking, and voice
communication features

To investigate how
location technology
can be organized and
integrated as part of
the municipalities’
operational health and
care services and to
develop service mod-
els for interaction
among public, private,
and volunteer service
providers to help per-
sons with dementia
and their CGs

Øderud et al [34], Nor-

wayh

Older adults living
independently Re-
cruited: 12; final
sample: 10

Mixed methods observa-

tional designj
8-10 monthsMobile safety alarm with

tracking and voice communi-
cation

To investigate how
mobile safety alarms
can contribute toward
enabling older adults
to reside at home for
as long as possible
and to establish
knowledge of how to-
day’s mobile safety
alarms can be devel-
oped

Røhne et al [35], Nor-

wayh
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ParticipantsDesignDurationInterventionAimStudy, country

180 persons with de-
mentia and their in-
formal CGs living in
the home setting in
5 municipalities

Mixed methods, within-
subjects design; eco-

nomic evaluationk

At least three
months

A combined GPS or Global
System for Mobile communi-
cation device carried in a
pocket or worn on the belt,
individually adapted to the
individual. Unit equipped
with a call button, with which
the person with dementia can
call for help in the event of a
fall or similar incident

To investigate
whether early alloca-
tion of GPS alarms
can provide greater
security and quality of
life for persons with
dementia and their
relatives and thereby
reduce the need for
help from the munici-
pality

Vidensförmidling and

Syd [36], Denmarkh

aJournal article.
bPeer-reviewed.
cCG: caregiver.
dConference paper.
eN/A: not applicable.
fPart of a larger project that, according to the publication, used methods from research-supported, demand-driven innovation.
gMaster’s thesis.
hProject report.
iPart of a larger project which, according to the publication, used methods from demand-driven innovation and service design to go from pilot to
operation.
jPart of pilot implementation study.
kPart of demonstration project.

Summary of Findings
Table 2 presents an overview of the study findings from
individual studies assessed using the NICE evidence standards
framework for DHTs [8]. A more extensive version of the table,
including the definition of minimum evidence and best practice
standards for each category, is presented in Multimedia
Appendix 3 [22-37]. As can be seen in Table 2, the included
studies provide best practice evidence according to the standards
of two of the five tier 1 evidence categories, that is, Relevance
to current pathways in health/social care system and
Acceptability with users. In more than 60% of the included
studies, GPS devices had been successfully piloted or
implemented in social care systems. All these studies had been
performed in Nordic countries as part of larger projects
supporting the development of products, services, and
decision-making processes. Most of these projects were part of
national government programs that aimed to stimulate the use
of welfare technology. Furthermore, best practice evidence
showing that representatives from the intended user groups
(older adults and persons with dementia) were involved in the
testing of the GPS alarms and that the users were satisfied with
them was identified in 38% (6/16) of the included studies. Table
2 also shows that minimum standard evidence was identified
for the tier 1 category Credibility with health, social care
professionals because relevant social care professionals had
been involved in 75% (12/16) of the included studies.

However, the evidence according to the standards for tier 2
evidence categories could not be assessed from the included
studies. For example, because the alarm systems do not provide
general information or advice to users concerning health, healthy
living, lifestyle, diseases, illnesses, or conditions, the minimum
and best practice standards were not relevant for this assessment.
Nevertheless, the information that the alarm systems provides

to formal and informal CGs and security service providers about
user position and emergency situations must be accurate. None
of the evaluated studies investigated the reliability of this
information. However, one study elaborated on alarm testing
and the timeliness of the transmission of information in case of
an alarm during the development of test routines, and two studies
investigated the CGs’ views on the accuracy of the information
regarding the user position and the user-friendly aspects of the
interfaces. The two latter studies identified that some situations
(eg, when users reach places with poor mobile coverage) can
limit the updating of user position and thereby reduce the
reliability of the system’s information content.

Furthermore, evidence of ongoing data collection to show use
and value could not be identified from the included studies.
Indeed, several studies demonstrated use and value on study
follow-up occasions. Use was reported both for specific system
functions and on a system level with varied levels of detail.
Although some studies collected use data from system logs,
reporting by CGs or users was more common. The measured
values for users (persons with dementia or older adults) related
to improved outdoor activity (increased independence, fewer
worries, increased frequency with regard to visiting new places
and making longer trips, and increased or maintained physical
activity level); improved relationship with CGs (fewer conflicts
with CGs and more freedom); increased security and safety
(increased security in daily life and prolonged period living
independently); and increased QoL. The measured values for
CGs of persons with dementia related to improved well-being,
QoL, enhanced possibility of giving more freedom to persons
with dementia, and improved security and safety. Finally,
examples of measures for safeguarding (service models, test
routines, and role of relatives or alarm center) in the use of GPS
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alarms were described in three of the included studies. However,
evidence according to the standards could not be identified.

Moreover, the included studies provide clear evidence of
effectiveness in outcomes or improvements in outcomes relevant
to tiers 3a and 3b. Of the 16 included studies, 10
[22-27,32,33,36,37] investigated the outcomes that could be
related to effectiveness. The findings of the included RCT [27]
were compared with the framework’s standards for best practice
evidence to demonstrate effectiveness in outcomes or
improvements in outcomes. However, no increase in the
frequency of older adults going outside was found in the
intervention group, and no significant differences in secondary
outcomes, including fear of falling, feelings of unsafety, or QoL,
were identified [27]. The other nine studies that used
observational or quasi-experimental designs were assessed with
regard to requirements for minimum evidence standards (ie,
demonstrating effectiveness in outcomes or improvements in
outcomes). Improvements were indicated with regard to an
increase in the percentage of days that persons with dementia

were engaged in independent outdoor activity (there were
indications of an increase in three cases based on CG reports;
no statistical data were available) [25] and to a decrease in
role-overload and feelings of worry for CGs of persons with
dementia (P>.05) [26]. Furthermore, GPS tracker use was
associated with an important decrease in time spent searching
for persons with dementia who were lost [24]. However, the
data were based on CG recall and could not be objectively
verified. In addition, this outcome is more related to efficiency
than effectiveness. Interestingly, one study found decreased
activity among persons with dementia because of disease
progression [22], and another study identified no significant
changes in burden or QoL for CGs of persons with dementia
[23]. In contrast, economic evaluations indicated reduced costs
for the care of persons with dementia because of prolonged
periods living independently instead of special housing (up to
3 months) [32,33,36]. As a crossover design was used, the
difference in the mean CG burden between relatives of persons
with dementia using or not using GPS trackers was indicated
in small samples [37].
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Table 2. Summary of findings in relation to the evidence categories of the evidence standards framework for digital health technologies (N=16).

Risk of biasaStudies, n (%)FindingsTiers

Tier 1

—bCredibility with health
and social care profes-
sionals

•• 12 (75)Minimum evidence standards show that relevant social care professionals were
involved in the design, development, or testing of the GPS devices

• In 12 (75%) [22,24,25,28-36] of the included studies, social care professionals
were involved in the testing of the GPS devices to a varied extent

—Relevance to current
pathways in health or
social care system

•• 10 (63)Minimum and best practice evidence standards show that GPS devices have
been successfully piloted or implemented in social care systems. This was de-
scribed in 10 (63%) of the included studies. Of these 10, 3 were performed in
Sweden [22,32,33], 6 in Norway [28-31,34,35], and 1 in Denmark [36]. All of
them were part of larger projects supporting development of products, services,
and decision-making processes to support OAsc and their families in their
homes. Most of those projects were part of national government programs that
aimed to stimulate the use of welfare technology

—Acceptability with
users

•• 6 (38)Best practice evidence shows that representatives from the intended user groups
(persons with dementia and OAs) were involved in the design, development,
or testing of the DHTd and to show that users were satisfied with the DHT

• Representatives from the intended user groups (OAs in general or persons with
dementia) were involved in testing of the GPS alarms in 15 (94%) of the studies
(ie, all the included studies except [29])

• Six (38%) of these studies showed that the users were satisfied with the alarms:
77% of the CGse of persons with dementia stated that they would recommend
the use of GPS alarms in the Pot et al study [26]; 97% of the OAs who partici-
pated in the Røhne et al study [28] and 90% of the OAs in the Røhne et al study
[35] stated that they were satisfied with the alarm

• All older users in the Ausen et al study [30] would recommend others in similar
situations to use the GPS alarm

• User satisfaction was confirmed in the interviews in the Milne et al study [24]
and in the values identified in the Boysen et al study [31]

—Equalities considera-
tions

•• 0 (0)No information retrieved from included studies. Socioeconomic aspects were
not addressed

• However, persons with dementia and OAs may be considered vulnerable groups

—Accurate and reliable
measurements (if rele-
vant)

•• 0 (0)No information retrieved from included studies. Technical validations were not
included in the review. All included studies used commercial products

—Accurate and reliable
transmission of data
(if relevant)

•• 0 (0)No information retrieved from included studies. Technical validations were not
included in the review. All included studies used commercial products

Tier 2

—Reliable information
content

•• 0 (0)Minimum and best practice standards category is not relevant for GPS devices
because they do not provide general information or advice to users concerning
health, healthy living, lifestyle, diseases, illnesses, or conditions

• However, for reliability of information on user position and emergency situations,
data on user testing were provided by 1 study (6%) [28], and data on CGs’
perceptions of the accuracy of the GPS information were provided by 2 (13%)
studies. For example, relatives and staff in the Øderud et al study [34] had ex-
perienced slow or unreliable information on the user’s position. Moreover, [30]
reported cases of poor mobile coverage that had resulted in failures in updating
user position
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Risk of biasaStudies, n (%)FindingsTiers

—• 0 (0)• Cannot be assessed from the included studies. Evidence of ongoing data collec-
tion (required according to evidence standards for the category) was not reported
in the included studies

• However, 10 (63%) of the included studies presented data on use on specific
occasions related to the interventions

• In all, 3 studies (19%) reported quantitative data on usage period: [30] and [34]
presented the number of participants who had used GPS trackers for up to 1
year and between 1 and 2 years, respectively. [33] reported the number of days
that each participant had used the GPS trackers (mean 158 days, median 210
days, and range 37-260 days)

• A total of 3 (19%) studies [22,25,28] included system logs in the collection of
data to investigate use. Interestingly, [22] saw that the extent to which persons
with dementia used mobile phone–based GPS varied widely among the partici-
pants. Moreover, [28] described that the logs from the technical systems were
thoroughly analyzed to understand the role and function of users, alarm units,
response center, CGs, and relatives

• In all, 4 (25%) studies [23,24,26,27] based the data collection of use on the recall
of the users or their CGs, and 2 of these [26,27] reported that the persons with
dementia did not always take along the GPS devices (mobile phone or tracker
worn on the belt) when going out and that the devices were not always switched
on

Ongoing data collec-
tion to show use

—• 0 (0)• Cannot be assessed from the included studies. Evidence of ongoing data collec-
tion to show value (required according to evidence standards for the category)
was not reported

• However, 11 (69%) of the included studies presented data on use for values re-
lated to the health and welfare outcomes of users (OAs, persons with dementia,
and CGs of persons with dementia) on specific occasions related to the interven-
tions; one (6%) study [22] identified that CGs experienced that the persons with
dementia had become more independent in outdoor activity; 1 (6%) study [24]
identified that CGs and staff saw that GPS trackers could give persons with
dementia in milder stages of dementia and their CGs increased freedom and
decreased stress and anxiety; and 1 (6%) study [26] identified values perceived
by some of the CRsf, including increased freedom and decreased worries and
fewer conflicts with CGs when going outside alone. Moreover, the CGs experi-
enced that they gave more freedom to the CR and some experienced fewer
conflicts with the CR

• Another study (6%) [28] identified that more than 50% of the users thought that
the GPS alarm helped to increase their freedom

• One study (6%) [29] noted that more than 50% of the participating staff per-
ceived that GPS trackers for persons with dementia could, to some degree, free
up time for service providers by reducing the number of inspections they carried
out to see if the person is well, driving to and from the user and following the
user on walks; [30] identified that all persons with dementia thought that GPS
trackers enabled them to increase or maintain physical activity, to increase
freedom in outdoor activities, and that all relatives experienced that the GPS
trackers increased their feelings of safety when leaving the person with dementia
by themselves; and [31] identified positive values of GPS trackers both in shared
housing for persons with dementia, including freedom for persons with dementia,
decreased stress and anxiety for employees, time savings for staff and cost re-
duction, and for home users, including increased security, with, in some cases,
increased outdoor activity and CG relief

• Another study [32] identified that 5 of the 8 GPS tracker users experienced in-
creased security and could continue to live at home for a longer periods. In ad-
dition, 5 of the 8 relatives experienced fewer concerns and worries; [34] noted
that most of the users perceived that the GPS trackers provide security (for the
user, CG, and staff), increase freedom for the user and sometimes also the CG,
as well as help the user to be physically active and maintain their activity level;
[35] identified that most of the GPS alarm users experienced that it increased
their safety and freedom in daily life; and [36] identified that the GPS tracker
increased the security and quality of life of persons with dementia and their
CGs

Ongoing data collec-
tion to show value

—• 0 (0)Quality and safeguard-
ing
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Risk of biasaStudies, n (%)FindingsTiers

• Cannot be assessed from the included studies
• However, 3 (19%) of the included studies had a study aim or presented data

related to system-level quality and safeguarding: [30] and [34] presented the
service model for implementation of GPS trackers in the homes of older adults,
which included safeguarding measures taken by the municipality. Moreover,
[34] presented data on the roles of different actors (users, relatives, and alarm
centers) in charging and administration of the alarm as well as locating and re-
trieving the user, if necessary

• One study (6%) [28] described the establishment of an initial test routine to
encourage users to regularly trigger the alarm when out walking

Tier 3a

• High
• High
• High

• 1 (6)
• 7 (44)
• 2 (12)

• Effectiveness is not demonstrated in outcomes or improvements in outcomes
according to best practice standards: no increase in the frequency of OAs going
outside; no significant differences in changes in fear of falling, feelings of un-
safety, or quality of life [27]

• Effectiveness is not demonstrated in outcomes or improvements in outcomes
according to minimum evidence standards. Indications were identified for the
following:
• Decrease in time searching for person with dementia (from a mean of 3-4

hours per event to 40 minutes) [24]
• Increase in the number of days that person with dementia was engaged in

independent outdoor activity (three cases, no statistics available) [25]
• Decrease in role-overload of CGs of persons with dementia (P=.126;

d=–0.25 for all CGs, and P=.119; d=–0.34 for CGs who could reach CR
with the mobile alarm) and in feelings of worry (P=.08; d=–0.32 for all
CGs, and P=.057; d=–0.46 for CGs who could reach CR with the alarm)
[26]

• Reduction in costs for care of persons with dementia because of prolonged
time that the person could live independently instead of in special housing
(up to 3 months) [32,33,36]

• Difference in mean CG burden between relatives of persons with dementia
using and not using GPS (P=.04) was indicated in small samples because
a crossover design was used [37]

• Outcomes investigated with negative results:
• Activity of person with dementia: reduced because of disease progression

[22]
• Burden and quality of life for CGs of persons with dementia: no significant

changes [23]

Demonstrating effec-
tiveness in outcomes
or improvements in
outcomes

—• 0 (0)• Not relevant for GPS devices: no behavior change techniques usedUse of appropriate be-
havior change tech-
niques (if relevant)

Tier 3b

—• 0 (0)• Effectiveness is not demonstrated in improvements in outcomes according to
minimum evidence or best practice standards (see above)

Demonstrating effec-
tiveness: improve-
ments in outcomes

aRisk-of-bias assessment: a “high” risk of bias is equivalent to “high” for the Cochrane Risk-of-Bias Tool 2.0 (randomized studies) or “serious/critical”
for the Risk of Bias in Non-randomized Studies of Interventions Tool (nonrandomized studies), and a “low” risk of bias is equivalent to “low” for the
Cochrane Risk-of-Bias Tool 2.0 (randomized studies) or “low/moderate” for the Risk of Bias in Non-randomized Studies of Interventions Tool
(nonrandomized studies).
bNot available.
cOA: older adult.
dDHT: digital health technology.
eCG: caregiver.
fCR: care receiver.

Risk of Bias
The summaries of the assessed risk of bias for individual studies
that aimed to demonstrate evidence of effectiveness are

presented in Table 3 (nonrandomized studies) and Table 4
(randomized study). The overall risk of bias was assessed to be
serious or critical in all nonrandomized studies, particularly bias
due to confounding and in measuring outcomes
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[22-26,32,33,36,37]. The RCT was assessed as having a high
risk of bias, in particular with regard to the blinding of patients

or personnel and incomplete outcome data [27].

Table 3. Risk-of-bias assessments for individual studies investigating effectiveness according to standardized criteria for nonrandomized studies using
the Risk of Bias in Non-randomized Studies of Interventions Tool. The tool’s scale for ascending risk is low, moderate, serious, and critical.

StudyDomains of bias

Vidensför-
midling
and Syd
[36]

Malmquist
[33]

Dahlberg
[32]

Ribas
Miquel et
al [37]

Pot et al
[26]

Olsson et
al [25]

Milne et al
[24]

Megges et
al [23]

Magnusson
et al [22]

CriticalCriticalCriticalSeriousSeriousModerateCriticalSeriousSeriousBias due to confounding

No informa-
tion

SeriousNo informa-
tion

SeriousLowSeriousCriticalLowLowBias in selection of partici-
pants

ModerateModerateNo informa-
tion

ModerateLowLowLowLowLowBias in classification of in-
terventions

No informa-
tion

No informa-
tion

SeriousNo informa-
tion

SeriousLowLowNo informa-
tion

LowBias in deviations from in-
tervention

No informa-
tion

LowNo informa-
tion

No informa-
tion

ModerateLowSeriousModerateCriticalBias due to missing data

SeriousCriticalModerateSeriousSeriousSeriousSeriousSeriousSeriousBias in measurement of
outcomes

SeriousSeriousSeriousLowLowLowSeriousModerateLowBias in selective reporting

CriticalCriticalCriticalSeriousSeriousSeriousCriticalSeriousCriticalOverall bias

Unpre-
dictable

Unpre-
dictable

Unpre-
dictable

Unpre-
dictable

Unpre-
dictable

Unpre-
dictable

Unpre-
dictable

Unpre-
dictable

Unpre-
dictable

Comments or direction of
bias

Table 4. Risk-of-bias assessments for individual studies investigating effectiveness according to standardized criteria for randomized studies using the
Cochrane Risk-of-Bias Tool 2.0. Bias is assessed as low, high, or unsure (when sufficient information is not available to allow assessment).

Study (Scheffer et al [27])Risk of bias domain

LowRandom sequence generation

LowAllocation concealment

HighBlinding of participants or personnel

UnsureBlinding of outcome assessment

HighIncomplete outcome data

LowSelective reporting

UnsureOther bias

High dropout, especially in the intervention group where the provided foremost reason was that the participants
found the alarm too big and heavy

Comments

Discussion

Principal Findings
GPS alarms are implemented in social care with the aim of
supporting users in independent activities of daily living,
particularly outdoors. This systematic review included 16 studies
investigating the effects of GPS alarms on health, welfare, and
social provision in older adult care. The review demonstrates
best practice evidence in peer-reviewed and gray literature for
two of the tier 1 evidence categories (Relevance to current
pathways in health/social care system and Acceptability with
users) of the NICE evidence standards framework for DHTs
[8]. The approach of using an existing framework to assess the
quality of studies is relevant for all types of DHTs. This review

also presents evidence of the minimum standard for the tier 1
category Credibility with health, social care professionals,
although the minimum standard is insufficient for high-risk
DHTs such as technologies that track patient location. More
specifically, the studies in this review showed that social care
professionals have been involved in the testing of alarm systems;
that GPS trackers have been successfully piloted or implemented
in the Swedish, Norwegian, and Danish social care systems;
that representatives from the intended user groups (persons with
dementia and older adults) have been involved in testing the
alarm systems; and that users were satisfied with the alarm
systems. Although a number of studies reported findings
regarding use, value, and measures for safeguarding at specific
time points, our review concluded that evidence categories for
tier 2 could not be assessed from the included studies. Finally,
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this review identified a lack of clear evidence for effectiveness
according to the standards of evidence categories in tiers 3a and
3b in the NICE framework, which is required for DHTs that
track patient location [8]. Moreover, the overall risk of bias of
the included studies that evaluated effectiveness was assessed
to be high. Therefore, the study findings should be interpreted
with caution.

Some of the included studies demonstrated negative or absent
effects on healthy behaviors and on the users’ health and
welfare. For example, the only RCT included in our review
demonstrated no effect of GPS trackers on older adults’
frequency of going out, feelings of unsafety, or fear of falling,
and the authors stated that “some of the participants did not take
the mobile alarm outside with them at all times. This might have
been caused by perceived user‐unfriendliness of the alarm
[27].

Moreover, a nonrandomized intervention study demonstrated
that activity among persons with dementia was reduced during
the intervention and concluded that this was due most likely to
disease progression [22]. The need to identify primary user
groups has been addressed in previous research on GPS alarms
for older adults [10]. Both examples illustrate the complexity
of this type of intervention in populations of persons with
dementia, which might increase the risk of bias due to deviations
from the interventions and to missing data, respectively.
Additional potential challenges for RCTs investigating the use
of GPS alarms in persons with dementia were identified in a
feasibility study [24] and included challenges in finding social
care staff willing to recruit participants, randomizing the
participants, and finding participants or CGs willing to
participate as controls [24].

It should be pointed out that GPS trackers and the context of
use varied among the studies included in this review; simply
put, these studies evaluated different wearables, technical
infrastructures, and supporting services. For example, some
studies reported on insufficient usability of the trackers, which
might have limited their use. However, the rapid development
of mobile health systems has enabled the incorporation of GPS
alarms in discrete wearables such as bracelets and pendants or
consumer products that older adults are already using in daily
life. These more sophisticated wearables might help to overcome
the obstacles of poor usability and the potential stigma of older
GPS devices such as mobile trackers attached to the belt or
additional mobile phones. Hence, the usability, acceptability,
and desirability of GPS wearables need to be addressed in future
research [38]. Other aspects that are relevant to investigate in
future studies of GPS use include the system’s ease of use
(including usability and learnability) and the users’ readiness
(including expectations [39] and eHealth literacy [40]). In
addition, involving user groups in the design of user interfaces
and supporting services can be effective in the development of
new systems that meet the needs of user groups and the context
of use [41,42].

The alarm systems studied have been implemented to varying
degrees in the social care systems of different countries. User
and CG support services also varied across the studies: in some
cases, CGs were the sole alarm receivers, whereas in others,

resources from a security company or the municipality have
supported the CGs.

Interestingly, economic effects are likely to be affected by the
value models and organization of national social care systems.
In this review, the heterogeneity of the studies in terms of
population, context, and systems was high; therefore, the
generalizability of the results is uncertain.

Further research on service development, implementation of
information and communication technologies in the public
sector, profit realization, processes for change, contribution to
political goals, business models, and health and welfare has
been recommended to support the implementation of GPS
alarms in older adult care [10]. Studies in this review that were
found in gray literature have demonstrated progress in these
areas (eg, usable and acceptable systems that were properly
integrated in the social care services of Nordic countries). These
studies were conducted as a part of larger projects—often within
national programs to promote the use of HWTs among older
adults—that aimed to study and develop products, services, and
methods for implementation.

Notably, the studies included in this review identified outcomes
that might be relevant for future studies investigating the
effectiveness of GPS-based mobile alarms on the health and
welfare of older adults and social care provision. Furthermore,
outcomes related to the health and welfare of CGs of persons
with dementia might be relevant for further investigation
[23,26]. Other outcomes related more to efficiency, such as time
spent searching for persons with dementia who were lost [24],
may be less useful in assessing effectiveness and should
therefore be considered as complementary or secondary.

This review identified a need to establish evidence in several
evidence categories in all tiers of the NICE evidence framework.
Evidence for tiers 1 and 2 might be identified from several
sources, including product documentation from suppliers of
HWT products; expert authorities; and initiatives for service
development, piloting, and implementation of HWT products.
However, for tiers 3a and 3b, further research on the
effectiveness of GPS-based mobile alarms is still needed.

Limitations
A potential limitation of this review is the exclusion of studies
with a qualitative design as well as technical validation studies.
The findings from these types of studies might have been
relevant for providing evidence for tiers 1 and 2. The study
findings were assessed using the NICE evidence standards
framework for DHTs [8], which includes evidence categories
(especially in tiers 3a and 3b) that do not support qualitative
studies. However, other evaluation strategies exist [43]. In
addition, the searches were restricted to the English and Nordic
languages, thus excluding studies published in other languages.

Comparison With Prior Work
The findings of this review are in line with previous reviews of
GPS tracker use among older adults (including persons with
dementia), which identified limited evidence on the effectiveness
of GPS tracker use on health-related outcomes, for example
[10-12]. The previous reviews provided a broader picture of
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state-of-the-art research on GPS tracker use in older adult care
[10] and for managing wandering behavior among persons with
dementia [11]. For example, the study by Røhne et al [10]
categorized findings in different research areas from 74 articles
published from 1998 to 2016. The study by Røhne et al [10]
concluded that research on GPS had increased significantly by
2014-2015, most likely because of the increased use of
smartphones, wearables, and other health technologies, and had
concentrated, up to that time, on identifying the primary user
groups and their needs and experiences. Moreover, the study
by Røhne et al [10] identified knowledge gaps related to service
development, implementation of information and
communication technologies in the public sector, profit
realization, change processes, contributions to political
objectives, business models, and health and well-being that need
to be filled for location services to be used as ordinary services
in Norwegian municipalities. This systematic review could not
identify a large increase in published studies of the effectiveness
of GPS alarms on health, welfare, and social care outcomes
after 2014. On the contrary, the publication years of the studies
included in this review are rather evenly distributed over the
search period (two each in 2012 and in the years 2014-2017,
one each in 2011 and 2018, and four in 2013). It is worth
mentioning that the included economic evaluations were
published in 2011 and 2013.

Moreover, the scoping review by Neubauer et al [11], which
included studies that used any type of study design or
methodology with positive or negative results, identified that
the most commonly used wander management
technology—from scholarly and gray literature—was GPS,
followed by alarms and sensors, with only 22% of the devices
clinically tested in home or institution settings. The review by
Neubauer et al [11] concluded that further research is needed
to identify technologies with high levels of evidence for
effectiveness and usability. The seven studies on mobile locators
included in the review by Neubauer et al [11] were published
in the period 2000-2012. Interestingly, no overlap in the included
studies was identified between the review by Neubauer et al
[11] and this review. However, this review had a small overlap
of four studies with a synthesizing review by Bartlett et al [12],
which included empirical studies of persons with dementia or
their family CGs or both using GPS. A total of 23 studies
published in the period 2007-2016 were included, and data were
synthesized across three identified themes: using GPS to prevent
harm and promote well-being; taking control; and value of GPS
data [12]. The review by Bartlett et al [12] found only nontrial
evidence and identified a lack of large-scale studies. This review
therefore complements the previous reviews in several aspects:
first, by analyzing data from different studies, mainly because
of the inclusion of only quantitative results; second, by
contributing results published after 2016; and third, by reviewing
the current evidence on GPS trackers according to the
requirements of the NICE framework. So far, the NICE
framework has been used for examples of case studies that
demonstrate evidence of the effectiveness and economic value
of a number of DHTs [9]. These studies are based largely on
information provided by the developers that has not been
independently verified. Study results published in peer-reviewed
and gray literature can therefore strengthen the validity of

evidence of DHTs. We have not been able to identify prior
systematic reviews of evidence related to HWTs that have
applied the NICE framework to the study findings. However,
one study has used the framework for classifying medical mobile
apps [44]. We envision that the number of studies that apply
the NICE framework for various purposes will increase in the
future and contribute to demonstrating evidence related to
HWTs.

Implications for Clinical Practice and Future Research
This review has identified a need for further research to provide
the required evidence for the effects of the use of GPS-based
mobile alarms on the health and welfare of older adults and
social care provision. On the basis of the NICE evidence
standards framework, examples of successful piloting of GPS
alarms in social care systems and of testing that involved older
adults and CGs have been identified.

The results can be beneficial to the social care organizations
that see the potential in GPS alarms to support older citizens’
independence in daily living activities. First, we demonstrated
that there is a lack of evidence of the clinical effectiveness of
GPS trackers in the care of older adults. Hence, the ongoing
implementations of GPS trackers have not been based on
evidence of their clinical effectiveness. Second, we clarified
the risks of implementing patient-locating systems such as GPS
with insufficient evidence based on the NICE evidence
framework. On the basis of the framework, the types of potential
risks associated with the use of HWTs with insufficient evidence
(eg, safety risks for the user and inefficient use of resources)
can be identified. Social care organizations can use this
knowledge to make informed decisions on whether they should
wait for, or demand, more evidence before they start using new
HWTs. Hence, increased awareness of what can be gained from
better evidence is important. Third, we presented experiences
from successful piloting of GPS trackers in social care systems,
for example, with regard to suitable user groups, usable and
acceptable GPS solutions, customization and development of
products and services, processes for decision-making, and
implementation. The level of evidence regarding effectiveness
and economic value needs to be considered in decision-making
processes on the implementation of HWTs when potential
benefits and risks need to be balanced. After all, money spent
on improving the health of older adults needs to be spent wisely
and efficiently.

This review has identified critical knowledge gaps that need to
be addressed in future research, most importantly with regard
to clinical effectiveness. Open questions include the clinical
effectiveness of specific GPS trackers for certain user groups
with defined supporting services. The included studies can
contribute with positive examples of implementation on which
to base future research (eg, products, user groups, and service
models) and with challenges that have been experienced in
previous research. Potential evolutions of this review are future
studies on the clinical effectiveness of already implemented or
piloted GPS trackers in their real-world implementation
environment. Thus, the interventions to be evaluated should
include user groups and service models that have been identified
and developed in the previous implementation or pilot projects.
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In addition, generating real-world evidence during the
implementation of GPS trackers in social care systems seems
to be of great importance in addressing the evidence gaps.

Conclusions
There is insufficient evidence for the effects of the use of
GPS-based mobile alarms on the health and welfare of older
adults, as well as social care provision. Best practice evidence
for two of the tier 1 evidence categories and evidence of
minimum standard for the tier 1 category of the NICE evidence
standards framework for DHTs [8] were identified. This review
identified that social care professionals have been involved in
the testing of GPS trackers, that GPS trackers have been
successfully piloted or implemented in the Nordic social care

systems, that representatives from the intended user groups
(persons with dementia and older adults) have been involved
in testing the devices, and that users were satisfied with them.
Although a number of studies have contributed data
demonstrating use, value, and measures for safeguarding at
specific time points, our review concluded that the evidence
categories for tier 2 could not be assessed from the included
studies. Finally, this review demonstrated a lack of clear
evidence of effectiveness according to the standards of evidence
categories in tiers 3a and 3b in the NICE framework, which is
required for DHTs that track patient location [8]. Future research
needs to address clinical effectiveness broadly and incorporate
aspects related to products, user groups, service models, and
challenges in social care systems in the real world.
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Abstract

Background: Gait speed measurements are widely used in clinical practice, as slow gait is a major predictor of frailty and a
diagnostic criterion for sarcopenia. With the development of wearable devices, it is possible to estimate the gait speed in daily
life by simply wearing the device.

Objective: This study aims to accurately determine the characteristics of daily life gait speed and analyze their association with
sarcopenia.

Methods: We invited community-dwelling men aged >50 years who had visited the outpatient clinic at a tertiary university
hospital to participate in the study. Daily life gait speed was assessed using a wearable smart belt (WELT) for a period of 4 weeks.
Data from participants who wore the smart belt for at least 10 days during this period were included. After 4 weeks, data from a
survey about medical and social history, usual gait speed measurements, handgrip strength measurements, and dual-energy x-ray
absorptiometry were analyzed.

Results: A total of 217,578 daily life gait speed measurements from 106 participants (mean age 71.1, SD 7.6 years) were
analyzed. The mean daily life gait speed was 1.23 (SD 0.26) m/s. The daily life gait speed of the participants varied according
to the time of the day and day of the week. Daily life gait speed significantly slowed down with age (P<.001). Participants with
sarcopenia had significantly lower mean daily life gait speed (mean 1.12, SD 0.11 m/s) than participants without sarcopenia
(mean 1.23, SD 0.08 m/s; P<.001). Analysis of factors related to mean daily life gait speed showed that age and skeletal muscle
mass of the lower limbs were significantly associated characteristics.

Conclusions: More diverse and accurate information about gait speed can be obtained by measuring daily life gait speed using
a wearable device over an appropriate period, compared with one-time measurements performed in a laboratory setting. Importantly,
in addition to age, daily life gait speed is significantly associated with skeletal muscle mass of the lower limbs.

(J Med Internet Res 2021;23(10):e29884)   doi:10.2196/29884
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Introduction

Background
Globally, populations are aging, including in Korea, where the
population is aging rapidly because of extended life expectancy
[1] and a low fertility rate. In 2017, more than 14% of the total
population in Korea was aged ≥65 years.

Frailty, as a reflection of decreased physiological reserve, is
closely associated with increased biological age [2], concurrent
medical conditions, morbidity, and decreased survival in older
individuals [3]. Frailty assessments are clinically useful for
determining the heterogeneous health status of older individuals
[4]. Sarcopenia, defined as low muscle mass and low muscle
strength, is a key characteristic of frailty [5-7]. Recently, the
treatment of sarcopenia has become a key strategy for preventing
and overcoming frailty [8].

Slow gait speed is a major feature of frailty [9] and a diagnostic
criterion for sarcopenia [6,7]; therefore, gait speed measurement
is widely used to assess frailty. However, gait speed
measurement methods are not completely standardized, and the
term usual gait speed refers to a measure that has been
commonly used as part of this fast, safe, and inexpensive
assessment [10,11]. Usual gait speed is calculated by instructing
the individual to walk a certain distance at their usual pace in
the laboratory and then measuring the time it takes to cover that
distance.

Currently, technology is advancing at a rapid pace in the area
of wearable devices, which can be used to measure a variety of
attributes. Wearable sensors allow frequent and continuous
measurements of body functions, including various physical
activities, such as walking, running, and biking [12]. With the
availability of these wearable devices, it is possible to measure
and track daily life gait speed in the real world without
significant additional effort by asking the patient to wear the
device [13,14]. Moreover, it is questionable whether the usual
gait speed measured in the laboratory can represent daily gait
speed in an individual’s real world [15]. Few studies have
compared usual gait speed and real-world gait speed in analyses
of the associations between muscle mass or muscle strength
and gait speed.

Objectives
The primary aim of this study was to identify the characteristics
of daily life gait speed in community-dwelling older male adults
and to analyze the association of these characteristics with
sarcopenia. The secondary objective was to compare the results
of daily life gait speed obtained using a wearable device with
usual gait speed measured in the laboratory by analyzing the
associations of muscle mass and muscle strength with gait speed.

Methods

Study Population
This observational study was conducted at Seoul National
University Bundang Hospital. Men aged >50 years who could
walk unassisted were recruited consecutively from November
16, 2018, to April 12, 2019.

Study Protocol
The WELT (WELT Corp, Ltd) is a belt-type wearable device
that uses a triaxial accelerometer to continuously measure the
wearer’s gait speed while walking. The smart belt measures the
walking speed using the step interval time and stride length. An
algorithm for detecting and analyzing peaks is used to identify
the steps. Two consecutive peaks are detected as steps occur,
and the step interval time between the peaks is measured in
0.1-second increments. There are several ways to estimate stride
length, and WELT adopts a method that uses a sex-based
constant and height [16,17]. As a result, it is possible to
continuously measure gait speed that changes with the step
interval time.

Participants were asked to wear the WELT for 4 weeks as they
went about their daily lives, and their daily life gait speed was
recorded. After 4 weeks, a survey that included questions about
social history and past medical history was administered, usual
gait speed and handgrip strength measurements were obtained,
and a dual-energy x-ray absorptiometry (DEXA) was performed.

Usual gait speed was calculated for each participant using
distance in meters and time in seconds. A marked walkway and
an automated laser-gated chronometer attached to the wall were
used to calculate gait speed [18]. The walkway consisted of a
1-m acceleration phase, 4.5-m timed section, and a 1-m
deceleration phase. The chronometer started and stopped
automatically as each participant crossed into and out of the
timed section. The participants were instructed to walk at their
usual pace. Handgrip strength was measured using a Jamar Plus
digital hand dynamometer (Patterson Medical). Participants
were seated in a chair with their shoulder adducted and neutrally
rotated, their elbow flexed to 90°, and their forearm and wrist
neutrally positioned. A total of three consecutive measurements
of the dominant hand were taken with a brief rest between
measurements, and the average scores were obtained and
recorded in kilograms. DEXA was used to measure the limb
skeletal muscle mass of the participants. It is very useful for
body composition analysis because fat mass, nonbone lean mass,
and bone mineral content can be differentiated at both the
regional and whole-body levels [19]. A Horizon W machine
(Hologic Inc) was used to measure appendicular skeletal muscle
mass [20]. Before the DEXA scan, participants were asked to
remove all metal objects and change into hospital gowns.
Scanning was performed by an imaging technician in the
laboratory. The scan time was approximately 10 minutes.
Appendicular skeletal muscle mass was calculated as the sum
of the muscle mass of both arms and legs.

Sarcopenia was defined based on the diagnostic criteria of the
Asian Working Group for Sarcopenia [6]. Low muscle strength
was defined as a handgrip measurement of <28 kg. Low physical
performance was defined as a usual gait speed of <1.0 m/s.
Sarcopenia was diagnosed when the individual demonstrated a
low appendicular skeletal muscle mass and low muscle strength
or low physical performance.

Daily life gait speed was analyzed using data from participants
who wore the wearable device for at least 10 days during the
4-week study period. The characteristics of daily life gait speed
in the real world were identified, and the association between
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daily life gait speed and sarcopenia was analyzed. In addition,
usual gait speed and daily life gait speed were compared by an
analysis of the association between muscle mass or muscle
strength and gait speed.

Statistical Analysis
All statistical analyses were performed using SPSS version 21.0
(IBM Corporation). Continuous variables were expressed as
mean (SD) and were compared using either a two-tailed unpaired
t test or one-way analysis of variance. Discrete variables were
expressed as counts and percentages, and the proportions were
compared using the chi-square test or Fisher exact test. We used
correlation analysis and linear regression analysis to identify
factors related to daily life gait speed. All statistical analyses
were two tailed, and P<.05 were considered statistically
significant.

Ethical Standards
This study was approved by the institutional review board of
Seoul National University Bundang Hospital (Institutional

Review Board No. B-1808/486-002). All participants provided
written informed consent before participation. The study was
performed in accordance with the principles of the Declaration
of Helsinki.

Results

Characteristics of Study Participants
A total of 217,578 daily life gait speed measurements were
analyzed from 106 participants who completed the study (Figure
1). The average age of the participants was 71.1 (SD 7.6; range
52-90) years, and the average number of gait speed
measurements per participant was 2052.6 (SD 1022.3; range
618-4783). The mean daily life gait speed of the participants
was 1.23 (SD 0.26; range 0.94-1.39) m/s, and the average
walking time per day was 88.0 (SD 40.2; range 30.5-176.5)
minutes.

Figure 1. Flow diagram of the study population. SNUBH: Seoul National University Bundang Hospital.

Characteristics of Daily Life Gait Speed Measured
Using a Wearable Device
The characteristics of daily life gait speed were presented in
Figure 2. The daily life gait speed was significantly lower in
older individuals (P<.001). Participants walked the fastest
between 5 AM and 7 AM and the slowest at night (P<.001).
There was a statistically significant difference in daily life gait
speed according to the day of the week (P<.001), and weekday
gait speed (mean 1.23, SD 0.26 m/s) was significantly faster
than weekend gait speed (mean 1.22, SD 0.26 m/s; P<.001).
Walking time per day differed significantly on weekdays (mean
93. 4, SD 47.0 minutes) and weekends (mean 74.5, SD 41.6
minutes; P<.001).

To compare daily life gait speed with usual gait speed, the daily
life gait speed for each participant was calculated as a percentile
compared with their own usual gait speed. The participants’

daily life gait speed varied widely. The corresponding
percentiles ranged from 30.3 percentile to 181.0 percentile, with
a median value of 102.9 percentile. In their daily lives, a walking
speed >25% faster than their own usual gait speed was observed
in 13.46% (29,279/217,578) of the total number of
measurements, and a walking speed >25% slower than their
own usual gait speed was observed in 14.58% (31,728/217,578)
of the total number of measurements. In the analysis of the
correlation between daily life gait speed and usual gait speed,
only a negligible correlation was confirmed (Pearson r=0.155;
P<.001; Figure 3). However, in the analysis of the correlation
between mean daily life gait speed and usual gait speed, a
moderate positive correlation was confirmed (Pearson r=0.504;
P<.001; Figure 3). In the analysis of the correlation between
the SD of daily life gait speed and usual gait speed, only a
negligible correlation was confirmed (Pearson r=0.195; P=.046;
Figure 3). In addition, no significant correlation was found
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between the coefficient of variation of daily life gait speed and usual gait speed (Pearson r=−0.139; P=.16; Figure 3).

Figure 2. The characteristics of daily life gait speed measured using a wearable device. Comparison of daily life gait speed (A) by age group; (B) by
time of day; (C) by day of the week; (D) between weekdays and weekends.

Figure 3. Scatterplot of daily life gait speed and usual gait speed. (A) Scatterplot of daily life gait speed and usual gait speed (Pearson correlation
coefficient = 0.155; P<.001). (B) Scatterplot of mean daily life gait speed and usual gait speed (Pearson correlation coefficient = 0.504; P<.001). (C)
Scatterplot of SD of daily life gait speed and usual gait speed (Pearson correlation coefficient = 0.195; P=.046). (D) Scatterplot of coefficient of variation
of daily life gait speed and usual gait speed (Pearson correlation coefficient = −0.139; P=.16).

Comparison Between Study Participants With and
Without Sarcopenia
Participants with low muscle strength (handgrip strength <28
kg) had significantly lower daily life gait speed than those with

normal muscle strength (mean 1.15, SD 0.25 m/s vs mean 1.23,
SD 0.26 m/s; P<.001). There were also significant differences
in daily life gait speed between participants with low muscle

mass (appendicular skeletal muscle mass <7.0 kg/m2) and those
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with normal muscle mass (mean 1.22, SD 0.26 m/s vs mean
1.25, SD 0.26 m/s; P<.001).

A total of 13 participants (13/106, 12.3%) were diagnosed with
sarcopenia based on the diagnostic criteria of the Asian Working
Group for Sarcopenia. Participants with sarcopenia (mean 76.0,
SD 6.2 years) were older than participants without sarcopenia
(mean 70.5, SD 7.6 years; P=.01) and had significantly lower

mean daily life gait speed than normal participants (mean 1.12,
SD 0.11 m/s vs mean 1.23, SD 0.08 m/s; P<.001). Sarcopenic
participants had significantly lower handgrip strength and lower
appendicular skeletal muscle mass. In addition, among
participants with sarcopenia, the proportion of patients who had
angina and were current smokers was significantly higher (Table
1).

Table 1. Comparison between study participants with and without sarcopenia.

P valueNormal (n=93)Sarcopenia (n=13)Total (N=106)Characteristics

.01Age (years)

70.5 (7.6)76.0 (6.2)71.1 (7.6)Mean (SD)

52-9067-8852-90Range

.54BMI (kg/m2)

24.5 (2.5)25.0 (2.5)24.6 (2.5)Mean (SD)

17.0-30.820.7-29.217.0-30.8Range

.38Education period (years)

14.4 (3.2)13.5 (3.3)14.3 (3.2)Mean (SD)

6-208-206-20Range

.79Job status

39 (41.9)5 (38.5)44 (41.5)Incumbent

53 (57)8 (61.5)61 (57.5)Retired

.1356 (60.2)11 (84.6)67 (63.2)Hypertension, n (%)

.9925 (26.9)3 (23.1)28 (26.4)Diabetes mellitus, n (%)

.0316 (17.2)6 (46.2)22 (20.8)Angina, n (%)

.9916 (17.2)2 (15.4)18 (17)Arthritis, n (%)

.004Smoking, n (%)

10 (10.8)6 (46.2)16 (15.1)Current smoker

70 (75.3)6 (46.2)76 (71.7)Ex-smoker

13 (14)1 (7.7)14 (13.2)Never smoker

<.001Usual gait speed (m/s)

1.28 (0.16)0.97 (0.12)1.24 (0.19)Mean (SD)

0.91-1.710.74-1.200.74-1.71Range

<.001Daily life gait speed (m/s)

1.23 (0.08)1.12 (0.11)1.22 (0.09)Mean (SD)

1.06-1.390.94-1.330.94-1.39Range

<.001Handgrip strengtha (kg)

37.2 (5.8)27.4 (5.4)36.0 (6.6)Mean (SD)

24.5-50.322.1-38.022.1-50.3Range

.003Appendicular skeletal muscle mass/height2 (kg/m2)

6.79 (0.77)6.39 (0.34)6.74 (0.74)Mean (SD)

5.21-8.875.68-6.975.21-8.87Range

aAverage grip strength measured three times in the dominant hand.

Participants with sarcopenia walked faster from 5 AM to 7 AM
than at other times of the day (P<.001); however, there were
no significant differences between weekday and weekend gait

speeds (P=.64). Participants with sarcopenia (mean 78.2, SD
45.4 minutes) had significantly less walking time per day than
participants without sarcopenia (mean 89.3, SD 46.3 minutes;
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P=.03). In addition, there was no significant difference in
walking time per day between weekdays (mean 82.4, SD 46.3
minutes) and weekends (mean 67.8, SD 42.1 minutes) in the
participants with sarcopenia (P=.17). In the analysis of the
correlation between daily walking time and sarcopenia-related
factors, it was observed that grip strength, skeletal muscle mass
of the lower limbs, and usual gait speed had a negligible
correlation with walking time (walking time and grip strength:
Pearson r=0.111; P=.003; walking time and skeletal muscle
mass of the lower limbs: Pearson r= 0.152; P<.001; and walking
time and usual gait speed: Pearson r=0.112; P=.002). Analysis
of the correlation between daily walking time and mean daily
life gait speed revealed a low positive correlation (Pearson
r=0.315; P<.001).

There was no significant difference between the mean daily life
gait speed (mean 1.12, SD 0.11 m/s) and the median value of
daily life gait speed (mean 1.11, SD 0.12 m/s; P=.45) in
participants with sarcopenia, but those without sarcopenia had

median values (mean 1.27, SD 0.13 m/s) significantly higher
than the mean values (mean 1.23, SD 0.08 m/s; P<.001). There
was no significant difference in the SD of daily life gait speed
in participants with sarcopenia (mean 0.23, SD 0.02 m/s) and
those without sarcopenia (mean 0.25, SD 0.03 m/s; P=.06).
There was also no significant difference in the coefficient of
variation in daily life gait speed between participants with
sarcopenia (mean 20.58%, SD 2.37%) and those without
sarcopenia (mean 19.96%, SD 2.13%; P=.34).

Factors Associated With Mean Daily Life Gait Speed
The correlation analysis of the potential factors associated with
mean daily life gait speed showed that age, height, and skeletal
muscle mass of the lower limbs were significantly correlated
with mean daily life gait speed (Table 2). In a linear regression
analysis with correlated factors, age and lower skeletal muscle
mass were significantly associated with mean daily life gait
speed. Participants who were younger and had more skeletal
muscle mass in their lower limbs walked faster (Table 3).

Table 2. Correlation analysis (Pearson r and one/two-tailed P values) with mean daily life gait speed.a

Skeletal muscle mass of
the lower limbs

BMIBody weightHeightAgeMean daily life
gait speed

Variable

Mean daily life gait speed

0.383−0.0740.1080.333−0.3571r

<.001.45.27<.001<.001—bP value

Age

−0.338−0.073−0.237−0.2741−0.357r

<.001.46.01.004—<.001P value

Height

0.523−0.0620.4661−0.2740.333r

<.001.53<.001—.004<.001P value

Body weight

0.7970.82410.466−0.2370.108r

<.001<.001—<.001.01.27P value

BMI

0.59610.824−0.062−0.073−0.074r

<.001—<.001.53.46.45P value

Skeletal muscle mass of the lower limbs

10.5960.7970.523−0.3380.383r

—<.001<.001<.001<.001<.001P value

aThe correlation is significant at a level of .001 (one/two-tailed).
bNot applicable.
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Table 3. Linear regression analysis.a

Variance inflation factorP valuet statisticβBIndependent variable

N/AN/AN/AN/Ab0.837Constant

1.146.01−2.566−.240−0.003Age (years)

1.397.151.454.1500.259Height (m)

1.459.042.116.2230.011Skeletal muscle mass of the lower limbs (kg)

aDependent variable is mean daily life gait speed.
bN/A: not applicable.

Comparison Between Daily Life Gait Speed and Usual
Gait Speed in the Analysis of Associations With Muscle
Mass and Muscle Strength
A correlation analysis of gait speed, handgrip strength, and
appendicular skeletal muscle mass showed that mean daily life
gait speed was significantly and positively correlated with
handgrip strength (Pearson r=0.380; P<.001) and appendicular
skeletal muscle mass (Pearson r=0.355; P<.001). Usual gait
speed had a significant positive correlation with handgrip
strength (Pearson r=0.501; P<.001) but was less correlated with
muscle mass (Pearson r=0.227; P=.02).

Discussion

Principal Findings
In this study, we showed that daily life gait speeds varied
depending on the time of day and day of the week. Daily life
gait speed showed greater variability than usual gait speed. The
mean daily life gait speed was lower in participants with
sarcopenia. When analyzing factors related to daily life gait
speed, age and skeletal muscle mass of the lower limbs were
significantly associated with mean daily life gait speed. The
mean daily life gait speed was significantly and positively
correlated with handgrip strength and appendicular skeletal
muscle mass.

Walking speed is a valid and reliable measure for assessing the
functional status of older adults [21], and identification of a
slow walking speed is a simple approach to the diagnosis of
frailty [22]. Gait speed at an individual’s usual pace is known
to be associated with survival in older adults [23] and has been
widely used as a tool to predict adverse outcomes in
community-dwelling older individuals, including falls, disability,
institutionalization, and mortality [9,24]. However, one study
demonstrated that usual gait speed does not represent daily life
gait speed because it is not strongly related to daily gait speed
[15]. Assessment of daily life gait speed showed that the men
in our study walked significantly faster in the morning than
during the rest of the day, and men with sarcopenia also walked
faster in the morning. People may walk faster in the early
morning because they usually have to go to work or attend social
activities at a specified time. Participants in our study also
walked faster on weekdays than on weekends. However, this
difference was not significant in individuals with sarcopenia.
This may be related to a decrease in the daily life gait speed of
participants with sarcopenia, especially a decrease in the use of
a fast gait speed. This is supported by the fact that men without

sarcopenia often walked faster than their mean daily life gait
speed, whereas participants with sarcopenia did not. As gait
speed varied depending on the time of day and day of the week
and the distribution of gait speed was very diverse, it would be
difficult to accurately reflect the actual gait speed of individuals
using one or two usual gait speed measurements obtained in
the clinical setting. In fact, we found that the Pearson correlation
coefficient between daily life gait speed and usual gait speed
was negligible [25]. In addition, although the direct correlation
between walking time and sarcopenia-related factors is not clear,
people who spend more time walking tend to walk faster in their
daily lives. An increase in walking-related exercise may be
associated with a decrease in sarcopenia [26].

In this study, the mean value was used to represent the daily
life gait speed to identify factors related to gait speed and to
analyze the associations between gait speed and sarcopenia.
Age and skeletal muscle mass of the lower limbs were
significantly associated with the mean daily life gait speed.
Reduced walking speed is associated with increasing age
[27,28]. A decrease in the muscle mass of the lower limbs is
also associated with a decrease in gait speed [29].

The participants in our study who had sarcopenia walked
significantly more slowly in their daily lives than those without
sarcopenia. This result was expected considering that patients
with sarcopenia demonstrate various deteriorations in their
physical performance [30,31]. Gait speed is a representative
indicator of physical performance and is included in the
diagnostic criteria for sarcopenia [6,7]. Diagnostic criteria
commonly use the results of a 4- or 6-m usual gait speed test.
Analyzing associations between daily life gait speed, muscle
strength, and muscle mass, daily life gait speed also accurately
reflects the sarcopenic state.

Advances in wearable devices have made it possible to
continuously measure daily gait speed in the real world. As men
usually wear belts in their daily lives, belt-type wearable devices
can be used to measure daily life gait speed as naturally as
possible over a long period. In fact, smart belt wearers can check
their average walking speed on a daily, weekly, or monthly
basis using a specific application. Therefore, older people would
be able to identify a decrease in their physical performance in
real life and, if so, would be able to visit health care providers
for active intervention.

Strengths and Limitations
This study had several strengths. First, the analysis was
performed using gait speed data measured more than 200,000
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times over a period of ≥10 days. Therefore, the results reflect
the actual gait speed of the participants more accurately than
the current common practice of usual gait speed measured in a
laboratory at only one point in time. Second, the skeletal muscle
mass of participants was accurately measured by the standard
method using DEXA, and it was confirmed that the skeletal
muscle mass of the lower limbs had a statistically significant
association with gait speed. Third, we found that walking speed
could be measured continuously over a long period using a
belt-type wearable device. On the basis of these results, it is
feasible to carry out more precise longitudinal studies in the
future, including studies focused on the prediction of a negative
prognosis related to a change in walking speed.

This study has some limitations. First, we could not determine
a causal relationship between skeletal muscle mass and gait
speed because of the limitations inherent to the cross-sectional
study design. A second limitation was that the study included
only male participants. We chose male participants as Korean
women who met our age criterion of >50 years do not usually
wear belts, and we wanted to be certain that the participants
could wear the device with ease. Accordingly, the findings
observed in this study cannot be applied to women who usually
do not use belts. To overcome this problem, we considered two
solutions to this limitation. One was to improve the esthetic
look of the belt so that women could wear it as a fashion
accessory. The other was to place a plastic case containing the
sensor, circuit, and battery in the same position as the buckle
of the belt in the form of a clip.

Finally, we developed an algorithm for detecting and analyzing
gait speed, but this has not been fully validated. However, a
previous study reported that a method based on the detection
of heel-strike events using a triaxial accelerometer to confirm
that each step is suitable for measuring gait speed [32]. In our
unpublished data, when comparing the gait data measured using
WELT with that measured using video readings in 10 healthy
adults, the mean step count was 95.9% (SD 4.2%) consistent.
The mean sensitivity of the WELT step detection algorithm was
87.9% (SD 2.8%), and the mean positive predictive value was
92.4% (SD 3.3%). However, there were no data regarding gait
speed in patients with pathological gait patterns such as
neurologic (Parkinson disease) or orthopedic conditions. Further
studies are required to confirm the validity of wearable
device–based gait speed measurements.

Conclusions
Diverse and accurate information can be obtained by measuring
daily life gait speed using a wearable device. Daily life gait
speed is significantly associated with age and skeletal muscle
mass of the lower limbs. As gait speed is a representative
indicator of physical performance, older individuals would be
able to detect a decrease in physical performance in real life by
checking their walking speed. In addition, as it is possible to
measure daily gait speed continuously over a long period using
a wearable device, daily life gait speed data will be available
for use in future longitudinal studies. Further studies are needed,
especially studies aimed at developing a method to accurately
measure women’s daily life gait speed as naturally as possible.
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Abstract

Background: Mobile apps targeting women with breast cancer can facilitate access to information, improve well-being, and
record reports of treatment-related symptoms. However, it is important to confirm the benefits of these apps before they are used
as a tool in clinical care.

Objective: The aim of this study was to evaluate the functionality and the usability of a mobile app created to guide and monitor
patients with breast cancer undergoing radiation therapy.

Methods: The evaluation process of the mobile app was performed in 2 steps with 8 professionals, including nurses, physician,
medical physicists, and communication networks engineer. The first step was the focus group, which allowed obtaining suggestions
proposed by the participants regarding the improvement of the mobile app. The second step was the individual filling in of an
evaluation tool to obtain objective measures about the mobile app. A minimum concordance index of 80% was considered to
ensure the adequacy of the material.

Results: After the mobile app was evaluated by 8 professionals, only 1 item of the evaluation tool, that is, concerning the
potentiality of the app to be used by users of different educational levels, obtained a concordance index <80%.

Conclusions: The mobile app titled “AMOR Mama” was considered suitable, which suggests its contribution to an educational
health technology to guide and monitor patients with breast cancer undergoing radiation therapy. More studies with this target
population should be carried out to assess the performance and quality of the mobile app during its use.

(J Med Internet Res 2021;23(10):e24865)   doi:10.2196/24865

KEYWORDS

mobile applications; health education; nursing care; oncology nursing; educational technology; breast neoplasms; radiation therapy

Introduction

Cancer is a leading cause of disability and mortality worldwide,
affecting more than 18 million people each year [1]. Breast
cancer is the most frequent among women, with approximately

2.1 million new cases diagnosed in 2018 [2]. Radiation therapy
is a treatment modality that uses ionizing radiation to prevent
the multiplication of tumor cells and to determine their death
by delivering radiation to the tumor with the least possible
damage to the healthy surrounding tissues [3]. When the breast
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region is exposed to radiation therapy, the most common
side-effects are pain, radiation dermatitis, restricted mobility,
local sensory alteration, and fatigue [4]. In addition to the
physical factors related to the disease and treatment, it is worth
mentioning the negative psychological impacts caused by breast
cancer, mainly on the perception of body image, sexuality, and
femininity [5]. Therefore, nurses need to perform their care role
related to cancer and therapy effects as a facilitator in the coping
process when providing comprehensive and individualized care
to patients.

Mobile apps can help individuals in managing their own health
and well-being as well as in promoting healthy lifestyles and
obtaining quick access to important information. The use of
mobile technologies has brought innovative possibilities for
improving health care provision [6]. A study reported the
development of a mobile app prototype to assist health care
professionals in the prevention and classification of pressure
ulcers. The app was evaluated for technical and functional
quality by experts in the field of computing and nursing, and it
was considered adequate with respect to reliability, usability,
efficiency, functionality, and portability [7]. Another study
described the development and evaluation of an app to support
decision-making in the process of early mobilization of critical
patients admitted to an intensive care unit. The app was
evaluated by 58 physiotherapy undergraduate students, and it
was considered practical and easy to understand and manipulate
[8]. A separate study focused on the development and testing
of a tablet app to collect computerized data on tobacco use
among psychiatric patients and the general population, thereby
replacing paper surveys. This app prevented human errors,
allowed automatic tabulation, and made the interviews less
tiring [9]. A recent systematic review suggests that apps for
women with breast cancer can facilitate access to information
and improve patients’ well-being as well as improve the report
of symptoms and adverse treatment-related effects. However,
the real benefit of using apps is still uncertain since the apps
are often introduced into clinical care before necessary research
is carried out to confirm their benefits [10]. In this context, this
study aimed to evaluate the functionality and the usability of a
mobile app created to guide and monitor patients with breast
cancer undergoing radiation therapy.

Methods

Study Design
This is a methodological research focusing on the evaluation
of the functionality and usability of a mobile app prototype for
patients with breast cancer undergoing radiation therapy. The
app was entitled “AMOR Mama” and features content of an
educational manual developed and validated in a previous study
called as “Orientations Manual: breast radiation therapy” [11].
The manual contains 36 pages, divided into pretextual items
(cover, back cover, cataloguing sheet, index, presentation, and
registration card), textual items (chapters on radiation therapy,
stages of treatment, adverse effects of radiation therapy, and
how to prevent them), and posttextual items (latest information,
weekly diary, and bibliographical references).

The features and functionality of the app were then defined and
associated with the textual content of the validated manual.
Among them, we can mention user registration; registration of
events in calendar and medications in use, including the
possibility of generating automatic reminders through
notifications; calculation of the water intake target according
to the user’s weight; recording and monitoring of signs and
symptoms related to breast radiation therapy, as well as
recommendations and necessary care. The data registration was
planned to be used in the preparation of reports that can be
forwarded to the health team involved in the user’s care, thus
facilitating their monitoring.

We aimed to develop a prototype of an app with relevant
information and useful resources to encourage interaction
between the user and the app. It has 5 menus that list the main
sections: Home Page, About Radiation Therapy, Diary,
Schedule, and Settings. One of the features of “Settings” is the
tutorial that was designed to be the user’s initial experience
during their first access.

Methodological Reference
We chose to use the standard published by the International
Organization of Standardization and the International
Electrotechnical Commission, revised and translated by the
Brazilian Association of Technical Standards, named as NBR
ISO/IEC 9126-1. This standard describes a quality model for
software products, which is composed of 2 parts: internal and
external quality and quality in use [12]. The internal and external
quality of the software refer to a group of characteristics that
the model must present to be able to meet the user’s needs, such
as functionality, usability, reliability, efficiency, maintainability,
and portability [12]. Quality in use involves 4 characteristics:
effectiveness, productivity, safety, and satisfaction. It is related
to the evaluation of the final product from the user’s point of
view, which is measured according to the performance obtained
by the target audience when using the software. It is necessary
to guarantee the internal and external quality of software to
obtain the quality in use [12].

This study carried out the internal and external quality of the
software, and the characteristics of functionality and usability
were investigated since what is being evaluated is a prototype
of an app, that is, a set of screens that present the interface and
the proposed functions for the app and not the software that is
already developed. The functionality is related to the potentiality
of the app to offer the functions and resources that meet the
needs of users, that is, the degree to which the software is able
to provide functions that satisfy such needs [12,13]. Usability
is achieved when the software has intelligibility,
apprehensibility, and operability, that is, when it is easy to
understand, to learn, and to operate [12]. Good usability is
directly related to the success of the software in which the user
is able to employ the functions and resources offered by the app
with ease and efficiency [13].

Process of the Mobile App Design Assessment
This study carried out actions that involve the development of
software up to the modeling phase, that is, the elaboration and
analysis of a project. A project is the representation of the
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aspects of software that are visible to the user such as the
interface layout and the display formats on the screen [13].
Figure 1 shows the software development cycle: the blue boxes

show the steps that were developed in this study while the gray
boxes show the steps that will be developed in a future study.

Figure 1. Phases of software development. The blue boxes show the steps that were developed in this study while the gray boxes show the steps that
will be developed in a future study.

The evaluation process of the app prototype was performed in
2 steps. The first one was the focus group, which allowed
obtaining the suggestions proposed by the participants regarding
the improvement of the app. The second step was the individual
filling in of an evaluation tool to obtain objective measures
about the mobile app. The researcher presented the display
screens of the mobile app prototype during the meeting of the
focus groups, with the aid of a multimedia projector. The
interface was exhibited and its functionality demonstrated.

Research Participants
Intentional nonprobabilistic sampling was used, considering
that the sample must be defined according to the study
objectives. The factors used to choose these professionals were
then determined according to their academic degree,
specialization, scientific production, knowledge, and time of
work, according to the adaptation of the evaluation system
defined in the Fehring model (1987) [14]. The recommendation
is that at least 8 participants perform the design assessment of
the mobile app [15]. The invitation was sent by email to 20
professionals qualified to participate in the study. Six
professionals expressed interest in participating; however, they
were not available during the days and times foreseen for the

focus group, while 6 other professionals did not respond to the
invitation even after 3 attempts to contact them. Therefore, 8
professionals participated in this research who attended the
focus group at an agreed date and time.

Data Collection and Analysis
The data were collected from November to December 2019.
There were difficulties in scheduling a single meeting with all
the professionals, given the specificities and individual demands.
Therefore, 2 focus groups were held at different dates and times,
previously agreed with the participants. The suggestions
obtained through the focus groups were transcribed and analyzed
by the researchers both within each focus group and
comparatively between the 2 focus groups carried out to identify
suggestion patterns. The quantitative data were collected using
a Likert scale evaluation tool, which allowed objective measures
to be obtained in relation to participants’opinions about the app
prototype. This tool was adapted from a preexisting
questionnaire [16], with the necessary changes and adjustments
in relation to the theme addressed in this study. It has 5 levels
of judgment regarding the items: no, in parts, not sure, yes, and
certainly. The options yes and certainly were grouped and
represent the adequacy of the item. To determine the adequacy
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of the app prototype, a minimum concordance index of 80%
was determined among the participants [17]. The set composed
of options yes (Y) and certainly (C) should comprise at least
80% of professionals’ responses to determine the quality of the
app. Thus, concordance index was calculated by the
mathematical formula: (Y+C)×100/total responses. Each item
that obtained concordance index below 80% was analyzed and
the app was improved according to the participants’suggestions,
scientific literature, and clinical evidence.

Ethical Aspects of the Research
This research project was sent to the Research Ethics Committee
of the College of Health Sciences of the University of Brasilia
(CEP/FS-UnB) and approved by Opinion 2.608.031, CAAE:
71348417.7.0000.0030.

Results

Profile of the Research Participants
For the mobile app evaluation, the sample consisted of 8
professionals, including nurses, doctor, medical physicists, and
communication network engineer. Regarding gender, 5 were
women and 3 were men. The age of the professionals ranged
from 24 to 43 years (mean 32 [SD 6] years), while educational

background ranged from 2 to 20 years (mean 8 [SD 6] years)
and that of working in the subject area from 1 to 20 years (mean
7 [SD 6] years). Regarding the highest academic degree, 6
participants had master’s degrees and 2 were specialists.

Process of the Mobile App Design Assessment
The professionals’ evaluations (N=8) were analyzed
quantitatively. In the evaluation tool, the options yes and
certainly were grouped to represent the adequacy of the item.
Table 1 shows the judgment of the experts and the concordance
index for each item of the evaluation tool. The focus was to
investigate the participants’ opinion regarding the usability of
the mobile app and the possibility of it being recommended for
wide use by patients with breast cancer undergoing radiotherapy.
Only item 19 did not reach the minimum concordance index
established, reaching 75% of agreement among the experts. All
other items reached a minimum concordance index of 80%
(range 88%-100%).

In item 19, the professional who marked the option “in parts”
gave the following justification for their choice: “I believe that
the initial guidelines for tomography and symptoms—as
presented in the text—are not simple for patients with different
levels of education (E4).”
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Table 1. Professionals’ assessment regarding the usability and functionality of the mobile app prototype.

Concordance index

(%)a
Experts’ levels of judgement (N=8)Evaluation items

CertainlyYesNot sureIn partsNo

100710001. It seems to be easy to understand the concept and manipulation of the
app.

100800002. The app appears to be self-explanatory.

100710003. The tutorial is useful to optimize the use of the app.

100710004. The organization of the menu is logical.

100710005. Icons are clear and intuitive.

100620006. The look of the app (design and layout) is attractive.

100710007. It appears to be easy to navigate the app screens.

100710008. The sequence of actions in the app is consistent.

100620009. The app has useful functions.

1007100010. The app appears to be accurate in performing its functions.

1006200011. It seems easy to find information in the app.

1006200012. It seems easy to insert personal information in the app.

1005300013. It seems easy to insert events and medications into the app.

1006200014. The texts in the app are easy to read.

1008000015. The illustrations are important to complement the texts and facilitate
the use of the app.

1007100016. The screens are visually pleasing and seem to encourage the use of
the app.

1006200017. Using the app seems simple and accessible.

1006200018. It seems possible to maintain interaction between the user and the
app.

752411019. The app can be used by users of different educational levels.

885210020. I believe that most users would learn how to use the app.

886110021. The app can be used anywhere, such as at home, hospital, or street.

1008000022. I would recommend the app to be used by women with breast cancer
undergoing radiation therapy.

aConcordance index was calculated by the sum of yes and certainly judgments: (Yes+Certainly)×100/total of responses.

Research Participants’ Suggestions
After analyzing the suggestions of the focus groups, the changes
proposed by the participants and the researchers’ decisions
regarding whether to accept such changes in the final version

of the app are described in Table 2. It is worth mentioning that
the communication networks engineer was the professional that
suggested the most number of changes, which are mainly related
to the functions and resources of the app.
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Table 2. Summary of the participants’ proposed changes and the researchers’ decision.

DecisionParticipants’ changes proposedItems (list of
changes)

AcceptedChange the app title “A.M.O.R. Mama” to “AMOR Mama”Icon

Tutorial

AcceptedReplace “About the app” (from Portuguese Sobre o app) with “Tutorial”1

AcceptedAdd an introduction screen to the tutorial2

AcceptedAdd information about the home page3

AcceptedReplace “Clicking on this icon at the navigation bar (…)” (from Portuguese Clicando neste ícone na barra de
navegação(...)) with “Here you will find your diary, where you will be able to insert (…)” (from Portuguese Aqui
você encontrará o seu Diário, onde poderá registrar (...))

4

AcceptedReplace “Clicking on this icon at the navigation bar (…)” with “On this icon you will access your calendar, where
you will be able to insert (…)” (from Portuguese Neste ícone você terá acesso a sua Agenda, onde poderá
cadastrar (...))

5

AcceptedReplace “Clicking on this icon at the navigation bar (…)” with “Here you will be able to change your personal
data and obtain information about (…)” (from Portuguese Aqui você poderá alterar seus dados pessoais e obter
informações sobre (...))

6

AcceptedAdd a tutorial completion screen7

AcceptedAdd a home page that includes the information recorded daily in the scheduleHome page

About radiation therapy

AcceptedAdd explanatory videos recorded by the team and in the real treatment environment1

Not acceptedAdd links to informational content available on the web2

AcceptedIn “Steps of the Treatment” (from Portuguese Etapas do Tratamento), include the possibility of adding the date
and time of the tomography

3

AcceptedIn “Adverse Effects” (from Portuguese Efeitos Adversos), add a direct link to the schedule, allowing the insertion
of appointments already scheduled at the institution

4

Diary

AcceptedAdd “Export data” (from Portuguese Exportar dados) next to the download icon1

AcceptedAdd the possibility to select the period and data to download2

AcceptedReplace “Symptoms” (from Portuguese Sintomas) with “Signs and Symptoms” (from Portuguese Sinais e Sintomas)3

Not acceptedIn “Signs and Symptoms,” include a postmastectomy chest wall image4

AcceptedIn “Care” (from Portuguese Cuidados), replace the checkboxes with radio buttons5

AcceptedIn “Care,” include information about the water intake goal6

AcceptedIn “Notes” (from Portuguese Anotações), include the possibility of adding photos next to the user’s comments7

Schedule

AcceptedAdd a screen that highlights the 2 features of this topic (“Events” from Portuguese Eventos and “Medicines” from
Portuguese Medicamentos)

1

AcceptedIn “Events,” allow the exclusion of an event previously included (add an “X” next to the notification symbol)2

AcceptedIn “Medicines,” allow the exclusion of a drug previously included (add an “X” next to the notification symbol)3

AcceptedIn “Medicines,” add mechanisms that facilitate their insertion4

Not acceptedIn “Medicines,” add a list of possible drugs to be added5

Settings

AcceptedAdd a screen that highlights the 3 features of this topic (“Registration” from Portuguese Cadastro, “Tutorial,”
and “About the App”)

1

AcceptedIn “About the app,” add “Contact Info” (from Portuguese Contato), “Terms of Use” (from Portuguese Termos
de Uso), and “Privacy Policy” (from Portuguese Política de Privacidade)

2
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Discussion

Main Results
The design of the mobile app “AMOR Mama” was based on
an educational manual developed and validated in a previous
study named as “Orientations Manual: breast radiation therapy”
[11]. The features and functionality of the app were then defined
and associated with the textual content of the validated manual.
The participants’ judgments were generally consistent (Table
1). Only 1 item of the evaluation tool, which was related to the
potentiality of the app to be used by users of different
educational levels, obtained a concordance index <80%,
considering that 1 expert chose the option “not sure” and another
chose the option “in parts” for that item. One of the experts
believed that the guidelines presented in the text are not
accessible for people with different levels of education. One
way to reduce the difficulties in reading and facilitate
communication is by using images that are associated with the
textual content. Thus, to create a visual representation and
illustrate the app, figures and photos obtained in the real
treatment environment of patients undergoing radiation therapy
were included.

Remote access to health information through mobile
technologies contributes to the solution of the patient’s needs
without restriction of time and space, thereby promoting the
overcoming of barriers and both, the extension of assistance,
and the reach of health benefits [18]. In this way, caregivers
and family members who are often unable to be present in the
treatment environment of patients can help those who have a
low level of education, especially in relation to reading and
interpreting the information offered by an app that can be
accessed freely in any place at any time of the day. Furthermore,
a suggestion that emerged during a discussion in one of the
focus groups and which was accepted to be implemented in the
app was to add explanatory videos related to the stages of
radiation therapy, with the health team as actors in a real
environment of treatment. This suggestion is very pertinent and
useful to complement the textual content and facilitate the
understanding for users, especially for those who have a low
level of education. In the following study of coding and
evaluation of the software, the stages of preparing the scripts,
training the team, and recording and editing the explanatory
videos to be inserted in the app will also be carried out.
Therefore, the content offered by the app must be intelligible,
informative, succinct, objective, and delivered to the user in an
appropriate manner, that is, through correct texts in relation to
spelling and concordance and associated with representative
images, which assist in the interpretation of the information
provided. The aesthetics must be pleasant, reducing distractions
and favoring the interaction between the user and the software
[13]. The content must also be constructed consistently. The
formatting of the text and its font style, size, and color must be
the same throughout all the screens developed, thereby
maintaining a standard. In any software design model,
consistency is an attribute that must be considered. The graphic
design must consist of a pattern of style, aspects, and colors,
which provides a consistent interface in relation to the
interaction, navigation, and display of content and functionalities

[13]. Therefore, a graphic design with well-planned mechanisms
provides spontaneous and intuitive interaction with the user. In
this study, the interface of the app was designed to be simple,
easy to understand, visibly pleasant and attractive, as proposed
by a study that focused on the development of an app for
teaching the International Classification for Nursing Practice.
The development of this app also took into account the
importance of attractiveness and objectivity so that some aspects
such as the choice of textual content and its font and size as
well as the colors of the design provided visual and dynamic
comfort in the delivery of information [19]. However, in addition
to consistency, the app must have an identity. The aesthetics of
the interface must provide affinity with the user to whom the
software will be directed [13]. In the elaboration of the app
prototype proposed in this study, female aspects were taken into
consideration, such as the choice of the predominant color and
the images related to the female universe (clothing being
illustrated by images of dress and bra and skin care being
illustrated by photographs of a woman and female breasts) in
addition to the communication being directed to the female
gender. Regardless of the information or functionality provided
by the app, the screen layout is responsible for shaping the user’s
perception of the software, creating a medium of communication
between them. In this context, a software user expects to find
content and functions relevant to their needs in addition to
intuitive and predictable navigation. Without adequate graphic
design, an app for mobile devices may be quite functional, but
it would not be attractive and, in turn, would not have good
usability [13].

Among the features and functionality available in the prototype
of the app proposed in this study, we can mention the
registration of events in a calendar, with the possibility of
generating automatic reminders through notifications with 24
hours in advance. The user’s freedom of choice in relation to
enabling or disabling notifications is an important aspect that
was already foreseen in the project and was reinforced during
the discussion of one of the focus groups. This possibility of
adapting to different users is very relevant, considering that an
interface must be able to provide flexible interaction since
different users may have different preferences for interacting
with the app [13]. This customization is also found in the
registration where the user can insert a photo and her personal
information such as name, weight, date of birth, start date of
treatment, and number of sessions planned. Body weight is
initially used to calculate the goal of daily water intake, which
should be 30 to 35 ml/kg for adults and 25 mL/kg for the elderly,
considering the variations according to the symptoms and
tolerance presented by each patient [20].

A study also included the possibility of personalization in the
development of the proposed app. This app can be useful for
recording and monitoring various personal health data such as
results of laboratory tests, medications in use, immunization,
allergies, body weight, and blood pressure in addition to
information related to physical activity, nutrition, and sleep.
The modules are customizable and flexible since users can make
choices according to their own needs, thereby hiding or showing
different information [21]. The suggestion to include links in
the app that direct to informative content available on the web
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was not accepted. The researchers believe that the information
already validated by specialists and available on the app is
sufficient for the adequate guidance of users. An exaggerated
amount of information can be harmful, as suggested by a study
that evaluated the effects of an app on the anxiety levels of
patients undergoing breast cancer surgery [22].

The authors of this study also have no control over external
content inserted in the app through links and are not responsible
for its availability and the updates. In addition, the direction

and access to the content available on the web depends on the
internet connection, which hurts the initial proposal of offline
browsing for the app proposed in this study. Therefore, after
making the changes suggested by the participants, the final
product of the elaboration and improvement of the app prototype
resulted in a model ready to be coded as software, with essential
content for patients with breast cancer undergoing radiation
therapy and with an interface that favors communication,
interactivity, and its use, as shown in Figure 2.

Figure 2. Screenshots of the AMOR Mama app.
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Limitations
The limitation in this study was related to the difficulty in
conducting only 1 focus group, including all participants at once
in the design assessment of the mobile app, given the
specificities and individual demands of each professional.
However, this limitation was overcome by the fact that the focus
group was used as a complementary technique to the quantitative
assessment, which occurred individually and allowed to obtain
objective measures about the evaluation. Another limitation is
related to the number of participants included. Despite the
recommended minimum of 8 participants, it is believed that a

larger sample could have improved the design assessment of
the mobile app.

Conclusions
The mobile app prototype entitled “AMOR Mama,” after having
been improved based on the participants’ suggestions, was
considered adequate. This indicates its contribution as a
technology for health education aimed at the dissemination of
guidelines and monitoring of women with breast cancer
undergoing radiation therapy. This app will be developed
through software codification, and studies with the target
population must be carried out to assess the performance and
quality of the app during its use.
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Abstract

Digital mental health technologies such as mobile health (mHealth) tools can offer innovative ways to help develop and facilitate
mental health care provision, with the COVID-19 pandemic acting as a pivot point for digital health implementation. This
viewpoint offers an overview of the opportunities and challenges mHealth innovators must navigate to create an integrated digital
ecosystem for mental health care moving forward. Opportunities exist for innovators to develop tools that can collect a vast range
of active and passive patient and transdiagnostic symptom data. Moving away from a symptom-count approach to a transdiagnostic
view of psychopathology has the potential to facilitate early and accurate diagnosis, and can further enable personalized treatment
strategies. However, the uptake of these technologies critically depends on the perceived relevance and engagement of end users.
To this end, behavior theories and codesigning approaches offer opportunities to identify behavioral drivers and address barriers
to uptake, while ensuring that products meet users’ needs and preferences. The agenda for innovators should also include building
strong evidence-based cases for digital mental health, moving away from a one-size-fits-all well-being approach to embrace the
development of comprehensive digital diagnostics and validated digital tools. In particular, innovators have the opportunity to
make their clinical evaluations more insightful by assessing effectiveness and feasibility in the intended context of use. Finally,
innovators should adhere to standardized evaluation frameworks introduced by regulators and health care providers, as this can
facilitate transparency and guide health care professionals toward clinically safe and effective technologies. By laying these
foundations, digital services can become integrated into clinical practice, thus facilitating deeper technology-enabled changes.

(J Med Internet Res 2021;23(10):e27507)   doi:10.2196/27507
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Introduction

Mental health disorders represent the leading cause of disability
worldwide, with over one third of the world’s population being
affected by a mental health condition in their lifetime [1]. Given
the increasing pressures on mental health care budgets globally,
as well as shortages of health care professionals who are facing
an overwhelming growing burden of chronic and recurring
mental health conditions, prevention strategies and

improvements in early identification and treatment are essential.
To this end, mobile health (mHealth) tools such as apps can
offer innovative ways to help develop and facilitate mental
health care provision. Indeed, the unmet need for psychiatric
services has sparked significant interest in developing apps to
meet patient demand. As a result, more than 10,000 apps
addressing mental health symptoms such as anxiety, low mood,
and insomnia are now available on the Apple App Store and
Google Play Store [2]. Furthermore, despite its catastrophic
effects, the COVID-19 pandemic has been a pivot point for
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digital health implementation, with some describing it as years’
worth of digital transformation in just a few months [3-5]. This
transformation has been made possible by the recognition from
governments and regulatory bodies of the need for speed,
flexibility, and action in response to the pandemic [6-8].
However, many current mHealth technologies rely heavily on
patients’ ability to self-diagnose and use self-help rather than
being fully integrated into the clinic. In building a holistic and
comprehensive digital mental health ecosystem that augments
rather than replaces traditional mental health care approaches,
strategies for the design, validation, and implementation of
mHealth technologies should be carefully considered by
innovators moving forward.

mHealth: Promise of Dimensional
Psychiatry and Digital Phenotyping

Psychiatric nosology, as described in gold-standard diagnostic
manuals, has often been criticized for being overly narrow,
failing to capture the wide range of clinical symptoms that are
endorsed by individuals with mental health conditions [9,10].
In this regard, moving away from a categorical, symptom-count
approach to a transdiagnostic view of psychopathology may
facilitate early and accurate diagnosis, and allow for
personalized treatment strategies. Given that time is a premium
in clinical settings, where relying on brief symptom-count
checklists such as the Patient Health Questionnaire-9 [11] and
the seven-item Generalized Anxiety Disorder questionnaire [12]
is common practice, digital technologies may offer an innovative
way to improve diagnostic accuracy and advance mental health
care provisions. Indeed, digital technologies such as mHealth
apps have the capacity for the collection of a vast range of key
transdiagnostic data via active reporting (ie, self-administered
symptom reporting or monitoring via an app), providing valuable
information on relevant social and demographic factors as well
as current and past symptom profiles [13]. Digital technologies,
including adaptive/nonlinear questionnaires where patients are
required to answer questions based on previous answers, can
further personalize and streamline the collection of active
cross-disorder symptom data.

Moving beyond active symptom data, passive data, which
measure aspects of daily living and can be collected
continuously in the background, such as activity rhythms, text
and call logs, sleep quality, keyboard reaction time [14], speech
phonation, coherence, sentiment, and language patterns [15],
can be applied to better inform mental health assessments in a
process called digital phenotyping [16]. Data platforms that
gather information from various digital sources have started
emerging with the goal of collecting large-scale epidemiological
and longitudinal data to identify risk factors and invest in mental
health resources effectively. An example of this approach is
offered by the recently launched Mental Health America (MHA)
dashboard supported by MHA and Lundbeck. The dashboard
collects publicly available data and anonymized data from web
screening tools offered by MHA to highlight mental health
hotspots across the United States. The objective is to implement
advanced targeted interventions, address disparities in a timely
manner, and design policies for at-risk populations [17,18].

Furthermore, advances in mHealth platforms (eg, Apple
HealthKit or Google Fit) also allow for the bundling of data
from different sensors such as accelerometers, microphones,
GPS sensors, and gyroscopes, enabling the collection of physical
and mental health information [19].

Critically, digital phenotyping for mental health is still in its
infancy, with further research into how these data fit into or
build upon the current diagnostic guidelines and criteria being
a necessity moving forward. Both active as well as passive data
collection also raise potential serious ethical concerns, which
will need to be legislated and regulated. In the future, combining
data from active and passive monitoring sources may feed new
data into mental state examinations, allowing for more
comprehensive data collection outside the time-pressured
environment of clinical consultations. In turn, mHealth
technologies have the potential to streamline mental health care
delivery and management by reducing the number of in-person
appointments, thereby freeing up clinician time, resulting in
cost savings for both the provider and patient. However, these
technologies usually require patients and clinicians to engage
in new behaviors, which may be accompanied by reluctance to
change. As a result, uptake of mHealth tools critically depends
on perceived relevance, effectiveness, confidentiality, and
engagement of the end users. A way to address this is by
utilizing behavior theories and engaging in codesigning
approaches when designing digital mental health care solutions.

Designing mHealth Tools With Patients
and Clinicians in Mind

Understanding the target patient population’s need is pivotal to
the design of effective mHealth tools. To this end, behavior
theories such as the Health Belief Model (HBM) [20],
Behavioral Intervention Technology (BIT) model [21], and
behavior model for Just-in-Time Adaptive Interventions (JITAI)
[22] offer frameworks that help identify key drivers and barriers
to the uptake of new technology, starting from app subscription
to adherence to recommendations delivered by mHealth tools
[23-25]. For instance, the HBM can help mHealth developers
better understand their target patient population by investigating
their inclination to seeking mental health support and what
drives their adherence to treatment (eg, trust in clinicians,
severity of illness, social stigma). The HBM is based on the
theory that a person’s willingness to engage in treatment is
primarily due to their health perceptions. Indeed, mental health
studies have shown that the perceived severity of mental
illnesses impacts treatment outcomes (eg, adherence and beliefs
about treatments) [26]. Thus, using the HBM can inform
developers on how to best engage patients in adhering to the
use of a novel digital tool.

Similarly, the BIT model combines the understanding of
technological features of mHealth tools with behavioral
principles to guide innovators on how to design and implement
technology that is useful and usable. For instance, motivational
enhancement strategies (behavior principle) can be used in the
form of push notifications (technological feature) to prompt
patients to track their mood regularly. The BIT model approach
can be especially valuable for researchers looking to develop
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multifunctional tools for mental health, including tools for mood
monitoring and treatment such as electronic cognitive behavioral
therapy, as well as tracking adherence to medication. In these
cases, the stepwise, structured approach of the BIT model can
best inform developers on how to use different behavioral
principles and technologies to achieve their clinical aims.

The JITAI model can be employed by researchers developing
adaptive sampling and ecological momentary assessments aimed
at collecting information at sufficient frequencies and quantities
to be useful without overburdening mental health patients.
Critically, a delicate balance between utility and tolerability
must be sought when developing mHealth monitoring tools in
mental health, especially in conditions with specific triggers
(eg, social anxiety triggered by meeting strangers, harmful
alcohol use triggered by stress). The behavioral model for JITAI
offers a framework to systematically identify when patients are
most vulnerable to experiencing symptoms and pinpoints
circumstances in which patients may be most receptive to the
digital intervention.

Transitioning into the digital mental health care space will also
involve cultivating a collaborative approach that includes
academics, software developers, computer and data scientists,
investors, and health care professionals. Indeed, moving forward,
the concept of codesigning will need to be at the forefront of
development, involving all potential users and stakeholders as
active collaborators in the creation of digital diagnostics and
interventions. This is especially critical for mental health
technologies, which require clinical support from health care
professionals to encourage engagement. Moving from the view
of designing a digital product to designing a technology-enabled
service means that the aims, role of the practitioner, and
technology are designed and evaluated simultaneously in the
relevant context [27]. Shifting from the practice of designing
for to designing with users can help humanize digital health
care, and augment rather than replace traditional health care
delivery and management systems. By laying these foundations,
technology-enabled services can become a part of everyday
clinical practice and set the scene for deeper technology-enabled
changes. Critically, as well as leveraging on behavior theories
and codesigning approaches to increase engagement and
relevance, mHealth developers should also pursue
implementation studies to validate and assess the efficacy of
their interventions.

Clinical Trials to Build a Strong
Evidence-Based Case for Psychiatric
mHealth Tools

Recent studies show that the most commonly downloaded
mental health apps mainly fall under the umbrella of well-being
apps offering relaxation, meditation, or mindfulness skills rather
than validated treatments, and that the scientific language used
to support claims often lacks corresponding evidence in the
literature [28,29]. Although these apps can be incredibly useful
and helpful for some patients, they may not be effective for
more severe mental health concerns. Furthermore, many of these
mHealth tools rely heavily on patients’ ability to self-diagnose

and use self-help rather than being fully integrated into clinical
service delivery. In building a holistic and comprehensive digital
mental health ecosystem, innovators are encouraged to design
technology in a more sophisticated manner, moving away from
a one-size-fits-all well-being approach to embrace the
development of clinically validated and integrated treatments.

Clinical trials and observational studies can help mHealth
developers build a strong clinical case for their technologies
and differentiate them from digital wellness apps. Moving
forward, it should be noted that randomized controlled clinical
trials typically bear little resemblance to clinical settings. Often,
recruitment favors clinicians and patients who are interested in
using digital health technologies and are therefore more likely
to adhere to them. However, these participants may represent
only a small proportion of potential users. It should then come
as no surprise if digital technologies fail in general health care
settings. Thus, innovators should carefully consider the
opportunity to conduct the evaluation of digital mental health
technologies within the intended context, and to assess both its
effectiveness and implementation requirements [27]. This
so-called hybrid pragmatic trial design can assess both treatment
effects and implementation strategies [30] in real-world patient
populations with outcome measurements routinely used in
clinical practice [31]. Thus, implementation and sustainment
strategies become integral to the clinical evaluation process and
part of the intervention design from the very beginning.
Importantly, performing clinical studies and citing published
literature in the descriptions of digital tools can only partially
address the difficulties encountered by providers, payors, and
patients in assessing and choosing effective digital interventions.
Standardized evaluation frameworks introduced by regulators
and health care providers can create transparency and guide
health care professionals toward clinically meaningful
technologies, with efforts being made in this direction.

Defining Appraisal Frameworks for
mHealth Solutions

Several academic groups have contributed to the design of
evaluation frameworks. For instance, the American Psychiatric
Association (APA) has developed an app evaluation framework
[32] that has been used by the New York Department of Health
in the construction of an app library. Following the APA model,
Lagan et al [33] designed a health app evaluation model, which
harmonized 45 preexisting frameworks and where answers can
be either binary or numeric to permit an objective evaluation
of (1) background and access, (2) data safety and privacy, (3)
app effectiveness and clinical foundation, (4) user engagement,
and (5) data integration. The app evaluation model can be used
by clinicians and patients to inform decisions on the suitability
of candidate apps for the intended clinical use. Mental health
apps often require patients to disclose sensitive personal
information; thus, data safety and privacy are fundamental. To
this end, the framework assesses apps on the possibility of
deleting data, the format in which data are shared
(nonanonymized, deidentified, anonymized), and whether data
are shared with third parties. Thus, data handling procedures
should be clearly stated in an app’s description or privacy policy.
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Ultimately, compliance with data security statutes and
regulations (eg, Health Insurance Portability and Accountability
Act and General Data Protection Regulation) is paramount for
mental health apps collecting sensitive patient data. Clinicians
will only recommend apps that fulfill data security requirements
and that can easily be integrated into existing clinical workflows.

Regulators and health care providers are introducing additional
ways of evaluating and certifying digital health technologies
that do not fall under hardware medical device regulations.
Innovators should work with regulatory bodies and be aware
of the innovation plans for appraisal frameworks. The Food and
Drug Administration (FDA) developed the Digital Health
Innovation Action Plan to provide a more streamlined and
efficient regulatory oversight of digital health technologies [34].
The Plan includes the Software Precertification Pilot Program,
which precertifies organizations, not individual products [35].
An “excellence appraisal” is conducted to give the FDA the
assurance that the organization is capable of producing
high-quality, safe, and effective medical software products so
that individual product reviews are carried out more rapidly and
swiftly. An international approach to one-off regulatory
appraisals also emerged with the Medical Device Single Audit
Program (MDSAP), piloted in the United States, Australia,
Brazil, Canada, and Japan. The objective of the MDSAP is to
develop a single regulatory audit process that can satisfy the
needs of multiple regulatory jurisdictions [36]. Europe stands
as an observer in the MDSAP, and the new Medical Device
Regulation mainly focuses on hardware devices; however, steps
have been taken toward a more software-specific approach [37].
In the United Kingdom, the National Health Service (NHS) X
developed the beta version of Digital Technology Assessment
Criteria for health and social care, which outlines baseline
assessment criteria to validate the suitability and function of
digital health technologies for use by the NHS, social care staff,
or directly by citizens [38]. Trade associations such as the
Digital Therapeutics Alliance (DTA) are promoting industry
standards and evaluation frameworks to enhance the
understanding, adoption, integration, and reimbursement of
clinically evaluated digital therapeutics into mainstream health
care. The DTA’s member companies include large
pharmaceutical companies such as Novartis and Otsuka, as well
as digital therapeutics developers such as Pear Therapeutics and
SilverCloud, along with technology companies such as Philips,
demonstrating the interdisciplinary efforts in pushing forward
digital health technologies.

Compliance with data security regulations, assessment against
commonly used frameworks, and certifications issued by
regulatory bodies can help innovators build transparency and
trust with their stakeholders. Importantly, presenting efficacy

data and privacy matters in clear terms is essential to engage
providers in the uptake of novel digital tools. In other areas of
medicine, a clear evidence base, ease of use, and swift
integration into clinical workflows have proven to facilitate the
uptake of digital health technologies [39,40]. Experts have
suggested that the introduction of novel technologies in health
care could be facilitated by a dedicated health care profession
called a “digital navigator,” whose task in hospitals and clinics
would be to select evidence-based apps, troubleshoot, and
interpret digital data outputs in a clinically meaningful way
[41]. However, mHealth developers should not heavily rely on
the presence of specialized personnel; rather, they should focus
on communicating evidence transparently, designing tools that
fit into current care pathways and information technology system
provisions, and providing actionable patient data. Consequently,
the use of digital tools will not be limited to settings that have
specialized staff members, and as uptake of these apps increases,
it will become cost-effective to train and employ digital
navigators to support further, more complex implementation of
digital health tools.

Conclusion

Digital mental health technologies can enable the early
identification of conditions, and facilitate disease management
and treatment while empowering patients to make better
informed decisions about their own health. Critically, there has
been a movement toward technology that replaces the human
element, rather than complementing and enhancing the
invaluable involvement of health professionals in patient care.
However, it is important not to throw decades or even centuries
of clinical knowledge overboard. The way forward to building
a digital mental health ecosystem must be more nuanced and
sensitive. By developing patient-centric solutions, we can enable
earlier and more accurate diagnoses, and in turn connect people
with the most appropriate and effective treatment and care. As
we move toward a postpandemic world, building the digital
mental health ecosystem will require optimizing and adapting
traditional mental health care services with considered step-wise
innovation approaches, allowing health care professionals and
patients to adapt to change. Innovative solutions will not come
from leaps forward in technology but rather from new models
of codesign, careful use of behavior theories, new pragmatic
approaches to clinical evaluation, unprecedented collaboration
in defining industry standards, and an open mind to
trial-and-error implementation approaches.

The long-term goal for digital mental health technology
innovators should be to design tools and services that can easily
become so engrained in the health care ecosystem that what is
now referred to as digital health will simply be called health.
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Abstract

Background: Many pregnant women use the internet to obtain information about pregnancy and childbirth. Over 50% of
pregnant women use pregnancy apps and must search through thousands of pregnancy or women’s health–related apps available
on app stores. The COVID-19 pandemic is changing how women receive prenatal care. Mobile health apps may help maintain
women’s satisfaction with their prenatal care.

Objective: Our objective is to identify pregnancy mobile apps and to evaluate the apps using a modified APPLICATIONS (app
comprehensiveness, price, privacy, literature used, in-app purchases, connectivity, advertisements, text search field, images/videos,
other special features, navigation ease, subjective presentation) scoring system.

Methods: A list of pregnancy apps was identified in the first 20 Google search results using the search term “pregnancy app.”
After excluding irrelevant, inaccurate, malfunctioning, or no longer available apps, all unique apps were downloaded and evaluated
with the modified APPLICATIONS scoring system, which includes both objective and subjective criteria and evaluation of
special features.

Results: A list of 57 unique pregnancy apps was generated. After 28 apps were excluded, the remaining 29 apps were evaluated,
with a mean score of 9.4 points out of a maximum of 16. The highest scoring app scored 15 points. Over 60% (18/29) of apps
did not have comprehensive information for every stage of pregnancy or did not contain all four desired components of pregnancy
apps: health promotion/patient education, communication, health tracking, and notifications and reminders. Only 24% (7/29) of
apps included a text search field, and only 28% (8/29) of apps cited literature.

Conclusions: Our search yielded many high-scoring apps, but few contained all desired components and features. This list of
identified and rated apps can lessen the burden on pregnant women and providers to find available apps on their own. Although
health care providers should continue to vet apps before recommending them to patients, these findings also highlight that a
Google search is a successful way for patients and providers to find useful and comprehensive pregnancy apps.

(J Med Internet Res 2021;23(10):e25667)   doi:10.2196/25667

KEYWORDS

app; app store; mHealth; mobile health; prenatal; pregnancy; women's health

Introduction

The internet and smartphones are increasingly popular both as
a means to access health care information and as tools for health
care management [1]. During the COVID-19 pandemic,
in-person health care visits dropped and patients sought care
via different methods [2]. Recent data shows that 21% of
prenatal visits in March 2020 were impacted (ie, cancelled,

rescheduled, or conducted remotely) [3]. In April 2020, 26%
of prenatal visits were impacted [3]. For those that had remote
phone or video visits, less than half felt they received the same
amount or more information and care as compared to that
received during a traditional visit [3]. The pandemic has also
caused a 25% increase in mobile health app downloads as
compared to the same time last year [4].
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Internet use during pregnancy is common [5]. The majority of
women in the United States own a smartphone and past studies
have shown that over 50% of pregnant women download apps
focused on pregnancy, downloading an average of three during
the prenatal period [6-8]. Women who use mobile prenatal care
apps and have fewer prenatal visits have no reduction in patient
satisfaction [9]. Health care–related apps account for a large
market share of the apps available on the US iOS App Store,
with almost 100,000 apps as of 2017 [10]. A 2013 study showed
that pregnancy apps are the most used health apps [11].
Although 94% of pregnant women reported that a smartphone
changed their lives for the better, there are many apps to choose
from and the market for apps is constantly growing [6].

Due to the number of apps available to pregnant women,
knowing what apps are available, how to select among them,
and what information and features women are seeking is
important. Wang et al [12] surveyed 535 women and showed
that the most common reasons women used apps were to
monitor fetal development (83%) and to obtain information on
nutrition (26.2%) and antenatal care (23.9%). Lee et al [8]
evaluated 47 apps that were identified by surveying 193 women
and reported that most women decided to download an app after
evaluating its content themselves (61.7%), and that the most
frequently cited benefit was convenience (35.8%), while the
most common weakness was lack of credibility (39%).

These studies provide information about why and how women
use apps, but there have been no critical quantitative analyses
done to evaluate and rate these apps in terms of their usefulness
and benefit to pregnant women. The purpose of this study is to
identify and evaluate pregnancy apps recommended to women
on the internet. Our study additionally sought to create a
comprehensive list of app features and a quantitative measure
of comprehensiveness.

Methods

This study did not require review by the Institutional Review
Board at the Icahn School of Medicine at Mount Sinai as it did
not involve human subjects. We used the web search engine
developed by Google, using the search term “pregnancy app”
in March 2019. Search engines and online reading are top ways
that consumers discover apps, and we selected Google’s search
engine because it accounts for over 90% of all search queries
[13,14]. The first page, with an average of 10 search results,
accounts for 91.5% of traffic, while the second page accounts
for 4.8% [15]. We confirmed that the results displayed were
nearly identical when searched through different devices (eg,
computer, iPad, and iPhone) and from different geographical
locations. Google Incognito mode was used to limit variation
of results based on the user’s browser cookies.

We downloaded all apps mentioned within the first 20 search
results. We noted characteristic information—such as app name,
app store, and app icon—and evaluated app content using an
adapted APPLICATIONS (app comprehensiveness, price,
privacy, literature used, in-app purchases, connectivity,
advertisements, text search field, images/videos, other special
features, navigation ease, subjective presentation) scoring
system. APPLICATIONS is an acronym for components of
apps that can be scored to help determine the rating of the app
[16]. The usefulness and benefit of the apps was determined by
the app comprehensiveness score, which judges the ability of
an app to provide useful pregnancy information, and by the
other components of the APPLICATIONS scoring system,
which judge other aspects that have been shown to make apps
successful [16]. This score was devised based on availability
of information on the four distinct portions of pregnancy care,
as well as the top four functions of the most commonly used
pregnancy apps, as per Lee et al [8].

Other modified components of the original APPLICATIONS
scoring system are described here. “Price” and “Paid
subscription” were combined into one “Price” score. “Privacy”
was added because while the initial APPLICATIONS scoring
system was created with providers in mind, this study is
evaluating patient-facing apps, and patients have expressed
security and privacy concerns as an important consideration
when choosing whether to use an app [17]. “Interdevice
compatibility” was removed as each app denotes the proper
platform to use. “Images/videos” was added, which was part of
“Other components” previously. The “Other components”
category was therefore renamed “Other special features” and
the scoring was expanded due to the numerous special features
provided on pregnancy apps, as the initial APPLICATIONS
scoring system was intended for pregnancy wheel dating apps,
which serve a more targeted, specific function and are less likely
to have numerous other features.

One author (GF) checked the apps in the app stores to see if
there were in-app purchases and also downloaded and opened
the apps in airplane mode to evaluate the connectivity
component and determine if functionality was dependent on
internet access. All three authors evaluated the remaining
features using the APPLICATIONS scoring system, as shown
in Table 1. App comprehensiveness was determined as shown
in Textbox 1. The “Other special features” category was
tabulated in Multimedia Appendix 1. Navigation ease and
subjective appearance were scored using a Likert scale with
1=poor, 2=below average, 3=average, 4=above average, and
5=excellent.
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Table 1. The APPLICATIONS scoring system [16,17].

DescriptionMaximum scoreComponent

0=none, 1=1-2 components, 2=3-5 components, 3=6-8 components3App comprehensiveness

0=priced, 1=free1Price

0=none, 1=privacy statement or login1Privacy

0=no references, 1=references used1Literature used

0=present, 1=absent1In-app purchases

0=internet required, 1=internet not required1Connectivity

0=present, 1=absent1Advertisements

0=no search field, 1=search field present1Text search field

0=absent, 1=images or videos, 2=images and videos2Images/videos

0=absent, 1=1-4 special features, 2=5-9 special features2Other special features

0=ease of navigation score <3, 1=ease of navigation score ≥31Navigation ease

0=subjective presentation score <3, 1=subjective presentation ≥31Subjective presentation

Sum of all scores16Total

Textbox 1. App comprehensiveness criteria [8].

Criteria:

• Health promotion/patient education

• Patient communication

• Health tracking

• Notifications and reminders

• Preconception information

• Antepartum information

• Intrapartum information

• Postpartum information

Scoring: 0 points if no components were present, 1 point for 1-2 components, 2 points for 3-5 components, and 3 points for 6-8 components.

To account for any interobserver differences, we reconciled
ratings and recorded objective errors. Our reconciliation process
included a meeting of all authors during which we discussed
each feature of each app. When there was a discrepancy, we
determined whether it was a transcription or misclassification
mistake and arrived at 100% consensus for the objective
components of each app. For navigation ease and subjective
presentation, we averaged reviewers’ scores and awarded 0
points for an average rating of <3 and 1 point for an average
rating of ≥3. We subsequently calculated a final total score for
each app.

Results

The first 20 search results from the first two pages of a Google
search on a computer for the term “pregnancy app” were

recorded. The results were either specific apps (n=4) or articles
about apps (n=16). All the apps listed in each result were noted
and this search yielded 57 apps.

A total of 28 apps were excluded for the following reasons
(Figure 1): 12 apps were no longer available or did not work,
14 apps were not related to pregnancy based on not having the
word “pregnancy” in the description on the app store, and 2
were deemed inaccurate based on prior studies [18,19]. The
remaining 29 apps were all downloaded on the Apple App Store
or Google Play Store and evaluated between July-November
2019.
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Figure 1. Google search for pregnancy apps. APPLICATIONS: app comprehensiveness, price, privacy, literature used, in-app purchases, connectivity,
advertisements, text search field, images/videos, other special features, navigation ease, subjective presentation.

The 29 remaining apps were scored using the APPLICATIONS
scoring system by all authors (Multimedia Appendix 1). The
highest scoring app earned 15 out of 16 possible points. In
addition, 11 apps scored above the mean score of 9.4. The lowest
scoring app earned 4 points.

We determined that 41% (12/29) of apps included ≥6
comprehensiveness components out of 8, while 24% (7/29) of
apps only included 1-2 comprehensiveness components out of
8, signifying missing information with regard to all stages of
pregnancy or desired functionalities of pregnancy apps: health

promotion/patient education, communication, health tracking,
and notifications and reminders.

Evaluated features and functionality are shown in Figure 2.
Common features and functionality included special features
(25/29, 86%), free cost (21/29, 72%), images and/or videos
(21/29, 72%), offline functionality (19/29, 66%), including a
privacy statement or password protection (17/29, 59%), lack of
third-party advertisements (18/29, 62%), and lack of in-app
purchases (17/29, 59%). Use of cited literature (8/29, 28%) and
text search (7/29, 24%) were rare features.
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Figure 2. Features and functionalities of apps.

The objective component reporting error rate was 31 of 435
(7.1%), meaning that the authors independently assigned the
same score to a given objective component of an app 92.9% of
the time.

Discussion

Principal Results
In this study, we simulated how pregnant women would find
apps by performing a Google search and then we evaluated and
rated the identified apps. Although our results present several
high-scoring apps, few contain all the components and features
that make up an accurate and comprehensive app. More research
is needed to survey patients and providers about which features
are the most highly desired and needed. Many apps were missing
cited sources, making it difficult to interpret accuracy. The rarest
component was a text search, which can make it difficult for
women to sift through information and quickly find what they
are looking for. The most common app-specific features were
contraction timers, journaling/photo uploads, and appointment
trackers, checklists, and calendars. The least common were tools
for obtaining safety information and health/fitness, despite these
being common reasons pregnant women seek out apps [12].

Comparison With Prior Work
Prior studies have evaluated apps by asking pregnant women
directly what apps they are using or through a systematic search
of the app store. We sought to evaluate the most likely common
apps that pregnant women are to encounter, which we did
through a Google search [14]. Furthermore, to our knowledge,
pregnancy apps have not previously been scored with the
APPLICATIONS scoring system. App stores have an abundance
of options, requiring consumers to sift through apps that may
not be relevant (such as humorous apps for fake pregnancy
tests), which can easily result in them feeling overloaded [20].
As most of the Google search results were written articles

describing apps, erroneous and irrelevant apps from the app
store are less likely to be included. This study is able to provide
patients and providers with a curated list of rated apps and their
features.

Clinical Implications
The information found in this study may be particularly useful
to women during the COVID-19 pandemic. Pregnant women
often seek information on the internet and do not discuss much
of what they find with their physicians [21]. Due to the
pandemic, half of adults say that they or someone in their
household has skipped seeking medical care due to anxiety
about contracting COVID-19 [22]. Prenatal visits have needed
to be rescheduled or modified, and many women are not satisfied
with the level of information they are receiving through phone
or video visits. The combination of these factors has likely led
to the increase in pregnancy app downloads, which has occurred
at a time when pregnant women have fewer touchpoints with
doctors where false information could be corrected, emphasizing
the need for high-quality and accurate pregnancy apps [4].

Limitations
Given the dynamic nature of Google search results and the app
store, several factors limit our analysis. This was evident in our
search, as 12 of the apps initially identified were either no longer
available or did not work by the time we tried to evaluate them.
Additionally, we decided to use only the first two pages of
Google search results as they account for most views. It is
possible that other apps present on later pages were useful and
comprehensive.

Conclusions
The current method of app selection by the majority of women
is to download the app and search the content themselves [12].
Although this may yield good results, it also means women
must download multiple apps, as well as pay for many of these
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apps. On average, Lee showed that users download over three
apps and are more likely to download a free app versus a paid
app [8]. By using a Google search, we were able to identify
many high-scoring apps that may be used during pregnancy.

The identified rated apps can lessen the burden on pregnant
women and providers to search for useful and comprehensive
apps on their own. As telehealth continues to expand, more
research is needed in the area of pregnancy app development.
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Abstract

Background: Providing parents with resources that aid in the identification and management of acute childhood illnesses helps
those parents feel better equipped to assess their children’s health and significantly changes parental health-seeking behaviors.
Some of these resources are limited by accessibility and scalability. Remote locations and staffing limitations create challenges
for parents aiming to access their child’s health information. Mobile health apps offer a scalable, accessible solution for improving
health literacy by enabling access to health information through mobile devices. 

Objective: The aim of our study is to create an inventory of acute childhood illness apps that are available to North American
parents and caregivers, assess their quality, and identify the areas in which future apps can be improved.

Methods: We conducted an environmental scan to identify and summarize app information for parents and digital health
researchers. The Google and Apple app marketplaces were used as search platforms. We built a list of search terms and searched
the platforms for apps targeted at parents and related to acute pediatric illnesses in the United States and Canada. We assessed
apps meeting the inclusion criteria using the Mobile App Rating Scale (MARS), a validated tool for assessing the quality of health
apps. The MARS examines apps on 5 subscales: engagement, functionality, aesthetics, information quality, and subjective
quality. Data were analyzed by MARS subscale averages and individual item scores.

Results: Overall, 650 unique apps were screened, and 53 (8.2%) were included. On a scale of 1-5, apps had an average engagement
score of 2.82/5 (SD 0.86), functionality score of 3.98/5 (SD 0.72), aesthetics score of 3.09/5 (SD 0.87), information quality score
of 2.73/5 (SD 1.32), and subjective quality score of 2.20/5 (SD 0.79). On the same scale of 1-5, app scores ranged from 2.2/5 to
4.5/5 (mean 3.2, SD 0.6). The top 3 MARS-scored apps were Baby and Child First Aid (4.5/5), Ada (4.5/5), and HANDi Paediatric
(4.2/5). Taken together, the top 3 apps covered topics of emergency pediatric first aid, identification of (and appropriate response
to) common childhood illnesses, a means of checking symptoms, and a means of responding to emergency situations. There was
a lack of Canadian-based app content available to parents in both marketplaces; this space was filled with content originating
primarily in the United Kingdom and the United States. In addition, published evidence of the impact of the included apps was
poor: of 53 apps, only 5 (9%) had an evidence base showing that the app had been trialed for usability or efficacy.

Conclusions: There is a need for evidence-based acute childhood illness apps of Canadian origin. This environmental scan
offers a comprehensive picture of the health app landscape by examining trends in acute childhood illness apps that are readily
available to parents and by identifying gaps in app design.

(J Med Internet Res 2021;23(10):e29441)   doi:10.2196/29441
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Introduction

Background
The unexpected COVID-19 outbreak has affected how health
information is communicated, how individuals seek health
information and services, and how these services are delivered
[1,2]. Families are delaying seeking health care for children,
introducing consequences for their current and future health
outcomes by delaying emergency care and wellness visits [3-6].
Notably, there has been a 57% reduction in pediatric emergency
department (ED) use, with use inversely correlated with
pandemic severity [7]. Although on the surface this may look
encouraging, this decrease was primarily due to a drop in
low-acuity visits [7]. Providing resources to parents that aid in
the detection and identification of childhood illnesses helps
them to feel better equipped to assess their child’s health and
significantly changes parental health-seeking behaviors [8]. For
context, these illnesses could include conditions such as
gastroenteritis, bronchiolitis, and asthma.

Traditionally, parents obtained health information primarily
from friends, family, and physicians [9,10]. In clinical settings,
conventional modes of communicating complex health
information to parents include information sheets and pamphlets
[11]. In Canada, another common health resource for parents
is teletriage, accessed by calling 811 in all but one province and
one territory (Manitoba and Nunavut, respectively), where
nurses answer health- and illness-related questions. This service
is highly used: for example, in the province of Alberta, 694,313
calls were made among a population of 4.3 million in 2018 [12].
However, more recent studies in health information–seeking
behavior suggest that this may be changing, with an Australian
pediatric children’s hospital survey indicating that 96% of the
parents use the internet and 63% use a smartphone to search for
health information [13]. In conjunction with Google searches,
this behavior is used to establish a cause of illness, access means
of assessing symptom severity, and exercise prudence regarding
visiting a physician [14]. Parents also search for support through
web-based forums, and this means of information gathering
provides additional reassurance and validation [15].

However, some of these information resources are limited by
accessibility and scalability. Remote locations (ie, geography)
and staffing limitations create challenges for parents aiming to
access health information about their child [16,17]. These
challenges are compounded by the existing variance in parents’
health literacy and language skills [11] and their willingness to
ask others for health information; for example, many parents
feel unable to express their anxiety about their child’s health
because of fear that they will be perceived as worriers [18,19].
In addition, 30% of the Canadian parents who have children
presenting to the ED have low health literacy [20], which
accounted for 940,637 of the 3,135,457 children’s visits to
Canadian EDs in 2018 [21]. Notably, parents with low health
literacy are 3 times as likely to bring their child in for nonurgent

conditions [22]. It is therefore vital to the mission of delivering
equitable health care that resources are made accessible to
parents with lower health literacy.

Mobile health (mHealth) apps offer a potential solution for
improving health literacy by enabling access to health
information through a new medium: the app marketplaces found
on mobile devices such as phones and tablets [23]. A large study
of 4974 American adults demonstrated that significant
associations exist between adequate health literacy and the use
of health information technology such as patient portal apps
[24]. More than 96% of Americans [25] and 87% of Canadians
[26] own a mobile phone, and smartphones are owned by 81%
and 78%, respectively. Of mobile phone owners, more than
97% use an Android- or Apple-based operating system [27]. In
2017, nearly a third of the Canadian adults used mHealth apps
to monitor their health [28]. Importantly, increased use of health
apps has been shown to have a significant correlation with
improved health behaviors [29].

Previous studies examining parents’ internet search patterns for
health information have indicated that a variety of
information-seeking strategies are used and that information is
trusted differently based on its source (eg, information found
from searching university- and hospital-based websites was
considered far more accurate and safer than information found
within public search engine results) [30]. However, little is
known about parents’ interactions with health apps. A recent
review suggested that existing app assessment tools are targeted
at expert users, and nonexperts such as parents and caregivers
still lack these resources to make an informed decision about
which apps to use [31]. An investigation of patient-facing apps
showed that the participants were unable to complete 57% of
the relevant tasks because of a lack of confidence with the app
and frustration with its design and navigation, but paradoxically
they remained interested in using apps to self-manage care [32].

There are differing opinions on the current use of apps for
parents. It has been pointedly suggested that “apps don’t help
parents of sick kids” [33]. However, this viewpoint drew its
conclusions from a review that included only 3 digital
interventions found in scientific studies [34]. As another review
of apps pointed out, there is little crossover between scientific
studies and app marketplaces: in a review of pain-related apps,
those seen in the marketplace are not seen in scientific studies
and vice versa [35]. Given the large and increasing number of
health-related apps available (more than 300,000 in 2017
[36,37]), there is a disparity between the size of the health app
landscape and its representation in scientific studies. To create
an actionable set of information for parents and caregivers, it
will be useful to look beyond apps that appear in scientific
studies.

Health App Landscape
To create an inventory of the apps available to parents in North
America that provide acute pediatric health information, we
conducted an environmental scan, a review technique rooted in
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business that is designed to summarize information for
decision-makers [38,39]. Environmental scans are conducted
to identify trends and avoidable pitfalls in a specific area of
inquiry, be it related to product, policy, or strategy. We used
the results of this scan to create a picture of the health app
landscape by examining trends in apps related to acute pediatric
health that are readily available to parents and identifying the
gaps in app design that can be addressed.

Methods

Overview
To carry out a structured environmental scan, we designed a
search strategy that worked with the algorithms of Google’s
and Apple’s app marketplaces. The finalized search strategy
was applied by 2 reviewers (JB and MC) to these 2 app
marketplaces in Canada and the United States. Next, 2 reviewers
(JB and MC) screened the apps based on predefined inclusion
criteria and extracted attributes about each app. We built
evidence tables describing app characteristics (eg, number of
reviews) and app quality (eg, quality of information) using items
from the Mobile App Rating Scale (MARS) [40] and analyzed
the results for trends. It should be noted that although this
approach includes elements of previously suggested search
strategies for apps (eg, the 7 strategies for assessing apps
proposed in the study by Boudreaux et al [41]), some elements
of such a strategy (eg, searching app clearinghouses) are no
longer widely used, and others (eg, piloting the apps) are beyond
the scope of this environmental scan.

Search Strategy
We designed a set of 17 search terms in collaboration with a
research librarian to identify relevant apps in the Google Play
Store and Apple App Store. We limited our searches to these
stores, given that the scope of this scan was to investigate apps
that are likely to be accessible to North American parents. As
other environmental scans that were drawn from for our
approach have discussed [42], there is little formal knowledge
publicly available about the specifics of how either store’s search
function works, beyond testing for specific functionality (eg,
the Google Play Store’s search used Boolean terms, whereas
the Apple App Store’s did not). The results presented here will
be best available knowledge based on internet searches and
responses to information requests.

On the basis of responses to the queries sent to the Google Play
Store and Apple App Store support teams, we learnt that the
Google Play Store app search currently integrates data from
title, publisher, and app descriptions. The results displayed are
then limited by their search rank for the specific search term
used. The Apple App Store app search has different input
parameters: it uses app title, keywords, and primary category
to search, whereas the app’s promotional text does not affect
search rank and the search does not use the app’s full
description. However, keywords are not displayed for apps,
making it difficult to expand search terms directly based on
visible information.

Apps not available in a particular country’s store or on a
particular device were not visible in the results. Similarly,

personalization of results (demonstrated by 2 users entering the
same search term and generating different lists of results based
on hidden user metrics) makes it difficult for a researcher to be
sure that their queries are returning all relevant apps. We
addressed this issue by building software using the Google Play
Store’s and the Apple App Store’s application programming
interfaces (the intermediary that communicates among different
pieces of software) for both the Canadian and US stores and
conducted tests to ensure that personalized results were not
being returned and that the same set of results would be returned
when different users ran the same search. This approach to
remove result personalization addresses the inconsistency of
personalized search results among users.

We examined the first 10 apps relevant to our scan that appeared
using plain-language search terms (eg, child illness) for
vocabulary in the stores’description related to the app’s intended
purpose and compiled a list of 17 search terms using language
that appeared frequently: Child illness; Pediatric illness;
Paediatric illness; Child symptoms; Pediatric symptoms;
Paediatric symptoms; Child care illness; Pediatric care illness;
Paediatric care illness; Child diagnosis; Pediatric diagnosis;
Paediatric diagnosis; Parent care child; Parent child illness;
Child carer; Pediatric carer; Paediatric carer.

Search and Screening
These terms were searched 4 times on September 14, 2020, for
4 marketplace locations (the US Apple App Store, US Google
Play Store, Canadian Apple App Store, and Canadian Google
Play Store), and a maximum of 50 results per search term per
store returned (for a maximum of 850 apps returned per store
location across all searches). We built custom software in Python
(Python Software Foundation) that used app marketplace
application programming interfaces and stored search results
in a comma-separated values database. We confirmed with test
searches that the same set of results was returned on 2 different
devices. The results were imported into an Excel spreadsheet
(Microsoft Corporation). The MARS was adapted to a
spreadsheet-ready format to allow for ease of charting.

Three inclusion criteria were used to screen apps:

1. The app contained content related to acute child (age 0-21
years) illness.

2. The app’s intended audience included parents or informal
carers (eg, non–health care professionals).

3. The app still existed in the Google Play Store or Apple App
Store when being assessed.

In addition, ad hoc reasons were recorded when apps included
in the screening process could not be assessed with the MARS
(eg, once downloaded, the app contained no content).

The title and description of each app were independently
assessed by 2 researchers (JB and MC) for inclusion. In cases
of ambiguity or where disagreement occurred after the results
were compared, photos of the app depicting examples of its
appearance and content on the Google Play Store or Apple App
Store were used to gather additional information for inclusion
and exclusion. The 2 researchers discussed this information to
reach consensus.
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App Quality Assessment
We based the app assessments on the MARS, a validated tool
designed for health app assessment [40,43]. The MARS has
high internal consistency and interrater reliability, designed to
classify and rate the quality of novel health apps; it is also used
as a tool for guiding app design. The MARS assesses app quality
based on 5 subscales: engagement, functionality, esthetics,
information quality, and subjective quality. Each section
includes a number of items that are directed questions. All items
are scored out of 5, with a higher score indicating a better
outcome. Each subscale score is determined by taking a mean
of the subscale item scores. The MARS subscales can be found
in its entirety in Multimedia Appendix 1.

To determine interrater agreement, 2 reviewers (JB and MC)
conducted the MARS assessment for 10% of the apps, consistent
with previous work [44]. We calculated the interrater agreement
by identifying occurrences of major differences in the item
scores (differences greater than 1) [42] and assessing the
agreement between the 2 reviewers using the Cohen κ [45].
After excluding one app from comparison because of an
unresolvable difference in app accessibility among the test
devices, the interrater agreement among the remaining app items
was found to be substantial at 0.69 [46], above the 0.60 threshold
indicating that significant disagreements exist [47], and 1
reviewer conducted the remaining assessments.

Individual app assessments were conducted by installing each
app on an Android or Apple device (if the same app was
available on both devices, we compared the 2 versions for major
differences and assessed the Android version). The apps were
then launched and browsed for 10 minutes. When necessary,
an account was created for apps that required a log in to access
the app’s content. After exploring the app, the MARS was
applied, with the app accessed as necessary to gather information
for specific scale items. The characteristics of apps that the
MARS collects include information such as the app’s rating,
date of last update, and intended age group; a complete list is
shown in Multimedia Appendix 1, Table S1. The 23 MARS
items, grouped by subscale, are presented in Multimedia
Appendix 1, Table S2. To determine whether the app appeared
in the literature, Google Scholar was searched for occurrences
of the app’s name.

Analyses
The item scores for app quality were averaged across dimensions
to create a set of 5 scores for each app. The app scores were
averaged across items in the engagement, functionality,
esthetics, and information subscales to create a final app score.
Data were treated as interval level data, consistent with the

recommendations by Norman around the increased robustness
of parametric tests [48,49]. The scores were converted to a score
out of 5 for consistency with the MARS scoring. The scores of
the top 3 apps were compared with the mean score of all apps
on each MARS item and subscale using two-tailed t tests.

The apps were then grouped based on app cost (free vs paid);
the 6 paid apps averaged Can $3.66 (US $2.89) per app, with
a range of Can $1.99-$6.99 (US $1.57-$5.52), and the group
scores were compared among the MARS subscales. This
analysis was repeated by grouping the apps into 2 categories
reflecting the duration since their last update: apps last updated
less than 6 months ago and apps updated more than 6 months
ago.

Separate from the MARS scores, we conducted a quantitative
examination of the types of apps available in each store. The
apps were grouped into 3 functional categories, and these groups
were compared among the 4 stores for significant differences
using chi-square tests. The 3 app categories were informational,
actionable, and consultatory. The apps were classified into 1 of
these 3 groups based on their primary functionality. If an app
contained elements of more than one category, we examined
the app’s description to determine how the developers intended
the app to be used. Informational apps primarily provided
information about children’s illnesses, whereas actionable apps
guided users to care recommendations, and consultatory apps
provided a telehealth-based virtual physician service.

We also examined how the top 3 apps for childhood illnesses
differed from the average app scores by dimension and scale
item and compared them using t tests.

Results

Overview
The PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) diagram (Figure 1) provides an
overview of the search and screening process [50].

Our searches identified 2335 apps: 1700 (72.81%) from the
Google Play Store and 635 (27.19%) from the Apple App Store.
Of these 2335 apps, 650 (27.84%) were unique and 1685
(72.16%) were duplicates. After we applied our inclusion criteria
to the 650 unique apps, 70 (10.8%) were considered potentially
relevant; of these 70 apps, 17 (24%) were excluded, leaving 53
(76%) of apps for analysis. A total of 62% (33/53) of apps were
available through the Google app marketplace and 55% (29/53)
through the Apple app marketplace (9/53, 17%) of apps were
available on both platforms).
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) diagram showing the environmental scan search and app
screening process.

App Characteristics
All 53 apps focused on physical health: 19 targeted goal setting
as a focus, whereas 18 targeted behavior change. A total of 50
apps had a theoretical background based in information or
education delivery, 46 apps provided advice, tips, strategies, or
skills training, 25 focused on assessment, and 17 dealt with
information monitoring or tracking.

In all, 37 apps had a commercial affiliation, whereas 9 were
government-affiliated, 3 had an affiliation with a
nongovernmental organization, and one was affiliated with a
university. Two apps—Asthma Action Hero and Pediatrics for
All—did not fall into the MARS classification: the development
of these apps was affiliated primarily with 2 individual
physicians, Dr Helena K Bentley and Dr Hugo Rodrigues,
respectively. Of the 53 apps assessed, 50 were targeted at young
adults and adults, whereas one app was targeted at these groups
as well as older adolescents, and 2 apps were targeted at general
audiences, including children aged below 12 years. It should
be noted that these findings are not in conflict with our inclusion

criteria of an app’s target audience consisting of parents: apps
can target multiple user ages while including parents as an
intended audience, and all age groups included in the MARS
(with the exception of children) could include parents.

In terms of app requirements and functionality, 8 apps allowed
password protection, 23 had sharing features (eg, options for
posting to Facebook or Twitter), 19 had a visible app
community, 27 required internet access to load all parts of the
app (including advertisements), and 7 required users to have an
account and log in. A total of 9 apps did not seem to contain
any of these features.

MARS Ratings
The MARS subscales assess engagement using 5 items (mean
2.8/5, SD 0.86), functionality using 4 items (mean 4.0/5, SD
0.72), esthetics using 3 items (mean 3.1/5, SD 0.87), information
quality using 7 items (mean 2.7/5, SD 1.32), and subjective
quality using 4 items (mean 2.2/5, SD 0.79). The item scores
for each dimension are summarized in Table 1.
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Table 1. Mobile App Rating Scale item and subscale score averages for the assessed apps (N=53).

Values, mean (SD)Subscale and item

Engagement

2.2 (0.57)Entertainment

3.1 (0.97)Interest

2.0 (1.07)Customization

3.3 (0.69)Interactivity

3.7 (0.92)Target audience

2.8 (0.86)Engagement average

Functionality

4.0 (0.81)Performance

4.0 (0.68)Ease of use

3.9 (0.52)Navigation

4.1 (0.81)Gestural design

4.0 (0.72)Functionality average

Esthetics

3.5 (0.75)Layout

3.0 (1.08)Graphics

2.7 (0.72)Visual appeal

3.1 (0.87)Aesthetics average

Information quality

4.3 (0.91)Description accuracy

2.5 (2.24)Goal setting

3.6 (0.95)Information quality

3.0 (1.09)Information quantity

3.0 (1.14)Visual information

2.6 (1.47)Credibility

0.3 (0.89)Evidence base

2.7 (1.32)Information average

Subjective quality

2.8 (1.31)Recommended app

1.5 (0.54)Frequency of app use

1.2 (0.71)Willingness to pay for app

3.3 (1.17)Subjective star rating

2.2 (0.79)Subjective average

Of the 53 apps assessed, the average user rating across all
versions of all apps was 4.4/5, and the apps had been rated a
total of 386,024 times (median 6, IQR 0-68). Because there was
a large SD of 39,730 ratings, we normalized the rating by n
ratings for a weighted average rating of 4.7/5 across all apps,
excluding the apps without ratings. Of the 53 apps, 6 had to be
purchased for use, and all other apps were free to use. The

MARS subscale summary scores, grouped by paid versus free
apps, are presented in Table 2. A comparison between the paid
and free app scores by MARS subscale is shown in Figure 2.
The free apps scored slightly higher on the overall MARS score
and on 4 of the 5 subscales, although the differences were not
significant.
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Table 2. Mobile App Rating Scale subscale summary scores for app cost and duration since last update (N=53).

Duration since updateCostMobile App Rating Scale
subscale

P valueMore than 6 months,
mean (SD)

Less than 6 months,
mean (SD)

P valuePaid (n=6), mean
(SD)

Free (n=47), mean
(SD)

.162.7 (0.48)3.0 (0.80).322.6 (0.61)2.9 (0.63)Engagement

.954.0 (0.49)4.0 (0.41).533.8 (0.58)4.0 (0.58)Functionality

.243.0 (0.35)3.3 (0.51).943.1 (0.81)3.1 (0.70)Esthetics

.382.6 (1.02)2.9 (1.26).152.3 (0.74)2.8 (0.80)Information quality

.322.1 (0.54)2.4 (0.75).421.9 (0.86)2.2 (0.79)Subjective quality

Figure 2. Comparison between paid and free app scores by Mobile App Rating Scale subscale.

The apps were last updated, on average, on June 19, 2019, with
a range of most recent updates between February 9, 2016, and
August 31, 2020. Of the 53 apps assessed, 20 (38%) had been
updated within 6 months at the time the marketplace searches
were conducted. The differences in the app scores when grouped
by duration since the last update are shown in Table 2. Those
updated within 6 months scored slightly higher overall and on
4 of the 5 MARS subscales, but the scores were not significantly
different.

Outside of the MARS assessments, we found that all the
assessed apps could be sorted into one of three categories:
primarily informational (eg, e-books), actionable (eg, tools),
and consultatory (eg, telemedicine). On examining the
distribution of these 3 categories between the Apple and Google
app marketplaces, we found that the 2 stores had a different
division of app types, as shown in Table 3 and Figure 3.
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Table 3. Proportion of acute childhood illness apps available by store, grouped by primary functional category (N=53).

ConsultatoryInformationalActionable

4 (8)27 (51)22 (42)All apps, n (%)

3 (6)17 (32)4 (8)Google Play Store

0 (0)6 (11)14 (26)Apple App Store

1 (2)4 (8)4 (8)Both app stores

.08.03.002Difference, P value

Figure 3. Types of apps available in each marketplace.

Of the 53 apps assessed, the top 3 on the MARS scale were
Baby and Child First Aid by the British Red Cross (4.5/5), Ada
by Ada Health (4.5/5), and HANDi Paediatric by Musgrove
Park Hospital (4.2/5). Baby and Child First Aid provides
common and emergency first aid scenarios and advice to parents.
HANDi Paediatric has a similar focus on children’s health, but
it provides illness-related information rather than first aid advice.
Ada is an artificial intelligence–enabled symptom checker that

asks a series of diagnostic questions to users to suggest illnesses,
and it can be used for third parties (eg, children). A visual
representation of all MARS items is presented in Figure 4, which
shows the average rating of all apps (in blue), and a comparison
of the 3 apps that had the top ratings on each subdimension of
the MARS. The top 3 apps were also examined by MARS
subscale scores (Table 4; Figure 5).
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Figure 4. Mobile App Rating Scale app radar for top three apps versus the mean score of all 53 apps.

Table 4. Top apps by Mobile App Rating Scale subscale score.

Top 3 mean versus app
mean, P value

Subscale scoreApp mean (SD)Mobile App Rating Scale subscale

HANDi PaediatricAdaBaby and Child First Aid

<.00144.44.22.8 (0.86)Engagement

.014.554.84 (0.72)Functionality

.113.34.34.73.1 (0.87)Esthetics

<.0014.13.942.7 (1.32)Information quality

.063.834.52.2 (0.79)Subjective quality
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Figure 5. Radar graph of top apps by Mobile App Rating Scale subscale.

Regarding the information provided within the apps, the source
of information was often unlisted or unclear. However, we noted
that some apps had matching information: 26% (14/53) of the
apps contained content matching text from the
Schmitt-Thompson Clinical Content nursing triage guidelines
[51] and were similar in appearance and functionality.
Predominantly, these apps were owned by individual children’s
hospitals in the United States (10/14, 71%). The 4 other apps
used guidelines developed by the UK-based National Health
Service clinical commissioning groups; each was developed for
region-specific deployment (eg, Suffolk).

App Marketplaces
With regard to the differences between the app marketplaces,
after pooling the results from both marketplaces, we noted that
4 apps were available in Canada but not in the United States,
whereas 14 were available in the United States but not in
Canada. However, with the exception of Baby and Child First
Aid, the apps available in Canada but not in the United States
were of low quality (mean MARS score 2.4/5, SD 0.20).
Furthermore, of the apps available in the United States but not
in Canada, 71% (10/14) were local hospital apps.

Discussion

Principal Findings
The purpose of conducting this environmental scan was to
generate a comprehensive picture of the app landscape for

parents in North America trying to make the best health
decisions for their acutely ill child and for health care
researchers to identify gaps in the app ecosystem. Given the
observed trend of parents not seeking health care services for
their children during the COVID-19 pandemic [7], it is important
to address the gap we observed in Canadian context–specific
evidence-based information to support parental health care
decisions for their children. With the large changes in pediatric
ED use during the COVID-19 pandemic [7], there is a need to
create information access that identifies when interventions are
necessary, rather than the current trend of parents delaying
treatment of their children’s less serious illnesses.

Our scan of the Apple App Store and Google Play Store in
Canada and the United States identified 53 apps that we
appraised using the validated MARS tool. The mean MARS
score was 3.2/5 (SD 0.60), scoring slightly higher than the
scale’s average category of 3/5. The apps had a high overall
functionality score, with especially strong gestural design (ie,
whether interactions such as taps and other screen-based gestures
in the app were consistent and intuitive when examining all app
pages). Gestures worked in the apps with few errors. The
esthetics score rated slightly below the app mean score,
primarily because of a low visual appeal score, but it was
bolstered by strong app layouts.

The app design choices were often outdated, an unsurprising
finding considering the long average update time of 453 days.
If only those apps that were updated within 6 months are
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considered, the visual appeal score of the 20 included apps is
slightly higher (although not significantly so). The low average
information quality of apps was caused primarily by a low
evidence base score (ie, proof that the app has been trialed, as
verified by evidence in published scientific studies). This seems
to diverge from mHealth app studies in other health disciplines
such as pharmacy, which found that information quality had
the highest scores among the subscales [52]. When we examined
the literature for occurrences of app names, we found mention
of only 4 apps: Ada, Kinsa (a digital thermometer companion),
HANDi Paediatric, and WebMD Baby. Information quality was
buoyed by a strong description accuracy (mean 4.3, SD 0.91;
ie, whether the app’s described content matched its actual
content) and information quality (mean 3.6, SD 0.95). The
average scores in subjective quality app ratings (mean 3.3, SD
1.16) were similar to the overall assessed scores, whereas
willingness to pay for an app (mean 1.2, SD 0.71) and projected
app use (mean 1.5, SD 0.54) were low. However, these low
scores may better reflect the fact that most of the apps were
designed primarily for ad hoc use during acute illnesses, rather
than for regular use in chronic health situations.

We found that the apps included in each store seemed to have
different foci. On closer examination, the Google marketplace
apps were noted to be primarily information-focused (eg,
e-books), with 4 times as many (17/53, 32%)
information-focused apps as action-oriented apps (eg,
symptom-tracking tools; 4/53, 8%). The Apple marketplace
apps had the opposite trend: there were more than twice as many
action-oriented apps (14/53, 26%) as information-focused apps
(6/53, 11%). This finding suggests that a parent’s choice of
mobile device brand may not be incidental: beyond this choice
leading to different information availability, there is a difference
in the format of information presented. Specifically, unless
parents have access to both Android and Apple devices, they
will only have access to apps available on one app store.
Depending on the device available, these differences may affect
how effectively parents are able to find and use an app to help
their child. For example, the Apple and Google app stores differ
in how apps are assessed for quality and how their search
algorithms work, as well as in quality requirements for app
developers [53]. As has been previously suggested, the mode
in which information is presented matters [54-56], and this
difference has the potential to affect how parents learn more
about their child’s illness. In the same manner, the fact that
there are apps that are available in one country but not in another
also affects parents’ ability to find health information. User
characteristics also present a possible barrier to accessing health
information: a Dutch study concluded that app use differed
based on user demographics (eg, app use was higher in younger,
more educated users) [57].

When we examined app pay practices, we found that the paid
apps scored slightly lower (although not significantly so, based
on two-tailed t tests assuming equal variances based on similar
domain and overall variances) on 4 of the 5 MARS
subscales—engagement (P=.29), functionality (P=.51),
information quality (P=.13), and subjective quality (P=.36)—and
higher on one subscale: aesthetics (P=.93). Limiting the
interpretation of this finding is the small number of paid apps

compared with that of free apps (6 vs 47, respectively). We also
examined whether the apps that were updated more than 6
months ago differed in quality from the more recently updated
apps. Although only small differences were seen among the
apps, it will be interesting to investigate in future studies
whether, as noted with previous work [58], some apps worsen
with time in domains such as privacy. Trust is an increasingly
important dimension of apps, given their status as an emerging
health technology [59], and it has been shown to be an important
consideration in app adoption in some groups such as the Deaf
[60]. A limitation of the MARS is that it does not assess app
credibility to the depth suggested by other app assessment
frameworks such as the mHealth App Trustworthiness checklist
[59]. Future research could assess apps using such a checklist
to discover how items important to accessibility, such as
customization, correlate with app trustworthiness dimensions
such as user autonomy and empowerment.

On examining the top 3 apps, we noted that Baby and Child
First Aid presents 17 common first aid scenarios (eg, allergic
reaction) to parents, with a set of causes and steps to follow
(eg, basic triage, ideal action to take, and action to take in an
emergency). This app also allows parents to self-assess the
effectiveness of the teaching videos and other materials available
through quizzes. This app is highly relevant, comes from a
credible organization, and is updated regularly (at the time of
writing, the most recent update was within 6 months, on October
12, 2020). However, this app’s credibility could be improved
by demonstrating its effectiveness in peer-reviewed studies.
Ada is an artificial intelligence–based symptom checker that
uses a series of questions to reach a list of possible diagnoses,
ranked in order of likelihood. It provides options to check
another person’s symptoms, track symptoms, and centralize
health information (eg, medications and insurance). Ada benefits
from a presence in scientific studies [61,62]. HANDi Paediatric
provides parents with home assessment guidelines and
information about common childhood illnesses. Notably, it
includes nearby ED locations and the ability to call emergency
services if needed. Taken together, these 3 apps give parents
information related to emergency pediatric first aid,
identification of (and appropriate response to) common
childhood illnesses, 2 ways to check symptoms, and a means
of responding to emergency situations. Two of the top apps
(Ada and HANDi Paediatric) have a substantial, published
evidence base [63-65], and there is a significant difference
between their scores and the mean score of all apps for this item
(Ada=3/5, HANDi Paediatric=3/5; item mean 0.28/5, SD 0.89;
P<.001). A comparison of these top 3 apps with the app average
shows that the top 3 apps are significantly different in terms of
engagement (P<.001), information quality (P<.001), and
functionality (P=.01), with no significant differences for
subjective quality and esthetics.

Among all the apps reviewed, there was a lack of app presence
in published studies (MARS item evidence base: Has the app
been trialed or tested? Must be verified by evidence [in
published scientific literature]; mean 0.28/5, SD 0.89). However,
information quality and quantity were above average and
average (mean scores 3.6 and 3.0, respectively). Therefore, there
seems to be a gap between the app’s provision of quality content
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and the ability to make published claims about the effectiveness
of accessing that content. This is an area that has been examined
previously: a 2014 study found that there was no crossover
between academic and commercial app offerings for pain-related
apps [35]. The lack of rigor in assessing apps gave rise to the
concern that a lack of peer-reviewed apps has resulted in an
unregulated and uncertified set of apps available to consumers
and that this could be addressed by scientists leveraging
decreasing app development times and costs to offer more
evidence-supported apps [66]. As one recent investigation into
symptom checkers concluded, apps must be assessed on the
accuracy of their results in the context of coverage of available
conditions and patient populations if these apps do not give
results for some subgroups (eg, children) [67].

In assessing these apps, a key gap for parents to be aware of,
and for developers to note, was the lack of Canadian-developed
content available to parents. Although apps for children’s
illnesses were developed using knowledge from US and UK
sources, there were no apps that seemed to use Canadian-based
information. Among the top 3 apps, Ada develops medical
content through an internally peer-reviewed process, using a
team of physicians in the United States [68]. HANDi Paediatric
bases its information on consultants and general practitioner
and hospital clinical guidelines in the United Kingdom [69].
Baby and Child First Aid does not list a source of information.
This strongly suggests that although high-quality information
for childcare is available in apps, Canadian parents must rely
on guidelines developed elsewhere. It also means that Canadian
interests, values, and approaches to pediatric illnesses are not
well represented in the app marketplaces. This lack of
representation is concerning and suggests a gap in availability
of an app for parents based on Canadian evidence-based health
guidelines.

Limitations
When we scrutinized the app stores, we found that the Google
Play Store does not recommend similar apps if the app being
examined is not compatible with the user’s devices, and the
Apple App Store does not show apps that are unavailable on

the user’s current device. Spellings and idioms were important:
searching pediatric returns apps from North America first,
whereas paediatric returns UK- and Australia-based apps. The
mechanisms behind each store’s search parameters are unique
and undisclosed, and the differences in search mechanisms that
are described do not support the use of a single systematic
process used to search both stores. Therefore, there is no way
to guarantee that all relevant and currently available apps have
been captured during the Play Store and App Store searches.
We attempted to mitigate this limitation through our use of
multiple search terms co-designed with a research librarian and
having 2 reviewers assess all apps for inclusion. In addition,
the testing of each app was conducted by 1 evaluator (with a
second evaluator assessing 5/53, 10% of apps); having more
evaluators comparing ratings would decrease the possibility
that the rating agreements occurred by chance. Our examination
of peer-reviewed study availability relating to single apps was
limited to a single search engine (Google Scholar), and rigor
could have been added to this method by triangulating results
with PubMed and directly checking developer websites.

Conclusions
This study examined 53 apps for parents related to acute
childhood illness using the MARS assessment tool. Overall app
quality was rated slightly above average, driven by high scores
in functionality, whereas there was scope for the apps to improve
their information content through increased presence in
peer-reviewed studies. There was a strong need identified for
evidence-based apps of Canadian origin. These apps should be
developed in a way that ensures accessibility of content,
transparency of information sources, and effectiveness as
demonstrated through peer-reviewed studies. In the case that
developers are unable to test for effectiveness, demonstrating
that the app was created using evidence-based, peer-reviewed
information would give parents a basis for trusting the app’s
content. Considering these findings in relation to the current
practice of most parents of using internet searches as their
clinician-adjunct source of health information, there is a clear
opportunity for clinicians and scientists to collaborate to create
apps that increase parents’confidence in their health knowledge.
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Abstract

Background: Integrated community case management (CCM) has led to reductions in child mortality in Malawi resulting from
illnesses such as malaria, pneumonia, and diarrhea. However, adherence to CCM guidelines is often poor, potentially leading to
inappropriate clinical decisions and poor outcomes. We determined the impact of an e-CCM app on the referral, reconsultation,
and hospitalization rates of children presenting to village clinics in Malawi.

Objective: We determined the impact of an electronic version of a smartphone-based CCM (e-CCM) app on the referral,
reconsultation, and hospitalization rates of children presenting to village clinics in Malawi.

Methods: We used a stepped-wedge, cluster-randomized trial to compare paper-based CCM (control) with and without the use
of an e-CCM app on smartphones from November 2016 to February 2017. A total of 102 village clinics from 2 districts in northern
Malawi were assigned to 1 of 6 clusters, which were randomized on the sequencing of the crossover from the control phase to
the intervention phase as well as the duration of exposure in each phase. Children aged ≥2 months to <5 years who presented
with acute illness were enrolled consecutively by health surveillance assistants. The primary outcome of urgent referrals to
higher-level facilities was evaluated by using multilevel mixed effects models. A logistic regression model with the random
effects of the cluster and the fixed effects for each step was fitted. The adjustment for potential confounders included baseline
factors, such as patient age, sex, and the geographical location of the village clinics. Calendar time was adjusted for in the analysis.
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Results: A total of 6965 children were recruited—49.11% (3421/6965) in the control phase and 50.88% (3544/6965) in the
intervention phase. After adjusting for calendar time, children in the intervention phase were more likely to be urgently referred
to a higher-level health facility than children in the control phase (odds ratio [OR] 2.02, 95% CI 1.27-3.23; P=.003). Overall,
children in the intervention arm had lower odds of attending a repeat health surveillance assistant consultation (OR 0.45, 95%
CI 0.34-0.59; P<.001) or being admitted to a hospital (OR 0.75, 95% CI 0.62-0.90; P=.002), but after adjusting for time, these
differences were not significant (P=.07 for consultation; P=.30 for hospital admission).

Conclusions: The addition of e-CCM decision support by using smartphones led to a greater proportion of children being
referred to higher-level facilities, with no apparent increase in hospital admissions or repeat consultations in village clinics. Our
findings provide support for the implementation of e-CCM tools in Malawi and other low- and middle-income countries with a
need for ongoing assessments of effectiveness and integration with national digital health strategies.

Trial Registration: ClinicalTrials.gov NCT02763345; https://clinicaltrials.gov/ct2/show/NCT02763345

(J Med Internet Res 2021;23(10):e25777)   doi:10.2196/25777

KEYWORDS

community case management; mobile health; pediatrics; childhood infection; mobile phone

Introduction

Malawi has one of the world’s lowest doctor-to-patient ratios
[1], with ≤1 doctor per 50,000 people [2-5], which is
considerably lower than the World Health Organization’s
recommendation of 1 doctor per 5000 people. In order to
improve access to essential health services for many of Malawi’s
marginalized communities, the Malawi Ministry of Health
started an Emergency Human Resources Program in 2005 when
it recruited and trained selected community members to become
health surveillance assistants (HSAs) [6]. HSAs are allocated
to hard-to-reach areas, each serving a population of
approximately 1000 [7]. They have several duties they are
expected to carry out (eg, family planning, environmental health,
and HIV counseling), of which community case management
(CCM) is integral [8]. HSAs are encumbered by an
overwhelming workload, insufficient day-to-day professional
support (including training opportunities), and inadequate
remuneration [7]. These competing pressures may lead to further
progress in disease control and childhood survival. CCM is a
paper-based clinical decision aid that enables frontline
community health workers known as HSAs in Malawi to
recognize and manage the major causes of mortality among
children aged ≤5 years in low- and middle-income countries
(LMICs), specifically malaria, pneumonia, diarrhea, and
malnutrition [9]. CCM uses simple signs and symptoms to help
HSAs identify self-limiting conditions that can be managed in
the community and more serious illnesses that require medical
attention from clinically trained health personnel (eg, nurses)
at higher-level health care facilities or hospitals. The
introduction of this strategy has provided access to basic health
care that many children would otherwise have been denied [10].

While mortality rates among the under-fives have steadily
declined since the introduction of CCM in 2009, concerns have
begun to surface about inconsistent standards of delivery of
CCM; it has been observed that HSAs do not always follow all
the steps in the protocol when assessing children, potentially
resulting in inappropriate clinical management decisions [11].
In Malawi, HSAs deliver CCM from village clinics; in a country
where 84% of the population resides in rural locations [12] more
than 8 km from facility-based health providers, CCM has helped

provide equitable access to health care for many communities
that were previously underserved [13]. CCM is widely
implemented in LMICs and has demonstrated some success in
improving the management of children with acute illness and
reducing mortality. For example, the CCM of pneumonia
reduced pneumonia-associated mortality by 70% in some
developing countries [14,15]. As the adoption of CCM in
Malawi in 2008, this strategy has contributed to significant
reductions in under-five mortality from 97.8 per 1000 live births
to 52.7 in 2017 [16].

The implementation of CCM is based on the diagnostic and
prognostic value of certain signs and symptoms; children with
uncomplicated illness are managed in the community with
symptomatic treatment, whereas those with danger signs are
urgently referred to a health facility that can provide a higher
level of care. Accurate and timely urgent referral is an integral
component of CCM and is a prerequisite for improving health
outcomes among acutely unwell children. Aside from
preventable mortality, failure to refer at the appropriate time
can overburden constrained resources at higher-level facilities
needed for treatment of severely unwell children, lead to
unnecessary hospital admissions, or involve caregivers repeating
inconvenient journeys to village clinics because their child’s
condition has not resolved or is deteriorating.

However, there is considerable evidence of suboptimal
management decisions from field studies, including poor HSA
adherence to the required steps of CCM [17]. HSAs do not
always follow all the steps in the protocol when assessing
children, potentially resulting in inappropriate clinical
management decisions [11]. Indeed, because CCM is delivered
using a paper-based tool, it is easy for relevant fields to be
overlooked or for clinically invalid data to be recorded,
contributing to inappropriate management decisions. Poor
adherence to CCM is further compounded by factors such as
transportation costs or distance to higher-level facilities or
medication supply chain issues that further impede the potential
impact of CCM.

The proliferation of mobile phones and cellular networks in
LMICs has prompted the development of several mobile health
(mHealth) technologies as alternative platforms for delivering
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childhood intervention strategies [18]. Decision support systems
within these technologies can facilitate clinical decision-making
and offer potential advantages over paper-based tools [19,20].
The potential advantages of e-CCM over paper-based CCM
include shorter consultation time and a greater likelihood of
correct diagnostic and treatment decisions, as noted in previous
studies [21,22]. However, adopting mHealth tools as an adjunct
(or replacement) for current paper-based assessment and
reporting tools requires considerable initial and sustained
investment. Therefore, demonstrating the impact of mHealth
on health care outcomes is crucial. This study aims to determine
the effectiveness of smartphone-based CCM on urgent referral,
reconsultation, and hospitalization of children aged ≤5 years in
Malawi.

Methods

Study Design
The full study protocol has been published [23]. In summary,
we used a stepped-wedge, cluster-randomized design trial to
compare paper-based CCM with a mobile phone app version
of the CCM that was developed by the Supporting LIFE research
team (SL e-CCM app) [24]. Village clinics were grouped into
6 clusters based on geographic proximity, and clusters were
randomized to determine the sequence of crossover from the
control (using paper CCM alone) to the intervention (using
paper CCM as well as SL e-CCM) and the duration of exposure
(2-7 weeks) in each phase. Children aged ≥2 months to <5 years
were triaged using paper CCM or paper CCM+SL e-CCM app
depending on when they presented to village clinics.

This study was conducted in 102 village clinics across Nkhata
Bay and Rumphi districts in northern Malawi, where Chichewa,
Chitumbuka, and Tonga are the principal languages spoken.
Cassava farming is the main occupation of the 215,429
inhabitants of the Nkhata Bay District, situated on Lake Malawi.
Rumphi district, which extends west from Lake Malawi to the
Zambian border, is principally a tobacco farming community
with 166,460 inhabitants. According to the National Statistic
Office of Malawi, 23.4% and 17.4% of the adult population
(defined as those aged ≥15 years) are illiterate in Nkhata Bay
and Rumphi, respectively. Village clinics are typically basic
community structures equipped only with rudimentary
diagnostic aids (eg, stopwatch) and medical supplies (eg, oral
rehydration therapy and artemisin-based combination therapy).
Each clinic is operated by a single HSA, who is a
government-employed community health worker responsible
for assessing and managing acutely unwell children using CCM.
HSAs are people who possess a Malawi School Certificate of
Education or Junior Certificate of Education. They are frontline
health workers who work in the village clinic [7]. A village
clinic serves a catchment area of approximately 1000 people
[10,25]. Both districts are predominantly rural, with 30%-35%
of the population residing more than 8 km from a health facility
with qualified clinical staff [26].

Participants
A total of 102 HSAs were recruited to participate (men: 77/102,
75.4%; women: 24/102, 23.5%; not disclosed: 1/102, 0.9%).
The ages of these HSAs ranged from 27 to 59 years, and they

had been working as HSAs for between 1 and 27 years (mean
10.1 years). Before the trial, 101 HSAs already had phones, of
which 36.6% (37/101) were smartphones.

HSAs consecutively enrolled eligible children aged ≥2 months
to <5 years from November 2016 to February 2017, who
presented with acute illness but were not unconscious,
convulsing, or previously enrolled in the study. Because of high
rates of illiteracy in Nkhata Bay and Rumphi districts, caregivers
were required to verbally consent in their preferred language
for their child to be enrolled to avoid limiting participation by
literacy levels.

Randomization and Blinding
Village clinics were grouped into 6 clusters based on geographic
proximity. Clusters were then randomized using a web-based
random number generator to determine the sequencing of
crossover of clusters from the control phase (paper CCM) to
the intervention phase (paper CCM+SL e-CCM), as well as the
duration of exposure (2-7 weeks) in each phase. Neither the
participants nor the researchers were blinded to allocation.
Baseline data were collected during the index visit and recorded
in the village clinic register (VCR) in the control arm and in the
SL e-CCM app during the intervention phase.

HSA Training
Before commencing recruitment, we engaged with national and
district-level health authorities to explain to them the objectives
of the clinical trial and the procedures to be done. HSAs
recruited by the study team attended a 1-day training workshop
to learn study procedures for the control and intervention phases
of the trial, as well as how to operate the SL e-CCM app and
the smartphone (details of the hardware and development and
functionality of the app are described in full elsewhere [23]).
Before crossover from the control to the intervention phase,
HSAs attended a further 2-day training workshop to familiarize
them with study procedures and the technology specific to the
intervention phase. Training workshops were conducted in
English with a member of the research team fluent in the
regional dialects of Chichewa, Tonga, and Chitumbuka to
facilitate communication. HSAs were permitted to use their
clinical discretion if they disagreed with the care
recommendations provided by the SL e-CCM app.

Procedures
During the control phase, HSAs used paper-based CCM to
assess and manage children for 2-7 weeks (depending on the
assigned order of clusters after randomization). Details of
clinical presentations were recorded by hand in the VCR, as per
standard practice. During the intervention phase, HSAs recorded
clinical presentations synchronously in both the VCR and SL
e-CCM apps. Form validation ensured that HSAs were required
to complete every field on the e-CCM app [11]. A complete
inventory of the data collected by HSAs during each phase of
the trial has been reported elsewhere [23]. Outcome data were
collected retrospectively using local nursing students or
graduates who traveled to village clinics and higher-level health
facilities within an assigned catchment area on a weekly basis
to manually abstract data from patient records. Enrolled children
were reidentified at clinical sites by cross-referencing each
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child’s full name, date of enrollment, date of birth, and sex along
with caregiver name and contact details prepopulated on clinical
research forms. Given that caregivers can represent to any
village clinic and higher-level health facility, child identifiers
and subsequent attendances at health facilities were verified by
caregivers via cell phone beforehand, to improve the efficiency
of data collection. Clinical data were recorded in the VCR during
both the control and intervention phases of the study in order
to fulfill local reporting requirements for village clinics and
district health authorities.

Outcomes
The primary outcomes were urgent referrals to higher-level
health facilities, reconsultations to village clinics, and
hospitalization within 7 days of study enrollment.

Outcomes were determined by case note review of VCR and
health facility records undertaken 2-weeks after study
enrollment. Reconsultations were defined as reattendances to
any village clinic for a health concern related to the reason for
presentation recorded in the VCR at baseline, and hospital

admissions related to an inpatient stay in a secondary or tertiary
care facility for ≥1 day because of deterioration of illness
recorded in the VCR.

Description of SL e-CCM App
The SL e-CCM App was developed and implemented by the
Supporting LIFE research team and is an android-based
smartphone app that replicates the paper-based CCM decision
support tool routinely used by HSAs in Malawi and across
sub-Saharan Africa [27]. The tool enables HSAs to enter the
information they would usually gather using the paper CCM
form, answer a series of clinical questions, and obtain selected
clinical measurements (eg, breathing rate). Data are entered
directly into the app via touch screen technology, either by
selecting the appropriate option or by entering free text [23,28].
The app provides treatment recommendations, including
medications, referral to health facilities, and health education
for parents. The app requires that users complete all steps (ie,
questions and prompts) before the user can proceed to the next
step. Figures 1 and 2 show the dashboard of the Supporting
LIFE App.

Figure 1. The Supporting LIFE App. CCM: community case management; IMCI: Integrated Management of Childhood Illnesses.
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Figure 2. CCM assessment using the Supporting LIFE App. CCM: community case management.

Statistical Analysis
Descriptive analyses were used to examine the individual-level
baseline characteristics of children between the control and
intervention periods across all clusters. Participant characteristics
included the child’s age, sex, the district in which the child was
recruited, and the treatment decision by the HSA at the index
visit. For continuous measures, we reported the mean and SD.
For categorical measures, we reported counts and proportions.
The 2-tailed t tests and chi-square tests were used to determine
bivariate differences for continuous and categorical measures,
respectively.

Following an intention-to-treat principle, we evaluated overall
differences in the proportion of children who were urgently
referred to a higher-level health facility by HSAs between the
control and intervention periods. For the primary analysis, urgent
referrals to higher-level facilities were evaluated at the patient
level using multilevel mixed effects models [29]. As all
outcomes were binary, a logistic regression model with random
effect of cluster and fixed effect for each step was fitted [30,31].
Potential confounders included baseline factors of age, sex, and
geographical location of village clinics (ie, urban and rural).
Calendar time was also adjusted for in the analysis, and the
effect of time was modeled as a categorical variable [30]. Odds
ratios (ORs) with 95% CI were estimated and reported. Potential
effect modification by age and sex was assessed by stratification
and inclusion of interaction terms with the intervention period
in the model. Other main outcomes of reconsultations at village
clinics and hospitalizations were also analyzed using mixed

models with the same potential confounders and effect
modifiers. For secondary analyses, we explored the
heterogeneity in treatment effects between clusters using
within-cluster comparisons between the intervention and control
periods. Statistical significance was set at P<.05, and all tests
were two-sided. All analyses were conducted using Stata version
14 (StataCorp). Patient flow, including the number and reasons
for exclusion and withdrawal, was reported according to
CONSORT recommendations.

Dissemination of Results
The results of this study will be disseminated through
presentations in research conferences, and copies of this study
will be put in the Libraries of Mzuzu University, College of
Medicine, University of Washington, University College Cork,
Lund University, and Imperial College London.

Results

Participants Recruited and Baseline Characteristics
A total of 6965 children were recruited, of whom 49.11%
(3421/6965) were included in the paper CCM (control) phase
and 50.88% (3544/6965) were included in the e-CCM
(intervention) phase (Table 1). A larger number of children were
recruited from the Nkhata Bay district than from Rumphi in
both trial phases, reflecting the higher population in the former,
as noted above. Children recruited in the control phase were
significantly younger (mean age 24.6, SD 15.4 months) than
those in the intervention phase (26.9, SD 16.1 months). Most
children in both the control (3217/3421, 94.03%) and in the
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intervention phases (3335/3544, 94.10%) were treated at home after their assessment by the HSA (Table 1).

Table 1. Baseline characteristics of participants (N=6965).

P value
Intervention arm (e-CCM app+paper
CCM; n=3544)Control arm (paper-CCMa; n=3421)Characteristic

<.00126.9 (16.1)24.6 (15.4)Age (months), mean (SD)

Sex, n (%)

.631783 (50.31)1741 (50.89)Male

.661759 (49.63)1680 (49.10)Female

.162 (0.06)0 (0)Not recorded

Districtb, n (%)

.011535 (43.31)1590 (46.47)Rumphi

<.0011962 (55.36)1777 (51.94)Nkhata Bay

HSAc treatment decision at index visit, n (%)

.51198 (5.58)179 (5.23)Urgent referral

.913335 (94.10)3217 (94.03)Treated at home or advice given to caregiver

.0111 (0.31)25 (0.73)Nothing recorded in village clinic register

aCCM: community case management.
bInformation on districts was missing for 54 participants in the control group (1.6%) and 47 participants in the intervention group (1.3%).
cHSA: health surveillance assistant.

Effect of Intervention on Urgent Referral
A total of 5.23% (179/3421) of children in the control phase
were urgently referred to a higher-level health care facility,
compared with 5.58% (198/3544) in the intervention phase (OR
1.04, 95% CI 0.83-1.29; P=.75; Table 2). After adjusting for
the effects of time (model 1), the OR was 2.02 (95% CI
1.27-3.23; P=.003), in favor of the intervention. Further
adjustment for age, sex, and district (models 3 and 4) provided
similar strengths of association. We found no significant effect

modification in the tested models. Examination of
cluster-specific treatment effects, adjusted for calendar time,
across the 6 clusters showed that the direction of effect was
identical to the overall effect (ie, favoring intervention) in 4 of
the 6 clusters but was statistically significant in only one of
these (cluster 2; P<.001) most likely affected by sample size.
In 2 of the 6 clusters (clusters 3 and 4), the direction of effect
favored the control arm but was statistically significant in only
one of these clusters (cluster 4; P=.009).

Table 2. Effects of intervention on urgent referral (N=6965).

ICCb (95% CI)P valueORa (95% CI)
Intervention arm
(n=3544), n (%)

Control arm
(n=3421), n (%)Model

198 (5.58)179 (5.23)Urgent referral

0.128 (0.042-0.326).751.04 (0.83-1.29)N/AN/AcModel 1: unadjusted

0.127 (0.042-0.325).0032.02 (1.27-3.23)N/AN/AModel 2: adjusted for time

0.125 (0.041-0.321).0032.01 (1.26-3.21)N/AN/AModel 3: adjusted for time, age, and sex

0.024 (0.000-0.054)<.0012.15 (1.44-3.22)N/AN/AModel 4: adjusted for time, age, sex, and
district

aOR: odds ratio.
bICC: intracluster correlation coefficient.
cN/A: not applicable.

Effect of Intervention on Repeat Consultation
Repeat consultations with an HSA within 7 days occurred for
5.26% (180/3421) of children in the control phase, compared
with 2.42% (86/3544) in the intervention phase (OR 0.45, 95%
CI 0.34-0.59; P<.001; Table 3). After adjusting for the effects
of time (model 1), the OR was 0.57 (95% CI 0.32-1.04), in favor

of the intervention arm, but this was not statistically significant
(P=.07). Further adjustment for age, sex, and district (models
3 and 4) provided similar ORs. We found no significant effect
modification in these models. Examination of cluster-specific
treatment effects showed that the direction of effect for the
outcome of repeat consultation favored the control arm in 4
clusters (clusters 1, 3, 4, and 5) and was statistically significant
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in only one of these (cluster 4; P=.04), whereas in clusters 2
and 6 it favored the intervention, but was not statistically
significant (cluster 2, P=.79; cluster 6, P=.09).

A total of 219 clinical features were recorded on the children
attending repeat consultations, although not all children had

clinical symptoms recorded, and more than one clinical feature
could be recorded in one child. The most common symptoms
reported were fever for <7 days, cough for 21 or more days,
diarrhea for <14 days without blood, and fast breathing (Table
3).

Table 3. Effects of intervention on repeat consultation (N=6965).

ICCb (95% CI)P valueORa (95% CI)
Intervention arm
(n=3544), n (%)

Control arm
(n=3421), n (%)Model

86 (2.4)180 (5.3)Repeat consultation

0.186 (0.063-0.435).070.57 (0.32-1.04)N/AN/AcModel 3: adjusted for time, age, and sex

0.084 (0.024-0.250).070.58 (0.32-1.05)N/AN/AModel 4: adjusted for time, age, sex, and
district

aOR: odds ratio.
bICC: intracluster correlation coefficient.
cN/A: not applicable.

Effect of Intervention on Hospital Admission
A total of 565 children were admitted to the hospital, 9.35%
(320/3421) in the control arm and 6.91% (245/3544) in the
intervention arm (OR 0.75, 95% CI 0.62-0.90; P=.002; Table
4). Of these, 51.3% (290/565) were urgently referred by their
HSA, and 47.8% (270/565) were taken to the hospital by their
parents (information on origination was not available for 5
children). After adjusting for the effects of time (model 2), the
OR was 1.23 (95% CI 0.83-1.81), in favor of the control arm,

but was not statistically significant (P=.30). Further adjustment
for age, sex, and district (models 3 and 4) provided similar ORs.
We found no significant effect modification in these models.
Examination of cluster-specific treatment effects showed that
the direction of effect on hospital admission favored the control
arm in 4 clusters (clusters 1, 2, 5, and 6) and was statistically
significant in only one of these (cluster 2; P=.002), and the
intervention arm in 2 clusters (3 and 4), but was not statistically
significant (cluster 3, P=.49; cluster 4, P=.10).

Table 4. Effect of intervention on hospital admissions (N=6965).

ICCb (95% CI)P valueORa (95% CI)
Intervention arm
(n=3544), n (%)

Control arm
(n=3421), n (%)Model

245 (6.9)320 (9.4)Hospitalization

0.034 (0.010-0.113).291.23 (0.83-1.82)N/AN/AcModel 3: adjusted for time, age, and sex

0.004 (0.000-0.036).501.14 (0.78-1.67)N/AN/AModel 4: adjusted for time, age, sex, and
district

aOR: odds ratio.
bICC: intracluster correlation coefficient.
cN/A: not applicable.

Discussion

Principal Findings
We found that the addition of e-CCM to the usual practice of
assessing and treating children with HSAs using the paper-based
assessment tool led to a significant increase in the proportion
of children referred urgently to higher-level health care facilities.
This direction of effect of the intervention was found in most
but not all of the 6 clusters of clinics. The intervention was also
associated with smaller proportions of children who attended a
repeat consultation at the village clinic or who needed to be
admitted to the hospital, but these were not statistically
significant after full adjustment in the models.

We speculate that the modest effect of e-CCM on increasing
the proportion of children who were urgently referred may have
been because of greater adherence to the CCM decision support

algorithm [32,33], as the smartphone app encouraged adherence
to CCM [33], or that the smartphone app reduced errors by
providing more accurate assessment than paper CCM alone.
This is because when using e-CCM, there is less opportunity
for the HSA to miss assessment items, as they are forced to
complete all items before progressing in the assessment tool.
As such, this reduces errors that may have occurred when HSAs
use paper-based CCM alone, where they can choose to fill in
some questions and leave out others. The effects could, however,
merely represent the impact of the requirement in our trial for
HSAs to double enter data (ie, on paper format and then using
the app) with replication of assessment providing more
opportunity to conduct the required assessment. Children in the
intervention group were less likely to return for repeat
consultation, which could be because of their assessment being
more thorough or correct at their initial visit to the village clinic,
thus reducing the need to return to the clinic for the same illness.
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Our trial also demonstrated that 94.1% (6552/6965) of children
aged ≤5 years presenting with acute illness are managed in the
community by HSAs, with only approximately 1 in 20 being
urgently referred to a higher-level health care facility. Some
caregivers appear to bypass the village clinic and attend the
hospital directly without being assessed at the village clinic.
This implies dissatisfaction with the services provided by
lower-level health care facilities, such as village clinics [25].
One reason that caregivers may bypass village clinics and go
directly to higher-level facilities may be because caregivers
perceive that their child needs urgent attention and may feel
that going to the village clinic wastes time [34]. Indeed, previous
studies have found that some community members do not have
confidence in the care they receive from first-level health care
providers, such as community health workers [35,36].

A major strength of our study is the use of a rigorous
stepped-wedge design, which aims to minimize potential biases.
Previous research has established considerable support by HSAs
and the local community for planned interventions [7,10,37].
We could not conduct an individual randomized study at the
child or HSA level, following guidance from local investigators.
A stepped-wedge design has significant advantages over a
simple before and after design as it attempts to minimize
potential temporal biases and provides a more powerful study
design using a control group. We selected referrals as the main
trial outcome as this is a major driver of health care use, and
there is currently evidence that underreferral contributes to child
morbidity [38,39]. We believe that this study provides a high
degree of generalizability to similar settings in sub-Saharan
Africa, where CCM is used.

This study had some limitations. One involved the requirement
of our study design for HSAs to continue to use the paper tool
during the intervention phase, which meant that we could not
assess the independent impact of e-CCM but rather its benefit.
This occurred because the SL e-CCM App was not yet endorsed
by the Malawi Ministry of Health, so it could not replace the
paper tool. In addition, assessing outcomes was challenging
because of the lack of unique patient identifiers and incomplete
records at health care facilities. The study may have been
underpowered to detect effects on repeat consultations and
hospital admission, and we noted heterogeneity between clusters
in direction and significance of effects.

Our results add to previous qualitative studies that have shown
that HSAs feel empowered using apps such as the one evaluated
here [21] and that these tools might support greater adherence
to CCM [32]. These results support wider implementation and
potential addition of further functionalities to support HSAs
using smartphones to facilitate other tasks, such as reporting
requirements or drug stocking. For policy makers, our study
provides robust evidence on the effectiveness of this e-CCM
tool that few other studies have provided to date and could
therefore add evidence to support national digital health
strategies in developing an integrated community health
information system. However, we acknowledge that further data
are needed to determine the costs (and cost-effectiveness) of
the initial setup (training, smartphones, and servers), and
ongoing support (technical support, hardware replacement, and
software updates). For researchers in this area, evidence for the
independent effects of e-CCM on outcomes is needed. These
results call for additional studies on e-CCM apps and similar
mHealth tools to determine the impact on other clinical
outcomes, such as duration of illness and resource use. In
addition, there is a need to ensure data and workflow integration
of e-CCM as part of community health service delivery,
management, and existing digital tools used at other levels of
the health system, such as the District Health Information
System, electronic medical record systems, and real-time
surveillance at the community level.

Conclusions
The vast majority of children assessed by HSAs in these 2 large
rural areas of Malawi are managed by HSAs in their
communities. Adding an e-CCM that involved an app on
smartphones to HSAs’ usual paper-based CCM tool led to a
significant increase in the proportion of children referred from
village clinics to higher-level health care facilities. Although
the effects on decreased hospital admission and decreased repeat
consultation were suggestive but inconclusive, they support the
hypothesis that the e-CCM tool improved decision-making at
the HSA level. Combined with existing qualitative literature
showing high levels of acceptability of mHealth versions of
CCM by community health workers, our findings support further
efforts to deploy smartphone-based tools as part of integrated
digital health strategies in Malawi and similar countries in
sub-Saharan Africa, with ongoing evaluation of effectiveness,
cost-effectiveness, and acceptability by health care workers and
community members.
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Abstract

Background: Insomnia is a prevalent condition that presents itself at both the symptom and diagnostic levels. Although insomnia
is one of the main reasons individuals seek medicinal cannabis, little is known about the profile of cannabinoid use or the perceived
benefit of the use of cannabinoids in daily life.

Objective: We conducted a retrospective study of medicinal cannabis users to investigate the use profile and perceived efficacy
of cannabinoids for the management of insomnia.

Methods: Data were collected using the Strainprint app, which allows medicinal cannabis users to log conditions and symptoms,
track cannabis use, and monitor symptom severity pre- and postcannabis use. Our analyses examined 991 medicinal cannabis
users with insomnia across 24,189 tracked cannabis use sessions. Sessions were analyzed, and both descriptive statistics and
linear mixed-effects modeling were completed to examine use patterns and perceived efficacy.

Results: Overall, cannabinoids were perceived to be efficacious across all genders and ages, and no significant differences were
found among product forms, ingestion methods, or gender groups. Although all strain categories were perceived as efficacious,
predominant indica strains were found to reduce insomnia symptomology more than cannabidiol (CBD) strains (estimated mean
difference 0.59, SE 0.11; 95% CI 0.36-0.81; adjusted P<.001) and predominant sativa strains (estimated mean difference 0.74,
SE 0.16; 95% CI 0.43-1.06; adjusted P<.001). Indica hybrid strains also presented a greater reduction in insomnia symptomology
than CBD strains (mean difference 0.52, SE 0.12; 95% CI 0.29-0.74; adjusted P<.001) and predominant sativa strains (mean
difference 0.67, SE 0.16; 95% CI 0.34-1.00; adjusted P=.002).

Conclusions: Medicinal cannabis users perceive a significant improvement in insomnia with cannabinoid use, and this study
suggests a possible advantage with the use of predominant indica strains compared with predominant sativa strains and exclusively
CBD in this population. This study emphasizes the need for randomized placebo-controlled trials assessing the efficacy and safety
profile of cannabinoids for the treatment of insomnia.

(J Med Internet Res 2021;23(10):e25730)   doi:10.2196/25730
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Introduction

Background
With the growing interest in the therapeutic and medicinal uses
of cannabis, there is an increased need to better understand the
harms and benefits of acute and long-term therapeutic use of
cannabinoids. Among individuals who use medicinal cannabis
in Canada, 42% report using cannabis 2-3 times a day, with
40% of users reporting their consumption to be >14 grams per
week [1]. In fact, rates of medicinal cannabis authorization in
Canada rose from 8000 in 2014 to 340,000 in 2018 [2].
Similarly, with nationwide cannabis legalization in October
2018, general cannabis use rates in Canada increased from 14%
to 18% between 2018 and 2019 [3].

Despite the paucity of randomized placebo-controlled trials,
both recreational and medicinal cannabis users report
perceptions of a broad spectrum of benefits from cannabis.
Among these benefits of the use of cannabis is aiding sleep [4].
In fact, in addition to pain and anxiety, insomnia has commonly
been reported to be among the top reasons individuals seek
medicinal cannabis [2]. This association is very relevant
considering the high rates of insomnia in the general population.
It is estimated that approximately 10% of adults experience
chronic insomnia [5], and nearly one-third of all adults suffer
from occasional or intermittent insomnia symptoms annually
[5]. Longitudinal studies have found that nearly 70% of
individuals reporting insomnia symptoms at baseline continue
to report symptoms a year later [6], and 50% continue to report
having symptoms 3 years later. Insomnia is also one of the most
common complaints in primary care, often presenting itself at
both symptom and diagnostic levels [6]. Characterized by
difficulty in falling asleep, staying asleep, or having a
nonrestorative sleep, insomnia negatively affects functioning,
quality of life, and mental health [7]. In addition, insomnia often
co-occurs with common medical and psychiatric conditions [6].
Individuals experiencing these comorbidities report greater
impairments in psychosocial and cognitive functioning
compared with individuals without sleep disturbances [6-10].

Cannabinoids for Insomnia
Recent reviews have concluded that the current evidence of the
benefits of using cannabinoids for insomnia symptoms are
largely driven by clinical trials that used cannabinoids for the
treatment of other conditions, such as pain or multiple sclerosis
[11-13]. Similarly, although some previous studies have
examined recreational and medicinal cannabis use in naturalistic
samples, very few have focused on insomnia as a primary
outcome [14,15]. In one study, 95 medicinal cannabis users
were surveyed on the effects of cannabis products used for
various conditions and symptoms [14]. The results indicated a
statistically significant preference toward Cannabis indica
products to help with sedation and sleep [14]. In addition, the
same study reported that users also preferred these products for
insomnia, encouraging further research focusing on the condition
[14]. In another study, a mobile app collecting data on medicinal
cannabis in naturalistic conditions was used to measure the
self-reported effectiveness and side effects of cannabis [15].
The study examined 2332 users across 10,535 tracked cannabis

sessions [15]. The results indicated significant reductions in
symptom severity across all reported symptoms, with
significantly more relief in anxiety- and depression-related
symptoms than pain symptoms [15]. Notably, in this particular
study, insomnia was examined as a symptom of anxiety and
presented the largest symptom relief score across all examined
symptoms following cannabis consumption [15].

Most relevantly, a recent naturalistic study that examined
cannabis use for insomnia in a sample of 409 participants across
1056 sessions reported significant reductions in symptom
severity; however, these findings were limited to raw, natural
medical cannabis flowers and lacked information on the
perceived efficacy of various cannabis product forms.
Furthermore, this study was limited by a lack of information
on patient demographics, as the information collected from
users did not include key demographic data, such as age and
gender [16]. Since the legalization of cannabis in Canada in
2018, research regulations for the drug remain quite stringent
[1]. Similarly, because of its status as a schedule 1 drug in the
United States, it is underinvestigated for therapeutic purposes
[17-20]. Therefore, not only is there a major gap in studies
assessing insomnia as the primary outcome, but also a lack of
scientific literature on the use of cannabis products that are
currently being consumed by the general public [11-13]. To
help address these gaps, we conducted a retrospective study to
investigate the perceived effectiveness of the use of
cannabinoids in treating insomnia symptoms in a large,
naturalistic sample of Canadians. We also describe the key
demographic characteristics of these individuals, such as age
and gender distribution, types of cannabinoid use, and methods
of ingestion.

Methods

Overview of Strainprint App
We conducted a retrospective study examining cannabis use for
the management of insomnia symptoms using anonymous
archival data obtained from the medicinal cannabis–tracking
app Strainprint (Strainprint Technologies Ltd). Strainprint is a
Canadian app with a large database of medical and recreational
cannabis users with >90 million data points and 2 million
reported patient outcomes. The app allows users to track and
monitor changes in their symptoms as a function of different
doses, strains, and forms of cannabis. It engages users through
a loyalty rewards system where users earn points for tracking
sessions of cannabis use. Through Strainprint, users are able to
record medical conditions, symptoms being treated, methods
of ingestion, doses, emotive effects, pre- and postmedication
ratings, and cannabis product constituents by batch for each
tracked session. Tracked information can also be shared with
health care providers. On initial use of the app, individuals are
prompted to enter basic demographic information, such as year
and month of birth, gender, and the conditions and symptoms
that they wish to treat. When individuals are ready to track their
medication session, they open the app before using cannabis
and select the relevant symptoms they wish to treat from a
dropdown list of their previously chosen symptoms. Users are
then taken through a set of steps where they are first prompted
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to rate the severity of their symptoms on a 11-point numeric
rating scale (0=least severe and 10=very severe) before
medication. Next, individuals select the cannabis they are using
by product name and batch. Strainprint prepopulates the app
with lab-verified cannabis constituents by batch for all medical
cannabis products sold by licensed producers in Canada. Data
on cannabis content are pulled directly from cannabis
distributors. Users then select the product form (flower, oil,
capsule, edible, vape pen, or concentrate), route of
administration (vape, oil, smoke, edible, pill, tincture, spray,
concentrate, dab bubble, dab portable, oral, topical, or
transdermal), and dose (drops, mg, ml, or puffs) for that specific
session. After an onset period defined by the chosen route of
administration (eg, 20 minutes for smoke and 60 minutes for
pill or edible), users are prompted with a push notification (8
hours later for sleep) to complete their session by rating their
symptom severity postmedication on the same 11-point numeric
scale.

Strainprint also provides individuals with a complete history of
their use, along with product recommendations based on other
users’ experiences with the same symptoms. As part of
Strainprint’s terms of service, individuals agree to share their
anonymous information for research and other purposes. In this
study, we examined the data of individuals who used medicinal
cannabis to manage the severity of insomnia symptoms for the
condition of insomnia. Specific variables for this study were
determined before data extraction, and the information was
subsequently provided by Strainprint stripped of identifiers.

Study Sample
Our study included all tracked sessions between February 27,
2017, and February 28, 2020. The final sample consisted of 991
Canadian medicinal cannabis users with insomnia who used the
app to monitor changes in insomnia symptoms across 24,189
recorded sessions. The sample comprised 42.6% (422/991)
self-identified male participants and 56.1% (556/991)
self-identified female participants (13/991, 1.3% of users did
not report gender), ranging in age from 18 to 74 years (mean
36.32, SD 11.65). Additional descriptive statistics on the sample
are presented in Figure S1 of Multimedia Appendix 1.

Statistical Analysis
First, we completed a descriptive analysis of the data set by
generating information on the specific cannabis use profile for
the management of insomnia symptoms. In particular, we
examined the frequencies of categorical cannabis use variables
such as use time of day, strain categories, product forms, and
ingestion methods. These data were further stratified to
investigate cannabis use trends by both age and gender. For
inferential analyses, our primary analysis focused on the
perceived efficacy of cannabis for the management of insomnia
symptoms. Efficacy was calculated as the change in insomnia
symptomology between pre- and postmedication rates, as
reported by users.

Generally, this type of statistical modeling would be completed
as a standard regression analysis; however, a standard regression

analysis assumes that observations are independent. In this
particular data set, users reported multiple observations, and a
standard regression analysis would not account for
between-person variability in tracked sessions across users.
Therefore, we used linear mixed-effects modeling, a type of
regression model that estimates random effects (accounting for
between-subject variability) in addition to standard fixed effects
(accounting for within-subject variability) regardless of
differences in the number of reported observations per user. In
essence, this mixed-modeling method estimates random
intercepts and slopes, which are then used to make more accurate
inferences at the fixed-effects level without violating the
independence assumption.

Assumptions for each model were checked to ensure the validity
of the models used. Residual plots were examined and were
determined to not deviate from the assumptions of linearity,
normality, and homoscedasticity. The assumption of
independence was met by accounting for tracked session nesting
within participants using mixed-effects models. For this analysis,
linear mixed-effects modeling was used to predict changes in
the perceived efficacy of cannabis use with regard to
demographic information (ie, age and gender) and cannabis use
information (ie, use time of day, product form, and strain
category) across tracked sessions. In addition, although several
studies have challenged the labeling of strain categories in
commercial products, in this naturalistic study, we analyzed
this variable as a commercialized label influencing purchasing
choices. In all analyses, P values were corrected for multiple
comparisons using the stringent Bonferroni correction (P<.05,
Bonferroni corrected).

Ethical Approval
Ethical approval for this research was granted by the Hamilton
Integrated Research Ethics Board (project #7162). The study
was designed to be compliant with the Health and Information
Protection Act, 2016.

Results

Strain Categories for Insomnia
Descriptive statistics examining the percentage of each strain
category (ie, predominant sativa, sativa hybrid, predominant
indica, indica hybrid, balanced hybrid, or cannabidiol [CBD])
used for the management of insomnia symptoms across 24,189
tracked sessions are presented in Table 1. Overall, predominant
indica and indica hybrid strains were the most commonly used
strains for insomnia, whereas predominant sativa and sativa
hybrid strains were used least for the management of insomnia
symptoms. Notably, although CBD is not traditionally
considered a strain category, Strainprint recognizes the
variations in tetrahydrocannabinol (THC) or CBD content across
different strains and presents a CBD-predominant product
category as a strain on the app. Further descriptive statistics of
strain categories stratified by age and gender are presented in
Figures S2 and S3 in Multimedia Appendix 1.
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Table 1. Descriptive information on frequency of strain categories used across 24,189 tracked sessions (N=24,189).

Sessions, n (%)Stain category

9263 (38.29)Indica

6468 (26.74)Indica hybrid

3327 (13.75)CBDa

3068 (12.68)Balanced hybrid

1098 (4.54)Sativa

605 (2.5)Sativa hybrid

aCBD: cannabidiol.

Cannabis Product Forms and Ingestion Methods for
Insomnia
Descriptive statistics examining the frequencies of cannabis
product forms (ie, flower, oil, capsule, edible, vape pen, or
concentrate) used for the management of insomnia symptoms
across 24,189 tracked sessions are presented in Table 2. Because
of the relatively small number of data points, products in the
form of vape pens and concentrates were combined to form an
other group. Across all age groups and genders, cannabis was
most often used in the form of flowers, followed by oil products,

for the management of insomnia symptoms. Table 3 presents
descriptive statistics examining the frequencies of cannabis
ingestion methods (ie, vape, oil, smoke, edible, pill, tincture,
spray, concentrate dab bubbler, dab portable, oral, topical, or
transdermal) across all tracked sessions. Again, because of the
relatively small number of data points, the categories of
concentrate, dab bubbler, dab portable, oral, topical, and
transdermal were combined to form a single category. Vaping
was the most popular ingestion method across all age groups
and genders. All reported results were stratified by age and
gender.

Table 2. Frequency and percentage of cannabis product forms used across 24,189 sessions between genders and age groups (N=24,189).

Sessions, n (%)Product form

OverallBy age (years)By gender

>5545-5435-4425-3418-24UnknownMaleFemale

15,444 (100)1997 (12.9)1934 (12.5)5622 (36.4)3954 (25.6)1712 (11.09)160 (1.04)8517 (55.2)6767 (43.82)Flower

7699 (100)1887 (24.5)1609 (20.9)2401 (31.2)1332 (17.3)336 (4.4)70 (0.9)2222 (28.9)5407 (70.2)Oil

839 (100)269 (32.1)47 (5.6)179 (21.3)341 (40.6)1 (0.1)2 (0.2)44 (5.2)793 (94.5)Capsule

126 (100)73 (57.9)0 (0)6 (4.8)21 (16.7)15 (11.9)0 (0)5 (4)121 (96)Edible

81 (100)17 (21)18 (22.2)38 (46.9)6 (7.4)2 (2.5)0 (0)45 (55.6)36 (44.4)Other

Table 3. Frequency and percentage of cannabis ingestion methods across 24,189 sessions between genders and age groups (N=24,189).

Sessions, n (%)Ingestion
method

OverallBy age (years)By gender

>5545-5435-4425-3418-24UnknownMaleFemale

8495 (100)1389 (16.4)1315 (15.5)3180 (37.4)1773 (20.9)719 (8.5)91 (1.1)4419 (52)3985 (46.9)Vape

7389 (100)1840 (24.9)1570 (21.2)2208 (29.9)1282 (17.4)321 (4.3)68 (0.9)2044 (27.7)5277 (71.4)Oil

6215 (100)521 (8.4)438 (7)2186 (35.2)2062 (33.2)947 (15.2)62 (1)3774 (60.7)2379 (38.3)Smoke

932 (100)152 (16.3)135 (14.5)425 (45.6)165 (17.7)37 (4)3 (0.3)383 (41.1)546 (58.6)Edible

679 (100)278 (40.9)46 (6.8)96 (14.1)255 (37.6)2 (0.3)0 (0)44 (6.5)635 (93.5)Pill

157 (100)12 (7.6)54 (34.4)41 (26.1)37 (23.6)12 (7.6)4 (2.5)32 (20.4)121 (77.1)Tincture

126 (100)32 (25.4)25 (19.8)51 (40.5)16 (12.7)0 (0)3 (2.3)15 (11.9)108 (85.7)Spray

196 (100)19 (9.7)25 (12.8)59 (30.1)64 (32.7)28 (14.3)1 (0.5)122 (62.2)73 (37.2)Other
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Symptom Severity Ratings
Mean symptom severity ratings were examined before and after
cannabis use across tracked sessions (N=991 users across 24,819

sessions; Figure 1). Before cannabis use, the mean symptom
severity rating across sessions was 7.35 (SD 1.88), whereas the
mean symptom severity rating after use was 3.20 (SD 2.37).

Figure 1. Mean symptom severity ratings pre- (mean 7.35, SD 1.88) and post-(mean 3.20, SD 2.37) cannabis use.

Linear Mixed-Effects Model Predictions of Perceived
Efficacy
We first examined the perceived efficacy of cannabinoid use
for insomnia as a function of gender and found it to be

significant across both genders (Table 4). The perceived efficacy
of cannabinoid use for insomnia was also significant across all
age groups (Table 5). Comparisons between gender and age can
be found in Multimedia Appendix 1 (Tables S1 and S2).

Table 4. Efficacy by gender. The efficacy was tested using linear mixed modeling (β coefficient was not standardized).

P valuet testa (df)Estimate (SE)Gender

<.00126.814 (852.4)3.4289 (0.1696)Female

<.00127.399 (868.3)3.5282 (0.1288)Male

aTests were two-tailed.

Table 5. Efficacy by age groups. The efficacy was tested using linear mixed modeling (β coefficient was not standardized).

P valuet testa (df)Estimate (SE)Age (years)

<.00121.298 (2073.5)3.43291 (0.16118)18-24

<.00130.206 (1656.2)3.35234 (0.11098)25-34

<.00134.370 (1604.7)3.72108 (0.10826)35-44

<.00122.916 (1894.7)3.12995 (0.13658)45-54

<.00124.251 (2242.4)3.76299 (0.15390)>55

aTests were two-tailed.

Next, we examined whether the time of cannabis use predicted
perceived efficacy and found that efficacy was significant
regardless of the time of day (Table 6). Because of the nature
of the data, information on shift work was not available;

therefore, we did not compare efficacy across different use times
during the day. More detailed frequency and percentage
information of sessions for each use time of the day can be
found in Table S3 of Multimedia Appendix 1.
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Table 6. Efficacy by use time of day. The efficacy was tested using linear mixed modeling (β coefficient was not standardized).

P valuet testa (df)Estimate (SE)Time of day

<.00135.744 (488.1)3.668345 (0.102629)Morning

<.00112.218 (120.1)2.754512 (0.225454)Afternoon

<.00128.156 (391.6)3.369924 (0.119686)Evening

<.00138.564 (739.5)3.449696 (0.089454)Overnight

aTests were two-tailed.

We also examined perceived efficacy as a function of cannabis
product forms and found that all product forms were perceived
as efficacious (Table 7). Notably, for some product forms (ie,
vape pen and concentrate), there were too few observations to
warrant inclusion in primary analyses, even when combined to

form a single category. Therefore, of all available product forms,
only those making up at least 0.005% of the data set were
included in the analyses. There were no significant differences
in efficacy among product forms (all P>.05; Table S4,
Multimedia Appendix 1).

Table 7. Efficacy by product form. The efficacy was tested using linear mixed modeling (β coefficient was not standardized).

P valuet testa (df)Estimate (SE)Product form

<.00110.9054 (25.7)3.79417 (0.34792)Capsules

<.0017.3806 (7.9)4.15951 (0.56358)Edible

<.00139.4100 (737.0)3.43969 (0.08728)Flower

<.00129.7470 (374.8)3.47823 (0.11693)Oil

aTests were two-tailed.

Finally, we examined perceived efficacy as a function of strain
category and found that cannabis was efficacious regardless of
the specific strain being used (Table 8). Interestingly,
predominant indica strains were found to be more efficacious
than CBD (estimated mean difference 0.59, SE 0.11; 95% CI
0.36-0.81; adjusted P<.001) and predominant sativa strains
(estimated mean difference 0.74, SE 0.16; 95% CI 0.43-1.06;
adjusted P<.001). Indica hybrid strains were also found to be

more efficacious than CBD (estimated mean difference 0.52,
SE 0.12; 95% CI 0.29-0.74; adjusted P<.001) and predominant
sativa strains (estimated mean difference 0.67, SE 0.16; 95%
CI 0.34-1.00; adjusted P=.002). Balanced hybrid strains were
also found to be more efficacious than CBD (estimated mean
difference 0.39, SE 0.13; 95% CI 0.14-0.64; adjusted P=.03)
and sativa strains (estimated mean difference 0.54, SE 0.17;
95% CI 0.20-0.88; adjusted P=.03; Table 9).

Table 8. Efficacy by strain categories. The efficacy was tested using linear mixed modeling (β coefficient was not standardized).

P valuet testb (df)Estimate (SE)Strain categories

<.00130.713 (300.8)3.461359 (0.112701)Balanced hybrid

<.00126.743 (367.7)3.074027 (0.114947)CBDa

<.00138.742 (673.9)3.661426 (0.094507)Indica

<.00136.648 (469.1)3.589259 (0.097939)Indica hybrid

<.00117.883 (86.4)2.916945 (0.163117)Sativa

<.00120.285 (92.0)3.470149 (0.171074)Sativa hybrid

aCBD: cannabidiol.
bTests were two-tailed.
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Table 9. Efficacy comparisons between strain categories. The efficacy was tested using linear mixed modeling (β coefficient was not standardized).

P valuet testb (df)Estimate (SE)Strain categories

.033.080 (167.3)0.387332 (0.125752)Balanced hybrid versus CBDa

.981.855 (208.6)0.200067 (0.107863)Indica versus balanced hybrid

.991.220 (128.9)0.127900 (0.104839)Indica hybrid versus balanced hybrid

.033.188 (72.0)0.544414 (0.170767)Balanced hybrid versus sativa

.990.049 (75.1)0.008790 (0.181109)Sativa hybrid versus balanced hybrid

<.0015.145 (216.2)0.587400 (0.114173)Indica versus CBD

<.0014.450 (197.1)0.515232 (0.115805)Indica hybrid versus CBD

.990.959 (58.6)0.157082 (0.163729)CBD versus sativa

.482.187 (82.9)0.396122 (0.181141)Sativa hybrid versus CBD

.990.865 (183.5)0.072168 (0.083424)Indica versus indica hybrid

<.0014.663 (69.6)0.744481 (0.159664)Indica versus sativa

.991.176 (68.4)0.191277 (0.162713)Indica versus sativa hybrid

<.0014.077 (73.6)0.672314 (0.164905)Indica hybrid versus sativa

.990.714 (82.5)0.119110 (0.166813)Indica hybrid versus sativa hybrid

.122.742 (65.5)0.553204 (0.201776)Sativa hybrid versus sativa

aCBD: cannabidiol.
bTests were two-tailed.

Discussion

Principal Findings
Results from this large naturalistic sample of medicinal cannabis
users who tracked their insomnia symptoms before and after
cannabis use suggest significant improvements in insomnia
symptoms, with no gender differences in perceived efficacy.
Notably, this study uses a naturalistic design by analyzing
crowdsourced data from a medicinal cannabis–tracking mobile
app. With increasing advances in technology, this study presents
a unique perspective on a health management self-monitoring
tool that examines data on a population scale.

Analyses of product forms and ingestion methods found that
cannabis was most often used in the form of flowers or oils and
most often ingested via vapes, oils, or smoking. In addition,
although all strains were reported to be beneficial for the
management of insomnia, predominant indica and indica hybrid
strains were found to be more efficacious than CBD and
predominant sativa strains. This finding is in contrast with those
of a previous study reporting that strains with significantly
higher concentrations of CBD were generally preferred by
individuals using cannabis to treat symptoms of insomnia [21].
Despite this, our findings are in line with results from previous
studies that have reported indica and hybrid strains to be among
the most frequently used strains for insomnia [16]. This same
study reported that the most used strains were fairly high in
THC content and were combined with high to moderate CBD
content.

Another study investigating multiple doses of cannabinoids for
sleep reported that administration of both 5 mg/5 mg and 15
mg/15 mg of THC/CBD demonstrated a decrease in stage 3

sleep when compared with placebo, with the higher dose also
showing increased states of wakefulness [22]. THC
administration on its own demonstrated no significant changes
to sleep architecture from placebo; however, the same study
found that high doses of THC alone or in combination with
CBD resulted in increased subjective sleepiness [22]. From this,
the researchers concluded that CBD may have dose-dependent
effects on alertness and that the activating and sedating
properties of CBD and THC, respectively, could work together
to induce sleep and counteract daytime sleepiness [22]. Although
few clinical trials have objectively analyzed cannabinoids for
sleep with sleep outcomes as primary measures, some
preliminary trials have shown that administration of THC and
THC-derivatives, alone or in combination with CBD, were
associated with subjective improvement in sleep outcomes
[11-13]. In addition, previous studies examining strain
preferences have also reported increased preferences toward
indica strains for sleep [14,23,24]. In one study, indica was
preferred for sedation and sleep, whereas sativa was preferred
to increase energy [14]. Another study investigating qualitative
responses reported that patients using medicinal cannabis
preferred using indica at night to improve sleep [24]. In essence,
to better understand the efficacy of cannabinoids for insomnia,
randomized placebo-controlled studies are needed.

The human endocannabinoid (eCB) system has been
increasingly implicated in body and brain homeostasis, including
sleep. For instance, the eCB system is thought to play an active
role in regulatory processes, such as pain perception, memory,
and sleep modulation [25,26]. Although the neurobiological
basis of cannabis for sleep is still being understood, overlaps
between the neuronal circuitry of sleep and wake states and the
eCB system suggest that cannabinoids can contribute to
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sleep-related mechanisms and physiology [27-29]. Therefore,
the eCB system has become a growing target in sleep research
[25-30]. Despite the perceived benefits of cannabinoids, there
remains a lack of placebo-controlled trials that have examined
the effects of the drug using validated sleep measures or
objective sleep outcomes [11-13]. In addition, the current
literature on the existence of potential risks, harms, and side
effects associated with cannabinoid treatments remain extremely
sparse for sleep disorders; however, there is growing evidence
that suggests an increased risk of both acute and chronic
cognitive impairments [31,32]. Although these risks are poorly
understood, research suggests that the prevalence of these effects
is increasing [31]. Future clinical trials should focus on the
benefits and potential harms through the use of validated
objective and subjective measures. Because of the highly
comorbid nature of insomnia and other sleep disorders,
additional variables such as medication interactions, potential
side effects, and comorbid diagnoses are also worth
investigating.

Limitations
Some limitations should be considered when interpreting the
results of this study. First, individual conditions and symptoms
were subjectively reported by users on the Strainprint app.
Therefore, it is unknown whether subjects will meet the full
criteria for insomnia or any other sleep-related disorder.
Moreover, individual user data are restricted to the information
collected by Strainprint; therefore, additional information that
may affect cannabinoid efficacy (eg, medical history, body size,
other concurrent medications, or tolerance) could not be
assessed. Another limitation of this study is the lack of a placebo
control group. Because data were collected from a sample of
medicinal cannabis users, it is possible that individual
expectations of cannabinoid efficacy may have attributed to
positive postmedication ratings. In other words, the large
magnitude effect-size observed reflects pharmacological effects
and response expectancy (placebo) effects, and the proportionate
contribution of each, fundamentally, cannot be ascertained. It
is also possible that this study examined the data of individuals
who were more likely to find cannabis to be effective, as the
Strainprint app is geared toward individuals who wish to
improve therapeutic outcomes by tracking their cannabis use.
As a result, the sample may disproportionately represent users
who benefit from using cannabis. In addition, the Strainprint
app primarily collects data on cannabis use and has very limited
data on its potential side effects. Therefore, beyond perceived
efficacy, it was not possible to ascertain from the available data
whether users experienced any negative side effects from
cannabis use.

This study also examined various strain categories; however,
distinctions between these strains remain the subject of much
debate [33-35]. Cannabis has historically been classified into
two separate species (C.sativa and C. indica) with distinct
biological effects. However, years of breeding and hybridization
have rendered potential distinctions often meaningless [34-37].
As recreational cannabis use has become increasingly popular,
commercialization of the plant has led to the emergence of
products marketed as derivatives or hybrids of these species
[23,35,36]. Among consumers, the terms sativa, indica, and

hybrid are used colloquially and are associated with perceived
effects [37]. Sativa has been associated with stimulating effects,
indica with sedating effects, and hybrids are perceived to be
bred from the former two to fit the more personalized needs of
consumers [23,24,35,37]. Interestingly, a recent study collected
data characterizing various commercial products classified as
sativa, indica, or hybrid and used supervised and unsupervised
machine learning algorithms to subjective effect tags [36]. The
models indicated a clear division among sativas and indicas,
with hybrids in between, suggesting distinct subjective effects
among the categories [36].

Despite these perceived effects, strain categories are largely
baseless [34-37]. Instead, many researchers hold that the
differences in perceived effects between strain categories may
be owing to other components of cannabis (ie, terpenes), which
are rarely accurately reported to consumers [34,36,38,39].
Interestingly, some studies have found that products labeled as
indica and sativa have similar concentrations of major
cannabinoids but distinctly different concentrations of terpenes
[23,40,41]. To date, hundreds of different cannabinoids and
terpenes have been identified, all with varying pharmacological
properties and outcomes [38,42]. These cannabinoids and
terpenes are also known to interact synergistically with one
another to exert entourage effects, which can have enhanced
therapeutic benefits for consumers [38,39,42-44]. Given this,
it remains unclear whether the perceived therapeutic effects are
a result of the individual components of cannabis products or
the combined effects of interacting cannabinoids and terpenes.
Although strain categories are largely arbitrary, many
researchers continue to examine their perceived effects to better
understand consumer choices [16,24,44-47]. The nature of our
data allowed us to do the same, providing insight into the
naturalistic setting of cannabis use. In essence, although the
analysis of strain categories in this study provides valuable
research on how efficacious various strains are perceived to be,
it is worth noting that the perceived efficacy and differences
between strains may be driven, at least in part, by self-selection
and placebo effects.

Furthermore, previous studies have found inconsistencies
between product labels and content, as well as differences in
cannabinoid content reporting among labs [48,49]. With
recreational cannabis products, the accuracy of product labels
relies heavily on growers, suppliers, and dispensaries; however,
there are currently no standardized procedures or reliable
methods for verifying strains or cannabis content in
commercialized products [35]. Despite this, consumers greatly
rely on product labels for information on the cannabis content
of a product, often using these labels to communicate
preferences for desired effects [24,35,36]. One study even
reported that demand for indica and sativa products was similar,
with hypothetical purchasing tasks suggesting that consumer
decisions were determined by the perceived effects of each
strain in the context or setting of the typical activity-based
purpose [23]. Unfortunately, because the Strainprint app
prepopulates product data from multiple sources, variability
across products is an issue, and we were unable to measure the
accuracy of cannabinoid content for each product.
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For addressing the limitations discussed above, similar future
studies should investigate the effects of various terpenes and
cannabinoids on perceived efficacy. Previous research has also
suggested addressing strain variability by classifying cannabis
products according to chemical phenotypes and pharmacological
characteristics [35,43,50]. A necessary next step toward
accurately classifying cannabis subgroups and creating more
precise product labels for consumers is a better understanding
of the association between the chemical composition of
individual products and the perceived effects experienced by
cannabis users. As the colloquial use of strain categories is likely
to persist in the commercial marketplace, it is also necessary
that future studies attempt to genetically profile samples of
commercialized cannabis products, such that genotypes of the
same strain are at least comparable. In addition, randomized
placebo-controlled trials are necessary to ultimately test the
efficacy and safety of cannabis-based treatments for insomnia.

Despite these limitations, this study is strengthened by its
ecological validity, as data were obtained from a large
naturalistic registry of medicinal cannabis users who
prospectively tracked changes in their insomnia symptoms
before and after cannabis use. The results of this study can help
in designing future clinical trials to ultimately test the efficacy
and safety profile of different cannabinoids in the management
of insomnia.

Conclusions
The results of this study suggest that individuals using medicinal
cannabis to manage insomnia symptoms report significant
symptom reduction after use. This general perceived
improvement in insomnia symptoms highlights the potential
for cannabis to be used as a treatment option for sleep disorders.
Future research should investigate the benefits and harms of
cannabinoids for insomnia through rigorous randomized
placebo-controlled trials.
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Abstract

Background: Fitness inspiration or fitspiration is a term used to describe web-based images of fit people, people in the gym,
health foods, or inspirational quotes relating to diet and fitness being shared and consumed via visual social media. The popularity
of this content is most notable via the Instagram platform. Currently, the majority of fitspiration research has focused on women’s
experiences; however, increasingly, studies have pointed to the need to explore the gendered ways by which people engage with
this content.

Objective: The aim of this study is to explore how young men and women engage in fitspiration content on Instagram and
provide a gendered analysis of how and why they consume this content.

Methods: This study used a cross-sectional web-based survey (N=1213) of UK-based fitspiration users aged 18-24 years
consisting of closed-ended questions to capture quantitative data.

Results: The majority actively using Instagram for fitspiration (therefore eligible participants) were women (826/1175, 70.30%).

Men were more likely to view content posted by athletes (χ2
1, N=1153=71.8; P=.001) and bodybuilders (χ2

1, N=1153=32.8; P<.001),

whereas women were more likely to view content related to weight loss (χ2
1, N=1153=36.8; P<.001), diet plans (χ2

1, N=1153=11.9;

P<.001), and celebrities’ content (χ2
1, N=1153=33.5; P<.001). Men were more likely to use fitspiration as a source of inspiration

to exercise to gain muscle or get stronger (χ2
1, N=1147=17.9; P<.001), whereas women were more likely to use fitspiration as

inspiration for healthy eating (χ2
1, N=1147=37.7; P<.001), or to exercise to diet or lose weight (χ2

1, N=1147=13.5; P<.001). Women

were more likely to engage in passive behaviors such as viewing content on their feed (χ2
1, N=1139=7.9; P=.005) or scrolling

through accounts (χ2
1, N=1139=15.2; P<.001), whereas men were more likely to engage in active consumption by tagging fitspiration

accounts in posts (χ2
1, N=1139=7.2; P=.007), commenting on posts (χ2

1, N=1139=8.1; P=.004), and posting fitspiration content (χ2
1,

N=1139=6.4; P=.01).

Conclusions: Female fitspiration consumers engaged with content that reinforced the feminine thin but shapely ideal, whereas
male users sought out content that reinforced the masculine muscular ideal. Male users were more likely to engage actively with
content (eg, posting fitspiration content), while female users were more likely to engage passively (eg, scrolling through accounts,
posts, or images). Future research should consider how fitspiration consumption reflects and reproduces oppressive gender
ideology.

(J Med Internet Res 2021;23(10):e17811)   doi:10.2196/17811
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Introduction

Background
Social media is becoming embedded within our everyday lives,
with 68% of people and 98% of those aged 16-24 years within
the United Kingdom using web-based social networking
platforms [1]. Among their many purposes, web-based social
media platforms are used for communication, community
building, information gathering, and as a source of inspiration
within multiple contexts. One such context is that of fitspiration
or fitspo, commonly used abbreviations for the term fitness
inspiration [2], which describes web-based content such as
images of fit people, people in the gym, health foods, or
inspirational quotes relating to diet and fitness shared and
consumed habitually via social media. Increasingly, academic
research has demonstrated numerous perceived positive
outcomes associated with consuming the fitspiration content
on social media [2-5]. These studies explore how web-based
fitspiration can provide wider access to reliable health
information [2-5] and motivate individuals to engage in healthy
behaviors [3], including by providing motivation to exercise
[4] and in helping to create a sense of community [2].

While fitspiration is widespread on multitudinous social media
platforms, it is particularly common on Instagram [6]. Instagram
is a predominantly mobile app, with over 400 million global
users [7] including 29% of women and 26% of men in the
United Kingdom [8]. With regard to fitspiration, a recent
Instagram search (July 11, 2019) of #fitspo yielded over 66
million posts [9] demonstrating the popularity of this specific
content. A key reason for complementarity between this visual
platform and fitspiration is that Instagram has a unique focus
on sharing and consuming snapshot photography or self-selected
images in which individuals are portrayed in an attractive light
[10] making it particularly harmonious with imagery that
showcases fit and healthy ideal bodies and lives, reinforcing
social norms regarding health and fitness. Furthermore,
Instagram offers users the opportunity to edit and apply filters
to images to distort reality into an ideal to be shared, making
the potential impact on well-being and appearance concerns
more pronounced when compared with other platforms [11]. It
is therefore imperative that research focuses on this unique
platform to adequately inform policy regarding the health and
well-being of young adults (<24 years).

Users of Instagram are exposed to multiple idealized images of
peers and other people or organizations (with public accounts)
actively shaping visual ideas about beauty regarding acceptable
or desirable bodies [12]. Those who engage with fitspiration
on Instagram specifically (eg, by following or scrolling through
specific accounts or searching for hashtags) are exposed to
idealized fit bodies and unsubstantiated, often unrealistic (and
occasionally incorrect) advice regarding diet and fitness, shaping
the body’s ideal narrative and reinforcing social norms regarding
the body. Research exploring the nature of fitspiration on social
media and Instagram has demonstrated that the content displays
multiple potentially harmful themes and includes objectifying
images that depict idealized bodies [2-4], can depict extreme
and often restrictive healthy-eating content linked to disordered

eating [13], and can promote increased symptoms of orthorexia
nervosa [14], a term coined to describe an obsession with proper
or healthful eating [15]. Fitspiration content also promotes
exercising for appearance-related reasons [16], which has been
associated with negative body image [17], higher measures of
disordered eating [18], and positive correlations with higher
depressive and erectile dysfunction symptoms [19]. The
aforementioned research often draws upon theoretical
knowledge such as objectification [6,11] and social comparison
theories [4,20] to explore the potentially negative implications
of consuming fitspiration content on both mental and physical
health.

The paradoxical findings on the relationship between fitspiration
consumption and well-being reflect a small yet emerging body
of research exploring the impact of fitspiration content on the
lives and experiences of consumers. Despite this, research
conducted on fitspiration to date focuses on the nature of the
fitspiration content as opposed to the individuals that consume
it [6,16,21]. While exploration into fitspiration content has
valuable implications for policy, researchers have called for
further inquiry exploring how individuals use fitspiration and
the role it plays in their lives [2] to better support those who
value it as meaningful content.

Currently, the majority of research exploring fitspiration focuses
specifically on women’s experiences [11,22,23] and the nature
of woman-centered content [4,24]. This is because women are
more likely to use visual social media platforms [25,26] and
are the biggest consumers of fitspiration images [21], and
because fitspiration images are more likely to be women, with
(36.4%) posts depicting female participants compared with
27.5% of posts depicting a male participant [21]. Associated
findings demonstrate that exposure to fitspiration on Instagram
may negatively influence women’s appearance-related concerns
[11] and promote an often unrealistic and unachievable fit or
thin body ideal [4,23,24]. These findings reflect broader cultural
and media trends surrounding the ideal female body of one that
is simultaneously very thin, and exceptionally fit and toned
without displaying excess muscularity [16,27]. While fitspiration
may be considered a healthy alternative to thinspiration, which
communicates an unhealthy thin body ideal [24], the fitspiration
ideal communicated to women within these contexts could be
seen as oppressive, narrow, and contradictory and can promote
women to engage in extreme exercise behavior [13]. There is
also an emergent body of academic research that focuses on
men’s experiences with fitspiration and the content that they
are exposed to [21,28,29]. This research is valuable, as data
suggest that a significant minority (30%) of fitspiration images
on social media targets men [4,21]. Reviews of fitspiration
content aimed at men reflect a heavily gendered muscular ideal
[21,29] that provides a stark contrast to the message
communicated to women through cultural discourse. Palmer
[28] recognizes the pervasive nature of this form of social media
content, demonstrating that it has the ability to influence men’s
ideas regarding masculinity, and can encourage users to compare
physiques to dominant ideals. This dominant discourse regarding
male body ideology depicts participants who are highly muscular
and nearly always have visible abdominal, bicep, and pectoral
muscles, and compared with women these ideals demonstrate
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less emphasis on thinness or weight loss [21]. Therefore, the
culturally pervasive ideological body identified in fitspiration
targeting men reflects an ongoing cultural trend in the media,
which has demonstrated a rapid increase in male muscle mass
over time [30], aggregating the pressure on men to conform to
increasingly unrealistic and unachievable body ideals.

Gendered analyses have also shown significant differences in
the nature of the fitspiration images depicting men and women’s
bodies, with women being more likely to be objectified and
sexualized, and images with a greater focus on the participant’s
buttocks [21], whereas posts of men were more likely to show
the participant’s face [4]. Evidence also suggests that male
fitspiration content on Instagram is more likely to focus on
fitness as opposed to diet and alternative weight loss methods,
with Tiggemann and Zaccardo [4] noting that 68.2% of male
fitspiration focused on fitness-related activities, compared with
only 58% for women. There are also clear gendered differences
in how genders interact with and experience fitspiration content.
In their study exploring male fitspiration use on Instagram, Fatt
et al [29] identified that the frequency of viewing fitspiration
posts was not significantly correlated with body satisfaction,
appearance-based exercise motivation, and health-based exercise
motivation in men. These results contrast with previous findings
that demonstrated positive correlations between viewing
frequency, body dissatisfaction, and disordered eating for
women, signifying that fitspiration may psychologically impact
men and women differently [11,13]. However, researchers have
identified that fitspiration content consumption is linked to less
body satisfaction when men internalize the muscular ideal and
make more appearance comparisons [29]; therefore, certain men
may experience the negative impacts of fitspiration in a similar
way to women if they internalized male body ideals and made
body comparisons.

Objectives
The aim of this study is to explore how young (18-24 years)
people engage with fitspiration content on Instagram and provide
a gendered analysis of how and why they consume this content.
This is in response to the aforementioned research that
demonstrates the gendered nature of their consumption
experiences in terms of the ideologies communicated through
fitspiration, the composition of images, and the ways in which
men and women interact with the content. While previous
studies provide some light in terms of exploring how fitspiration
consumption and the impact of fitspiration on individuals are
gendered, because of the popularity and cultural relevance of
this form of consumption, there is a great need for further
research exploring the motivations for engagement, patterns of
consumption, and perceived impact of fitspiration from a
gendered perspective. This research will allow for greater
exploration into how and why this experience is gendered, which
can be used to help support digital literacy training and support
for consumers of this content.

Methods

Study Design
The research used a cross-sectional web-based survey consisting
of closed-ended questions to capture quantitative data to meet

the study’s aim of exploring how those aged 18-24 years in the
United Kingdom engage with fitspiration on Instagram using a
gendered perspective. The survey was informed by the existing
literature (outlined above), specifically by a previous
survey-based fitspiration research study [2], and took
approximately 10 minutes to complete. Ethical approval for the
study was granted by an institutional ethical review
(Bournemouth University).

Setting
Data were collected during a 1-week period in May 2019 using
a web-based insight exchange platform (Cint database) to
request a representative sample from appropriate users registered
to a range of web-based survey panels. A minimum sample size
of 1000 was requested, which was achieved and exceeded, a
benefit of using the insight exchange platform. However, it is
important to note that the number of participants contacted is
unknown owing to the nature of the participant recruitment
platform.

Participants
The eligibility criteria were that participants (n=1213) had to
be aged 18-24 years (in line with previous research [21,31,32])
and broader demographic data [7,33], lived in the United
Kingdom, and had reported viewing fitspiration on Instagram.
In line with previous research, for the purposes of this survey,
fitspiration was defined as photographs of fit people, people in
the gym, health foods, or inspirational quotes relating to diet
and fitness. Self-reported eligible participants also completed
screening questions to ensure that they met the inclusion criteria
(reporting a frequency other than not at all for the question
“How often do you check Instagram?” or a frequency other than
never to the question “How often do you view fitspiration on
Instagram?”).

Variables

Tested Variables
The following variables were measured (a copy of the
questionnaire is available on request from the authors):
demographic characteristics (age, BMI, gender, sexuality, and
educational level), use (frequency of use and duration of use),
and content and engagement (content engaged with while online,
means of engaging with content, and reasons for engagement).

Demographic Characteristics
To allow for adequate description of the sample, a number of
demographic characteristics were collected, including gender,
age, sexual identity, and highest level of education completed.
BMI was calculated using participants’ self-reported height and
weight.

Instagram Use
To determine how the sample used Instagram, participants
indicated how often they checked the platform using a 9-point
scale adapted from previous research [11,17,29] (0: not at all;
9: every 5 minutes). In addition, participants were asked to
specify how long they spent on Instagram on a typical day (1-5
minutes or less to 8 hours or more) on an 8-point scale.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e17811 | p.247https://www.jmir.org/2021/10/e17811
(page number not for citation purposes)

Mayoh & JonesJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Fitspiration Use
To ascertain how the sample used fitspiration, participants
indicated how often they viewed this content (as defined above)
using scales adapted from previous literature [11] based on pilot
study feedback on Instagram. The final scale had 8 points (1:
never to 8: every time).

Fitspiration Content
Participants indicated the types of fitspiration they engaged with
on the platform by selecting from a checkbox list informed by
previous research [21] listing the following types of content:
weight loss or fitness or body transformation journeys, personal
trainers, athletes, celebrities or models, bodybuilders or strength
content, clean eating, cleanses or detox, diet plans, fitness
challenges, influencers, and fitspiration quote pages. Prevalent
examples of fitspiration content were included, and participants
were able to tick as many options that applied to them as it was
anticipated (based on pilot study feedback) that they may have
engaged with multiple forms of fitspiration.

Fitspiration Engagement
In line with previous fitspiration research [2] and based on
feedback from the pilot study, participants identified how they
engaged with fitspiration content by selecting from a list of nine
engagement behaviors that ranged from active (post content;
comment on posts; tag fitspiration accounts in posts; tag friends
in posts; share content with friends; and like posts) to passive
(follow accounts or view on Instagram feed, scroll through
individual accounts posts or images, and search hashtags).
Collecting these data helped address a research gap identified
by Raggatt et al [2], who drew on the work of Jenkins-Guarnieri
et al [34] to explain that previous studies investigating social
media have not adequately captured the different ways in which
people interact with social media content.

Reasons for Engaging With Fitspiration Content
Participants’ reasons for engaging with fitspiration content were
collected using a predefined checkbox list of 8 reasons
developed using existing literature [2] and based on feedback
from piloting that included inspiration for health and well-being;
healthy eating; to exercise to improve body shape, tone, or size;

to gain muscle or get stronger; to diet or lose weight; to improve
health and well-being; facilitate improvements in appearance;
to help learn about health and well-being or because friends or
peers view or like it.

Bias
A small incentive was offered in terms of points that participants
could accumulate to gain future cash rewards, rather than simply
offering cash incentives to try to minimize any subsequent bias.
This is designed to discourage professional respondents whose
primary motivation is to gain payment for completion.

Analysis
Data were analyzed using IBM SPSS for Windows (version
25), with charts produced using Microsoft Excel. Given the
nonparametric nature of the data, basic descriptive statistics
were used to describe the nature of the sample, and chi-square
analyses were undertaken to explore the relationships between
gender and Instagram use in terms of the variables outlined
earlier.

Results

Description of Sample
Following the screening questions, the survey was completed
by 1213 eligible participants with a median age of 21 years.
Response rates to individual questions varied and are reported
as such. Where there were missing data, responses were deleted.
A full breakdown is provided in Table 1; however, to
summarize, most (68.10%) participants identified as female,
compared with 28.19% identifying as male and 0.57%
identifying as nonbinary or gender queer. In terms of sexuality,
most of the sample identified as straight (83.47%). BMI
calculations showed that over half of the respondents had a BMI
within the normal range, 11.10% were categorized as
underweight, and almost one-third (32.85%) were overweight
or obese. Finally, most were educated to either Advanced or
Advanced Subsidiary level (UK qualifications offered across a
range of participants to school-leavers; 29.6%) or degree level
or higher (33.70%).
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Table 1. Description of sample.

Values, n (%)Characteristicsa

Gender (n=1213)

826 (68.1)Female

342 (28.2)Male

7 (0.6)Nonbinary or genderqueer

Sexuality (n=1090)

647 (59.4)Female straight

263 (24.1)Male straight

106 (9.7)Female bisexual or pansexual

23 (2.1)Male bisexual or pansexual

21 (1.9)Female gay

15 (1.4)Male gay

6 (0.6)Other

4 (0.4)Nonbinary and genderqueer, bisexual, and pansexual

2 (0.2)Nonbinary and genderqueer and gay

1 (0.1)Nonbinary and genderqueer and other

BMI category (n=1108)

621 (56.0)Underweight

232 (20.9)Normal

132 (12.0)Overweight

113 (11.1)Obese

Highest educational qualification (n=1184)

399 (33.7)Undergraduate degree or higher

350 (25.3)A or AS level

207 (17.5)GCSEb or O level

181 (15.3)Higher qualification below degree level

113 (9.5)Postgraduate degree

47 (3.97)Other

aResponses are ordered from most to least common.
bGCSE: General Certificate of Secondary Education.

Fitspiration Content
With regard to the fitspiration content on Instagram, 49.38%
(599/1213) viewed content at least once per day, 32.32%
(392/1213) at least once per week, and 18.30% (222/1213) less
often. A total of 56.86% (714/1213) reported checking the
platform at least once every hour, while 88.13% (1069/1213)
checked it at least once every few hours. On average, 67.39%
(812/1205) of participants spent an hour or more per day on
Instagram with 18.50% (223/1205) spending over 4 hours and
2.99% (36/1205) spending over 8 hours on the platform. A
categorical gender comparison between men and women (there
were insufficient data to test differences with those who
identified as nonbinary or genderqueer for any variables) using
a chi-square test of independence demonstrated that women
were more likely to check Instagram more regularly than their

male counterparts (χ2
1, N=1168=19.1; P=.008); however, there

was no significant difference between the amount of time spent

on Instagram per day for men and women (χ2
1, N=1160=13.8;

P=.06).

The most common types of fitspiration viewed by all participants
were content from celebrities or models (717/1196, 59.95%),
weight loss or fitness journeys or body transformation stories
(641/1196, 53.60%), and influencers (473/1196, 39.55%).
Gender differences in terms of engaging with specific forms of
content are outlined in Table 2. Categorical gender comparisons
between men and women using chi-square tests of independence
showed male participants were more likely to view content

posted by athletes (χ2
1, N=1153=71.8; P<.001) and bodybuilders

(χ2
1, N=1153=32.82; P<.001) than their female counterparts and

women were more likely to view content identified as weight
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loss or fitness journeys or body transformation stories (χ2
1,

N=1153=36.8; P<.001), celebrities or models (χ2
1, N=1153=33.5;

P<.001), clean eating (χ2
1, N=1153=26.5; P<.001), cleanses or

detox (χ2
1, N=1153=30.8; P<.001), diet plans (χ2

1, N=1153=11.9;

P=.001), fitness challenges (χ2
1, N=1153=6.9; P=.009) and from

influencers (χ2
1, N=1153=22.8; P<.001). The results are detailed

in Table 2.

Figure 1 shows the gender and fitspiration content.

Table 2. Gender and fitspiration content (n=1153).

Φ coefficientP valueGender, n (%)Total (n=1153),
n (%)

Type of engagement

FemaleMale

−0.179<.001Engagement with weight loss or fitness journeys or body transformation content

486 (59.5)134 (39.9)620 (53.8)Do engage

331 (40.5)202 (60.1)533 (46.2)Do not engage

−0.050.09Engagement with personal trainers

266 (32.6)127 (37.8)393 (34.1)Do engage

551 (67.4)209 (62.2)760 (65.9)Do not engage

−0.250<.001Engagement with athletes

178 (21.8)157 (46.7)335 (29.1)Do engage

639 (78.2)179 (53.3)818 (70.9)Do not engage

0.169<.001Engagement with bodybuilders or strength content

144 (17.6)111 (33)255 (22.1)Do engage

673 (82.4)225 (67)898 (77.9)Do not engage

−0.170<.001Engagement with celebrities or models

532 (65.1)157 (46.7)689 (59.8)Do engage

285 (34.9)179 (53.3)464 (40.2)Do not engage

−0.152<.001Engagement with clean eating

322 (39.4)79 (23.5)401 (34.8)Do engage

495 (60.6)257 (76.5)752 (65.2)Do not engage

−0.163<.001Engagement with cleanse or detox

201 (24.6)34 (10.1)235 (20.4)Do engage

616 (75.4)302 (89.9)918 (79.6)Do not engage

−0.102.001Engagement with diet plans

612 (74.9)53 (15.8)258 (22.4)Do engage

205 (25.1)283 (84.2)895 (77.6)Do not engage

−0.077.009Engagement with fitness challenges

234 (28.6)71 (21.1)305 (26.5)Do engage

583 (71.4)265 (78.9)848 (73.5)Do not engage

−0.141<.001Engagement with influencers

362 (44.3)98 (29.2)460 (39.9)Do engage

455 (55.7)238 (70.8)693 (60.1)Do not engage

−0.041.17Engagement with fitspiration quote pages

157 (19.2)53 (15.8)210 (18.2)Do engage

660 (80.8)283 (84.2)943 (81.8)Do not engage
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Figure 1. Gender and fitspiration content.

How Participants Engaged With Fitspiration on
Instagram
In terms of gender and engagement with fitspiration, a number
of differences emerged, as highlighted in Table 3.

Figure 2 shows gender and fitspiration engagement.

Women were significantly more likely than men to engage in
passive consumption behaviors such as follow accounts or views

on Instagram feed (χ2
1, N=1139=7.9; P=.005) or scroll through

individual accounts, posts, or images (χ2
1, N=1139=15.2; P<.001).

Conversely, men were more likely than women to engage in

active behaviors such as tag fitspiration accounts in posts (χ2
1,

N=1139=7.2; P=.007), comment on posts (χ2
1, N=1139=8.1; P=.004),

and post fitspiration content (χ2
1, N=1139=6.4; P=.01).
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Table 3. Gender and engagement with fitspiration (n=1139).

Φ coefficientP valueGender, n (%)Total (n=1139),
n (%)

FemaleMale

−0.083.005Engagement through following accounts or view on Instagram feed

565 (69.80)202 (61.20)767 (67.30)Yes

244 (30.20)128 (38.80)372 (32.70)No

−0.048.11Engagement through liking posts

531 (65.60)200 (60.60)731 (64.20)Yes

278 (34.40)130 (39.40)408 (35.80)No

−0.115<.001Engagement by scrolling through individual accounts, posts, or images

446 (55.10)140 (42.20)586 (51.40)Yes

363 (44.90)190 (57.60)553 (48.60)No

−0.057.06Engagement through searching for hashtags

218 (26.90)71 (21.50)289 (25.40)Yes

591 (73.10)259 (78.50)850 (74.60)No

0.026.39Engagement through tagging friends in posts

130 (16.10)60 (18.20)190 (16.70)Yes

679 (83.90)270 (81.80)949 (83.30)No

0.079.007Engagement through tagging fitspiration accounts in posts

66 (8.20)44 (13.30)110 (9.70)Yes

743 (91.80)286 (86.70)1029 (90.30)No

0.084.004Engagement through commenting on posts

137 (16.90)80 (24.20)217 (19.10)Yes

672 (83.10)250 (75.80)922 (80.90)No

0.075.01Engagement through posting content

80 (9.90)50 (15.20)130 (11.40)Yes

729 (90.10)280 (84.80)1009 (88.60)No

0.002.96Engagement through sharing content with friends

131 (16.20)53 (16.10)184 (16.20)Yes

678 (83.80)277 (83.90)955 (83.80)No
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Figure 2. Gender and fitspiration engagement.

Why Participants Engaged With Fitspiration on
Instagram
The main reasons for viewing fitspiration content selected by
participants were to improve their health and well-being
(669/1189, 56.27%); inspiration to exercise to improve body
shape, tone, or size (636/1189, 53.49%); and inspiration for
healthy eating (630/1189, 52.99%). There were clear gender
differences between men and women in terms of the reasons
for viewing fitspiration. Men were more likely to use fitspiration

as an inspiration to exercise to gain muscle or get stronger (χ2
1,

N=1147=17.9; P<.001) or because friends or peers view or like

it (χ2
1, N=1147=5.5; P=.02) than women, and women were more

likely to use fitspiration as inspiration for healthy eating (χ2
1,

N=1147=37.7; P<.001); inspiration to exercise to improve body

shape, tone, or size (χ2
1, N=1147=8.9; P<.001); or inspiration to

exercise to diet or lose weight (χ2
1, N=1147=13.5; P<.001) than

their male counterparts. The reasons for engagement with
fitspiration by gender are listed in Table 4.

Figure 3 shows gender and reasons for fitspiration engagement.
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Table 4. Gender and reasons for engagement (n=1147).

Φ coefficientP valueGender, n (%)Total (n=1147),
n (%)

Reason for engagement

FemaleMale

0.010.74To improve health and well-being

459 (56.20)189 (57.30)648 (56.50)Yes

358 (43.80)141 (42.70)499 (43.50)No

−0.038.20To learn more about health and well-being

259 (31.70)92 (27.90)351 (30.60)Yes

558 (68.30)238 (72.10)796 (69.40)No

−0.181<.001As inspiration for healthy eating

485 (59.40)130 (39.40)615 (53.60)Yes

332 (40.60)200 (60.60)532 (46.40)No

−0.088.003As inspiration to exercise to improve body shape, tone or size

463 (56.70)155 (47)618 (53.90)Yes

354 (43.30)175 (53)529 (46.10)No

0.125<.001As inspiration to exercise to gain muscle or get stronger

227 (27.80)134 (40.60)361 (31.50)Yes

590 (72.20)196 (59.40)786 (68.50)No

−0.108<.001As inspiration to exercise to diet or lose weight

335 (41)97 (29.40)432 (37.70)Yes

482 (59)233 (70.60)715 (62.30)No

−0.019.52To facilitate improvements in appearance

203 (24.80)88 (26.70)291 (25.40)Yes

614 (75.20)242 (73.30)856 (74.60)No

−0.069.02Because friends or peers like it

90 (11)53 (16.10)143 (12.50)Yes

727 (89)277 (83.90)1004 (87.50)No
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Figure 3. Gender and reasons for fitspiration engagement.

Discussion

Principal Findings
This quantitative survey of young Instagram fitspiration users
reveals important insights regarding how and why consumers
in the United Kingdom engage in this form of digital content.
Most participants actively using Instagram for fitspiration
(therefore eligible to take part in the study) were women
(826/1175, 70.30%), consistent with previous academic research
[21] and large-scale surveys [26], which suggests that women
are more likely to engage with Instagram as a platform than
men. However, this study makes a unique contribution to the
existing body of knowledge in demonstrating that men and
women have significantly different experiences in terms of
what, how, and why they engage with the fitspiration content
on Instagram. The findings relating to content preferences and
motivations for viewing are gendered in a way that reflects clear
dualistic gender ideals that are communicated through and
reinforced by the digital content men and women consume, and
the associated consumption behaviors.

The Masculine Muscular Ideal
Historically, the dominant body ideal for men has increasingly
shifted toward muscularity, with a specific emphasis on
muscular definition and tone [35-37]. This trend has emerged
as the masculine muscular ideal, which has been suggested to
affect the ways in which many men view and critique their
bodies [35]. In line with this, the study demonstrates that men

are explicitly attracted to fitspiration content from athletes and
bodybuilders, as inspiration to exercise to gain muscle and
become stronger. These findings align with previous research
that suggests web-based fitspiration images of men are far more
likely to show bodies with visibly high levels of muscularity
than those of women [21]. The study demonstrates that male
fitspiration users are more likely to engage with content from
professional sportsmen as opposed to models, celebrities, and
influencers. This suggests that men may privilege fitspiration
content from sports professionals with active performing bodies,
as opposed to celebrities, models, and influencers who have
perhaps constructed visually esthetic bodies to be admired and
idealized.

Some scholarly work exploring the masculine body ideal has
suggested that in addition to promoting muscularity, men are
increasingly interested in reducing body fat to promote leanness
[38]. Specifically, research has identified two separate
dimensions of fat loss as a drive for thinness and a drive for
leanness with men, perhaps having a tendency to strive toward
a lean toned body as opposed to the thin ideal, which may be
more attractive to women [39]. Despite research suggesting that
men are increasingly interested in fat loss, the findings indicate
that men are less likely to engage with content promoting weight
loss and diet or use fitspiration to support healthy eating, diet,
or weight loss than women. It could therefore be hypothesized
that either fitspiration content promotes the thin as opposed to
lean ideal or that diet or weight loss fitspiration content was
predominantly focused on women and their bodies or lifestyles.
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Moreover, it could be suggested that fitspiration users are more
likely to privilege a large muscular (as opposed to lean body)
ideal compared with the general population. This aligns with
previous research suggesting that male fitspiration users are
significantly more likely to internalize a muscular body ideal
when compared with nonusers [29]. While muscularity is still
privileged in terms of male fitspiration, this could be down to
this content focusing uniquely on achieving peak physical
fitness, thus identifying a cultural prejudice toward traditional
representations of masculinity [28].

The Feminine Thin but Shapely Ideal
Critical research has suggested that the dominant body ideal for
women is a contradictory body [4,23,24,27], simultaneously
very thin, and exceptionally fit and toned without displaying
excess muscularity [16]. This demonstrates a contrast to the
masculine ideal body presented above, which honors muscular
size. The notion that women privilege thinness is reinforced in
this study, with female users being significantly more likely to
consume fitspiration content promoting thinness through diet
and weight loss than male users. This is also clear through
women’s consumption motivation behavior, as they are
significantly more likely to use fitspiration as inspiration to lose
weight through diet and exercise than men. These preference
and behavioral findings align with existing literature that
demonstrates that the content of fitspiration aimed at women is
more likely to show thin bodies and reflect a thin ideal than
those aimed at men [4,21].

The findings also demonstrate that women are significantly
more likely to consume fitspiration content from celebrities or
models and influencers than their male counterparts, who, as
noted above, are more likely to engage with athletes and
bodybuilders. While numerous athletes and sportspeople
monetize their use of Instagram [40,41], it could be argued that
the promotion of a consumptive ethic and level of brand
endorsement is more common within the accounts of influencers
for whom this is often their sole intention or form of
employment, and celebrities or models who increasingly yield
salaries exclusively or in the main using social media. It could
therefore be suggested that women who use fitspiration are
likely to be marketed to or actively purchase goods to conform
to an ideal body constructed in line with consumptive ethic,
thus reinforcing the economic oppression that they have
historically faced within Western society [42]. It could also be
seen as reflective of the oppressive nature of the consumptive
ethic [42] that emphasizes (active) male production and (passive)
female consumption of goods and services, locating the power
firmly in the hands of men.

Gender and Active or Passive Engagement
While women are significantly more likely to engage in passive
fitspiration consumption behaviors such as following, viewing,
and scrolling through individual accounts, posts, or images,
men are more likely to engage in active engagement, such as
tagging fitspiration accounts in posts, commenting, and posting
fitspiration content. This is in contrast to previous research [43],
which suggests that women are consistently more likely to
engage in social media activities by commenting, sharing, or
liking. Therefore, based on these findings, it could be posited

that fitspiration provides a unique social media context in which
men engage more actively than women. This may be because
of the emphasis on fitness and muscularity within fitspiration
images reinforcing traditional masculine ideals, as opposed to
content such as thinspiration, which promotes a thin ideal
typically associated with femininity.

Ultimately, the finding that men are significantly more likely
to report posting fitspiration content than women provides an
interesting texture to the existing research narrative, as previous
content research demonstrates that the majority (67%) of
fitspiration images depict women as opposed to men [4]. There
are a number of potential explanations for this. First, it may be
that while men post more fitspiration content, it could be of
images other than their own bodies, especially given that the
fitspiration definition adopted is relatively broad (photographs
of fit people, people in the gym, health foods, or inspirational
quotes relating to diet and fitness). This could also be explained
by drawing on research that explores the gendered nature of
(self) objectification [11,39], which suggests that women are
more likely to view their bodies as objects to be evaluated and
may therefore be more inclined to offer images of their bodies
for assessment. It may be that fewer women posted a higher
volume of fitspiration images. This could be explained by the
fact that women who meet gendered body ideals may be more
likely to post a higher volume of images. Women not meeting
gendered body ideals may be less inclined to label images of
their bodies as fitspiration or failing to accurately report their
active engagement or that men were posting images of women
and coding them as fitspiration content.

Study Strengths and Limitations
This study has numerous strengths and limitations that require
consideration to adequately interpret the study findings. First,
these findings reflect a large sample (n=1213) of fitspiration
users in the United Kingdom and shed valuable light on their
motivations for engagement, patterns of consumption, and the
perceived impact of fitspiration from a gendered perspective.
These user-centered data are especially enlightening, as they
can be used to support the largely content-driven literature in
this area. However, while this provides an alternative
perspective, this study does not explain the relationship between
content and consumption in terms of how they intersect, and to
what extent consumption is driven by content. Furthermore, the
research method provides a breadth of existing knowledge but
sacrifices some depth that could potentially be achieved through
qualitative interviews and questionnaires, or naturalistic
observation and walk-through methods.

While the consumer-driven focus of the study is rationalized
based on the absence of this focus from the existing research
narrative, there are aspects of the consumer experience that have
been neglected. More in-depth exploration could have involved
exploring the gender differences in terms of body-part focus to
build on existing literature [21] and by exploring the extent to
which consumers engage with fitspiration images of bodies
representing a gender other than their own; for example, women
looking at images of men’s bodies. While there is a rationale
for research in these areas, it was not considered to be the focus
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of the current research and therefore could be considered a
limitation.

Generalizability
As with any such survey, the representativeness of any sample
can always be questioned. Although a random sample was drawn
from a larger panel, it is difficult to judge the extent to which
such samples are truly representative of the actual population;
for example, it may be that women may be more likely to engage
with web-based surveys; hence, the results must be treated with
some caution. The use of nonvalidated measures could also be
identified as a potential issue, even given the descriptive nature
of the items, and this could be addressed in future research.

Third, this study explores the gendered nature of fitspiration
consumption and yields some important findings regarding the
differences in what fitspiration young UK-based men and
women were consuming, and how and why they chose to
consume it. However, because of the statistical nature of the
analysis, this study did not go into any depth regarding
individuals identified as nonbinary or genderqueer (7/1175,
0.6%) as opposed to males or females. This 0.6% is comparable
with estimates for the general UK population that suggest 0.4%
of adults in the United Kingdom identify as nonbinary or
genderqueer when faced with it as an option alongside males
and females [44]. Nonbinary or genderqueer individuals are
likely to have unique experiences of consuming content largely
related to the gendered bodies on the internet, and this was
neglected in this study.

Finally, as with any study involving multiple analyses, the risk
of false positives is always present. No adjustments were made
for this within the analysis for two reasons: first, the research
provides findings that are aligned with previous empirical work
and theory, and second, that there was a general degree of
consistency within the findings. While the risk remains, it would
seem to be small, and given the exploratory nature of the study,
further work and analysis may not be necessary to strengthen
confidence in the analyses presented here.

Future Directions
This study and the evaluation above highlight several valuable
directions for future fitspiration research. First, there is a need
for research to explore the relationship between content and
consumption in terms of how they drive each other and the
uniquely gendered nature of each. This could take the form of
qualitative research exploring the fitspiration consumption
process in more depth, or scholarly work focusing on fitspiration
producers, who are likely to also be actively engaged consumers.

Furthermore, this survey could be used as a template to explore
generational and cross-cultural differences and compare the
unique ways in which these consumption patterns are gendered.
It would be especially interesting to explore if and how this
content is consumed in non-Western, majority world countries,
with alternative ideas regarding body ideals and gender roles
to make comparisons. In addition, to provide a comprehensive

understanding of how representative this and other research on
fitspiration use and UK consumers, there is a need for large-scale
quantitative work that explores the prevalence of this web-based
behavior both in the United Kingdom and globally.

While this research provides an exploration into the fitspiration
consumption experiences of young people aged 18-24 years
who represent around 24.1% of all UK-based Instagram users,
additional research should focus on younger participants and
adolescents who, despite using Instagram less (representing
8.1% of UK-based users [33]) may be more vulnerable to body
ideals communicated via social media, and the negative aspects
of fitspiration as they are at a crucial stage in the development
of positive or negative body image [45].

There is also a need to explore how people who identify as
nonbinary or genderqueer as opposed to male or female consume
fitspiration, and the challenges that they face in being confronted
by large volumes of this content that largely seems to be coded
as either male or female. There is also a need for content-driven
research exploring fitspiration content created by and for
genderqueer and nonbinary individuals. It is also important that
future research looks to further unpack the finding that women
were more likely to consume fitspiration on Instagram, while
men were more likely to create content. There is a need to
explore possible explanations to ascertain whether men are less
likely to post images of their bodies as fitspiration than women,
such as posting images of women and coding them as fitspiration
content that women fail to accurately report their active
engagement, or suggest an alternative explanation. Finally,
future research needs to explore whether male fitspiration users
are indeed a unique subculture, and whether the male muscular
ideal is broadly still dominant, as theorists have suggested that
there is movement away from hypermasculine male stereotypes
in the general media, with the strong hard man ideal becoming
diminished in favor of more diverse forms of masculinity [46].

Conclusions
The purpose of this study was to explore how young men and
women engage with fitspiration content on Instagram and to
provide a gendered analysis of how and why they consume this
content. The key findings of this study achieved this aim in
demonstrating the gendered way in which consumers engage
with the fitspiration content on Instagram. Specifically, while
all fitspiration consumers engaged with content that reinforced
traditional body ideals, ideals were extremely gendered.
Furthermore, male users were more likely to engage actively
with content than female users who consumed content more
passively, indicating that the experiences of men and women
consuming fitspiration are vastly different. Therefore, based on
these findings, it is suggested that any interventions designed
to address the potential harm of this web-based content for
young people should be gender-specific to adequately address
the heavily gendered body ideals and experiential differences
for young men and women.
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Abstract

Background: e-Cigarette use, also known as vaping, has increased dramatically over the past few years, especially among
younger demographics. However, researchers have found that a large number of e-cigarette users want to quit. Little is known
about the unique aspects of vaping cessation, which is critical to informing the development of relevant resources and interventions
for e-cigarette users who want to quit. Social media forums such as Reddit provide opportunities to understand the experiences
of behavior change such as quitting vaping from the perspective of end users.

Objective: This study aims to examine a quit vaping subreddit to understand how e-cigarette users are experiencing and
approaching vaping cessation. Specifically, we examine methods used to approach quitting, reasons for quitting, and barriers and
facilitators to quitting.

Methods: A total of 1228 posts were collected. The posts were inductively coded to generate categories and subcategories using
conventional content analysis. Data were analyzed using the NVivo 12 qualitative data analysis software.

Results: Most users reported a preference for approaching quitting through gradual reduction, particularly through the use of
their own devices by tapering the nicotine content. Their reasons for quitting were primarily related to experiencing negative
physical consequences associated with vaping, especially in relation to their lungs (eg, tight chest), and tired of feeling stuck to
the vape because of nicotine addiction. Top barriers to quitting were related to withdrawal symptoms and intensity of addiction.
The top facilitators to quitting were related to using distraction techniques (eg, hobby, gaming, and mindfulness exercises), as
well as having a positive mindset.

Conclusions: The findings of this study reveal unique aspects that encompass the process of quitting vaping. These findings
have significant implications for both policy and intervention development.

(J Med Internet Res 2021;23(10):e28303)   doi:10.2196/28303

KEYWORDS

qualitative research; electronic nicotine delivery systems; vaping; cessation; social media

Introduction

Vaping with nicotine, or using e-cigarettes, has become a
popular global phenomenon in recent years. Compared with
2011, whereby 7 million people worldwide used e-cigarettes,
the number of e-cigarette users had increased to 41 million in
2018 [1], with youth and young adults representing the largest
users of e-cigarettes [2]. Despite how vaping has grown in

popularity, recent evidence indicates that a large number of
e-cigarette users actually want to quit [3-6]. A focus group study
in Canada found that >40% of youth and young adults who
vaped indicated a strong desire to quit, and >40% had tried to
quit in the past year [5]. Another study in the United States
found that 45% of youth were interested in quitting, and 25%
had tried to quit in the past year [4].
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Although it is encouraging that many e-cigarette users want to
quit, there remains a lack of cessation services to support their
quit efforts. Researchers acknowledge that most cessation advice
mimics smoking cessation [7] and that there is a dearth of
resources tailored specifically to vaping [4,5]. The 2020 Surgeon
General’s report on smoking cessation called for research to
develop and understand safe and effective e-cigarette cessation
guidelines and interventions [8]. A critical step toward
developing effective cessation resources is to first understand
the experiences and preferences of e-cigarette users as it relates
to quitting vaping. However, no studies to date have examined
how vapers quit and what might help them with quitting.

Web-based forums serve as particularly fruitful platforms for
gathering information on end user experiences and preferences.
Reddit, the most comprehensive forum on the internet [9], has
several e-cigarette–related discussion topics. The use of social
media such as Reddit to understand vaping cessation experiences
is particularly important given that engagement on social media
platforms for sharing and gathering health information is highest
among youth and young adults [10,11]. Researchers have studied
Reddit discussions to generate important information about
e-cigarette flavors [12], the health effects of e-cigarette use
[13,14], e-cigarette use patterns [9,15,16], reasons and attitudes
surrounding underage e-cigarette use [17], and underage buying
and selling [18]. However, no researchers have examined the
quit vaping communities that are now on Reddit. This
user-generated content around vaping holds significant potential
to inform best practices for cessation guidelines and services.
Therefore, we examined a quit vaping subreddit to understand
how e-cigarette users experience and approach vaping cessation.
Specifically, we examined methods for approaching quitting,
reasons for quitting, and barriers and facilitators to quitting.

Methods

Overview
Similar to other studies involving Reddit [17-19], the examined
subreddit contains publicly available threads and comments.
No personal information (eg, account details) was included, and
the usernames of the Reddit posters were not presented in this
study. As such, this study was classified by the University of
British Columbia Okanagan’s Behavioural Research Ethics
Board as research not involving human subjects and was,
therefore, not subject to institutional review board jurisdiction.

Data Collection
We examined the subreddit r/QuitVaping community for this
study. This subreddit was created in 2015 and designed to help
vapers motivate each other to quit. This subreddit contained
4700 subscribers. Posts (including original posts and all
responses) were collected retrospectively during a 4-week period
(August 1, 2020, to August 31, 2020) by using the top posts of
this month feature. The top posts of this month means that the
posts with the most upvotes over this period were selected for
analysis. This approach to data collection is supported by other
content analyses of subreddit communities (eg, see work by

Sowles et al [19]). The posts were first copied and pasted onto
Microsoft Word, which were then uploaded onto the NVivo 12
qualitative analytic software (QSR International Pty Ltd) for
coding. A total of 1228 posts were collected and analyzed.

Data Analysis
The posts were inductively coded to generate categories and
subcategories using conventional content analysis [20]. Both
authors engaged in collaborative coding via UBC Zoom to code
three original posts and 10 responses (13 total), which resulted
in the assignment of 44 codes. The authors developed a coding
legend and assigned preliminary codes directly onto the
Microsoft Word document via the comments feature. The authors
then independently reviewed an additional set of three original
posts and eight responses (11 total). Each author assigned >35
codes. Only six discrepancies in coding were noted, which were
then discussed, resolved, and worked into the coding framework.
The second author then independently coded the remaining
posts, consulting with the first author regularly as needed. Once
all the posts were coded, authors met again and refined and
collapsed the framework with subcategories under the four
major categories of quitting methods, reasons for quitting,
barriers to quitting, and facilitators to quitting.

Results

Users
In total, 318 unique users were represented in this sample of
posts. A little less than 10% (29/318, 9.1%) of the represented
sample indicated their age, with most (24/29, 83%) of them in
the young adult age range (aged between 18 and 35 years), and
the remaining outliers were aged <18 years (2/29, 7%) and >35
years (3/29, 10%). This may indicate a relatively young sample
overall.

Posts
Of the 1228 posts, 189 (15.39%) were original posts, and 1039
(84.61%) were responses to these posts. The average number
of responses per original post was 5.5 (SD 5.55), and the range
in the number of comments per post was 0-50, with most posts
within the range of 5-10 and only one post with 50 comments.
This one post is noteworthy, as the engagement was garnered
through a call to action for mutual support and accountability.
The post is as follows:

Everyone who is actively quitting/trying to
quit/already did quit and wants to keep it that way,
comment on this post. I will send each of you a
message on reddit every single day checking up on
you, and sending you motivational things to aid in
your journey. Only asking that you try and do the
same for me :) let me know!!!

The data within these 1228 posts are broken down into the
following four categories: quitting methods, reasons for quitting,
barriers to quitting, and facilitators to quitting (Table 1). The
most represented categories of post content in this data set were
related to barriers and facilitators to quitting.
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Table 1. Representation of post categories (N=1228).

Values, n (%)Category

175 (14.25)Quitting methods

211 (17.18)Reasons for quitting

441 (35.91)Barriers to quitting

570 (46.42)Facilitators to quitting

Quitting Methods
e-Cigarette users’ method of quitting was reflected in 14.25%
(175/1228) of posts. Most of these posts (117/175, 66.9%)
reflected a preference for a gradual reduction approach. This
was accomplished primarily by tapering the nicotine
concentration (55/175, 31.4%), which was followed by the use
of different sources of nicotine replacement therapy (NRT;
33/175, 18.9%; eg, patches, gum, lozenges, toothpicks, and
Nicorette inhalers). The most popular NRT used were patches
and gum, which are often used together. Overall, 13 users
reported using nicotine pouches to help them quit, and 6 stated
using the vape less frequently. The cold turkey approach was
represented in 33.1% (58/175) of the posts.

Reasons for Quitting
The reasons for quitting vaping were provided in 17.18%
(211/1228) of posts (Table 2). There were eight reasons for

quitting, as listed by the posters. The number one reason for
quitting vaping was experiencing negative physical health effects
of vaping, which included shortness of breath, chest pain,
wheezing, coughing, sore throat, poor oral health, poor skin
health, and poor sleep quality. The second most commonly cited
reason to quit was that individuals were tired of feeling stuck
to their e-cigarettes, indicating that they wanted to be free to
live their lives without a dependency on a vaping device. The
other most common reasons for quitting are related to the mental
health and financial cost of vaping. These top reasons were then
followed by a desire to improve physical health (eg, to improve
running time), accommodate life changes (eg, having a baby),
to gain time they would be otherwise using to vape or think
about vaping, and to improve their intimate relationships (eg,
spending time with partners who do not vape or smoke).

Table 2. Reasons for quitting (N=211).

Representative quotesValues, n (%)Reason

“I vaped for 3 years too, very consistently, and I really didn’t have a problem with it until I felt the
health issues—constant dry throat, never ending phlegm, tonsil stones, fatigue, swollen lips (from vape
juice spitting), irritability, and horrible acne. I also felt like I hadn’t been myself for awhile.”

59 (28.0)Experiencing negative
physical health conse-
quences

“Last night, I had a moment of clarity. My whole life basically revolves around my vape. It's my first
thought when I wake up every morning, I have to constantly have it with me, and everything ends with
a vape. Anytime I’m without it, I’m just looking forward to the time I can use it. It’s honestly hard to
imagine life without it, but I know I don’t want to be a 70-year-old vaper.”

47 (22.3)Tired of feeling stuck to
the vape or nicotine

“I’m fed up with feeling that anxiety and irritability when I’m not vaping.”28 (13.3)Experiencing negative
mental health conse-
quences

“I had to get to a point where I hated what it was doing to me and my finances.”28 (13.3)Financial loss

“I was hoping quitting would help me with my run times before being winded (which currently doesn’t
take too long).”

17 (8.1)Wanting to improve
physical health

“But with Covid and everything happening, I want to kick this addiction to the curb.”17 (8.1)Need to adapt to life
changes

“Vaping sucks so much it makes you procrastinate, it makes you feel lazy and it makes you run away
from things that need to get done.”

6 (2.8)Improve use of time

“Now I’m married and have a 1 year old child and my wife hates me vaping especially since she found
out how poisonous the vape juice is for children and she’s always concerned about me accidently
leaving my vape around our child.”

6 (2.8)Prioritizing intimate rela-
tionships

Barriers to Quitting
Barriers to quitting were reflected in 35.91% (441/1228) of the
posts. Nine barriers were found, which were listed in the order
of most saturated to least saturated (Table 3). The most
challenging barrier was related to nicotine withdrawal, with
reports of intense withdrawal symptoms associated with trying
to quit. The second most common barrier was related to nicotine

dependence, with many users citing heavy addiction because
of the nicotine salt devices that many of the posters were using
(eg, JUUL). The third barrier was related to proximity to others
who vape as a major barrier to quitting, which included both
web-based (eg, seeing friends vaping on social media) and
offline interactions. The fourth barrier to quitting was related
to existing mental health challenges, whereby users described
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how their stress, anxiety, or depression made it harder for them
to quit. The fifth barrier was related to the use of other
substances, including smoking traditional cigarettes and other
drugs. The sixth barrier was related to vaping becoming habitual
and associated with routine things such as commuting to school

or work. The seventh cited barrier was related to the accessibility
of vaping from both a purchase standpoint as well as from a use
standpoint, as users could vape in areas where smoking is
prohibited. Other barriers to quitting included the enjoyment of
vaping and experiencing weight-related issues after stopping.

Table 3. Barriers to quitting (N=441).

Representative quoteValues, n (%)Barrier

Intense withdrawal symptoms

“I’m 2 days in from daily use but my pulse is around 90-100 bpm when
I’m just sitting is this normal? People already told me being anxious
24/7 is common but I feel like my heart won’t stop beating fast all day
and night. I feel like I can’t sleep because I’m so anxious about nothing
and my heart won’t stop beating quick.”

137 (31.1)Insomnia; fatigue; sweats; headache; brain fog; chest
pain; cough; sore throat; dizziness; anxiety; depres-
sion; irritability

Dependency on high nicotine

“I’m telling you, the nic salts will get you every time. Juuls are just
icing on the cake.”

116 (26.3)JUUL; using >20mg/ml

Proximity to those who vape

“I used to see vapes on peoples social media and I would get insane
cravings out of nowhere.”

41 (9.3)Face-to-face interactions; web-based interactions

Mental health challenges

“Convinced myself it would help with the stress and anxiety of every-
thing going on.”

39 (8.8)High stress; suffer from anxiety or depression

Other substance use

“Add in that I took Adderall daily, which if anyone doesn't know, makes
your desire to smoke increase x10000000. So breaking into pod #3 in
a day wasn't unheard of.”

34 (7.7)Smoking cigarettes; other drugs

Habit or routine associations

“I’m a delivery driver and I think I connect vaping with driving also.
But of course now, I vape all the time. In bed, at least 20 minutes after
waking up, want it after a meal and an absolute must have when I’m
drinking alcohol.”

25 (5.7)Commute; other day-to-day habits

Accessibility of e-cigarettes

“Vaping I did 10x more than smoking! So easy to do anywhere.”19 (4.3)Easy to purchase; can use anywhere

Other

“Also a non-drinker and I feel it’s my only guilty pleasure [...] I haven’t
tried to stop yet.”

13 (2.9)Enjoyment of vaping

“When does the binge eating stop? I've been 2 weeks nicotine free and
still wanna eat constantly and gained so much weight.”

13 (2.9)Increased appetite or weight gain after stopping

Facilitators to Quitting
Approximately 46.42% (570/1228) of posts provided a
description of facilitators to quit vaping (Table 4). Nine
facilitators to quitting were identified. The most cited facilitator
to quitting was distractions, with the number one distraction
strategy relating to keeping their minds and hands busy through
hobbies, movies, games, and mindfulness exercises. Another
common distraction strategy was by replacing puffing on an
e-cigarette with eating, chewing gum, drinking water or tea, or
chewing on flavored toothpicks. Finally, users spoke about the
key role that exercise plays in their quitting efforts from running
to weight lifting to yoga.

The second most cited facilitator to quitting was related to
having a positive mindset or a positive view of self. Individuals

described the need to believe in themselves, encourage
themselves, care for their mind and body, grace with themselves,
and reward themselves. In addition to self-love was the value
of social support for quitting vaping. Although the primary
source of support drawn upon was others in the Reddit
community, some described the positive support received from
family, friends, and even quit buddies to help them quit.

Making vaping less available or desirable was another facilitator
to quitting vaping, which was achieved through a variety of
strategies, including tossing the device, having someone hide
the device, and purposely using undesirable flavors to dissuade
them from vaping. Another facilitator to quitting was through
the use of behavioral support interventions, which was primarily
sought through the Quit Vaping app, followed by Alan Carr’s
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book “Quit smoking the easy way,” and then websites that
provide information on vaping cessation.

Experiencing the negative effects of vaping, being reminded of
their reasons to quit vaping, experiencing the benefits of quitting,

and changing their environment (eg, staying away from people
who vape, switching up routine, and taking a vacation) were
also listed as facilitators to remain vape free.

Table 4. Facilitators to quitting (N=570).

Representative quoteValues, n (%)Facilitator

Distractions

“I am trying to just live in the moment instead of having to pacify every
single discomfort with nicotine. A workout program I follow always
says ‘get used to the discomfort’ and that thought has been on repeat
in my mind. Deep breaths and meditation have been helping a lot too.”

279 (48.9)Keeping mind or hands busy (hobby, entertainment
like movies and gaming, and mindfulness exercises);
eating, chewing gum, drinking water or tea, and
toothpicks; exercise

Positive mindset or positive self-concept

“This time feels a lot different though. I am being nice to myself. Letting
myself be irritated, eat as many snacks as I want, and really feel my
feelings.”

63 (11.1)Resilient mindset; progress mindset (winning streak);
self-care, grace, or rewarding

Social support

“This little community has made a huge difference on my mindset on
quitting!! We all want the best for each other.”

54 (9.5)Support from others (Reddit community, friends, and
family); quitting with someone

Making vaping less accessible or less desirable

“When I used zero [nicotine], I just kept my device somewhere com-
pletely across the house so it was never instantly accessible. It’s much
easier to say no when you think about how little you actually get for
the effort of going to grab it.”

54 (9.5)Tossing device; having someone hide device; using
undesirable flavors

Behavioral support

“And use some app like quit vaping [app name]. Being able to easily
see milestones and achievements is very motivating at the start.”

34 (6.0)App (Quit Vaping); Allen Carr Quit smoking the easy
way; quit help websites

Other

“I always thought it helped with my anxiety but it honestly only ever
made it worse.”

23 (4.0)Awareness of negative effects of vaping

“I was actually in one of those zones thinking, ‘It wasn’t so bad, maybe
I just “like” vaping’ when I started writing this post. By the end of
writing it, I remembered how bad my experience really was and haven't
had a craving since.”

17 (3.0)Reminders of reasons to quit

“I quit two months ago and have only recently started to really feel the
positive benefits, but from what I've experienced, it's totally worth it.”

11 (1.9)Experiencing benefits of not vaping

“I am moving into a house with some very supportive people and I’ve
found that when in a new setting, cravings are a lot lower.”

11 (1.9)Changing environment (social or routine)

Discussion

Principal Findings
This study is the first of its kind to examine a quit vaping
community on Reddit to understand the process of quitting
vaping from the perspective of e-cigarette users. The findings
of this study shed light on what quitting vaping is like and how
it aligns with quitting smoking. The findings reveal that the
process of quitting vaping with nicotine, although similar to
quitting combustible cigarette smoking in many respects, is also
unique in several noteworthy ways.

Quitting Methods
Both cold turkey and gradual reduction are relevant to vaping
cessation. However, significantly more e-cigarette users opted
for gradual reduction compared with cold turkey. This is unique

compared with smoking, whereby most smokers opt for the
cold turkey approach [21]. Interestingly, a large portion of those
who chose gradual reduction chose to do so by tapering their
vaping device. The fact that e-cigarette users are trying to figure
out how to quit on their own in this way reflects the dearth of
evidence-based support available to those who want to quit and
is indicative of the urgent need to develop resources and
guidelines to help e-cigarette users with quitting. There are
concerns about e-cigarette users turning to their devices to quit.
One particular concern is that of ongoing use. In studies that
examined the efficacy of using e-cigarettes to quit smoking,
although some users were able to successfully quit smoking,
almost all were still vaping a year later [22,23], indicating that
the use of e-cigarettes promoted ongoing addiction to nicotine
compared with the use of approved pharmacological cessation
support (eg, NRT).
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Similar to this study, an analysis of >3000 Twitter tweets
revealed that a gradual approach to quitting by JUUL users was
popular, especially by tapering the nicotine concentration of
their pods or changing their devices [24]. In contrast, adolescents
in the study by Kong et al [25] used the cold turkey approach
more frequently. This difference may be because of the length
of nicotine product use, where adolescents may more easily quit
cold turkeys because of a shorter timeline of use. The differences
found indicate that guidelines and interventions should be
tailored to different age groups, with attention to the time using
nicotine products as well as the type of products used. The use
of high-nicotine salt devices such as JUUL appears to lead to
more intense addiction, which may make a cold turkey approach
more difficult. The variability of nicotine concentration in
vaping devices leads to complexity in relation to cessation,
which is different from combustible smoking.

Reasons for Quitting
In this study, the most commonly cited reasons for quitting
vaping were related to experiences of negative health
consequences and addiction. Several studies reveal that
experiencing negative health consequences and dependence are
consistently among the top few reasons for quitting e-cigarettes
[3,5,24,25]. Of particular note is the finding around current
health effects. In an analysis of 2000 text responses to a question
about reasons to quit vaping from the evidence-based e-cigarette
cessation program for youth and young adults, “This is
Quitting,” researchers found similar findings [3]. They found
that the top-rated reason for quitting was health, especially
current and general health, compared with future health [3]. The
study by Ungar et al [24] also found that experiencing negative
health consequences was the top-rated reason to quit. This
reason to quit vaping, which is experiencing negative health
consequences in the present, is different from the top-rated
reason to quit combustible smoking, which is future health [26].
The fact that e-cigarette users are experiencing adverse health
effects early in their vaping trajectory brings forward the need
to pay more attention to the immediate health effects of vaping.
There needs to be particular attention on the effect of vaping
on the lungs given that users in this study primarily reported
adverse pulmonary outcomes from vaping, including tight chest,
sleep apnea, cough, wheezing, and breathlessness.

Barriers and Facilitators to Quitting
In this study, users reported intense withdrawal symptoms and
dependency on high nicotine levels as the top barriers to quitting.
This is not surprising given that the most popular e-cigarette
devices enable the delivery of very high concentrations of
nicotine to the brain (eg, JUUL is typically approximately 50
mg/ml) [27], the amount of nicotine that you would expect to
see a heavy smoker consuming. These high-nicotine devices
appear to be particularly problematic when trying to quit. This
is not surprising given that the largest population of e-cigarette
users are youth and young adults [28,29], those at an age when
the brain is still developing [30,31], and that a developing brain
is most vulnerable to long-term and intense nicotine addiction,
which makes quitting much harder [27,31-33]. Countries such
as Canada, which are taking a strong stance in limiting the
nicotine concentration of e-cigarettes [34], are playing a critical

role in protecting developing brains from early and long-term
addiction. The findings of this study confirm that taking action
to limit the nicotine concentration of these devices is critical.
However, cessation services and advice must be reflective of
the current state of use, which is when high-nicotine
concentrations are allowed, as well as be ready to adapt to future
use. Researchers should explore and evaluate how cessation
advice and support may best accommodate shifts in use
behaviors because of policy changes.

It is also interesting that not only offline interactions but also
web-based interactions with other e-cigarette users served as a
key barrier to quitting. Vaping has progressed in popularity at
a time when social media use and social media influencers are
rampant. e-Cigarette companies have successfully tapped into
this trend and are not only lending to the uptake of e-cigarettes
[35] but are also serving as a barrier to quitting, as revealed in
this study. Vaping cessation efforts also need to capitalize on
these web-based networks, and there are some innovative efforts
being made in this regard (eg, This is Quitting by the Truth
campaign) [7,36].

The findings also reveal that mental health challenges are a
major barrier to quitting. Tobacco use is known to coincide with
mental health issues, including among young adults [37]. Mental
health disorders are increasing and are an urgent concern [38],
especially in the context of the COVID-19 pandemic [39]. In
light of this, attention to and screening for mental health among
e-cigarette users is warranted. In addition, cessation
interventions that promote positive mental health appear to align
with stated facilitators to quitting, which include resiliency,
self-grace, and self-love.

Another barrier to quitting is related to the accessibility of
e-cigarettes. Vaping with nicotine is easily accessible via
web-based sales [40], as well as the recent establishment of a
large number of vape retailers that sell these products [41]. For
example, in Canada, it was found that 76% of retail outlets sold
vaping products in 2014 [42]. In the province of British
Columbia alone, there are an estimated 90,000 vape retailers
compared with only 6000 retailers that sell combustible
cigarettes [43]. In addition, the policies around vaping are
different from smoking; for example, you cannot be smoking
indoors, but you can still vape in many indoor spaces despite
several jurisdictions implementing vape-free indoor policies
[44]. This is combined with the discreet and appealing designs
of e-cigarettes and that e-cigarette users are left to their own
devices to regulate their use. e-Cigarette advertising capitalizes
on these freedoms associated with vaping and promotes users
to use their vape at all times [45]. For example, a Blu
commercial spends the entire 60 second advertising time to tell
potential e-cigarette users that they can “smoke blue virtually
anywhere” [46]. According to the users who posted on the
Reddit community, being able to vape anywhere at any point
in time has left them doing exactly that. This constant use has
left them feeling “stuck to the vape” and is the primary reason
for quitting. These findings have important implications for
banning advertisements that promote vaping in this way, as well
as policies for limiting where vaping can occur. The findings
also hold implications in limiting the accessibility of both
web-based and offline sales of e-cigarettes.
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The top facilitator to quitting was the use of distractions, which
ranged from things that kept the mind and hands busy to
replacing the e-cigarette with other things, such as toothpicks
and exercise. Similar to smoking cessation interventions such
as Crush the Crave [47], the importance of including tips and
opportunities to distract those who are trying to quit vaping is
key. There is an opportunity for cessation interventions to
capitalize on new digital technologies available to develop
distractions for young vapers. Given that youth and young
adults, the highest demographic of vapers, are ubiquitous on
the web, focusing on innovative efforts in this context to help
distract them through their cravings would likely prove quite
fruitful, especially given their receptivity to receiving
interventions for cessation through these media [5].

Future Research
These findings bring forward several areas for future research.
First, the unique aspects of vaping cessation call for urgent
research focused on developing cessation guidelines tailored to
e-cigarette use. The development of these guidelines should
establish both pharmacotherapy and behavioral support
recommendations. For pharmacotherapy, it is interesting that a
large portion of vapers used NRT to support their quit attempts,
and they primarily used the nicotine patch and gum in tandem.
There is a need to explore the right recipe for vapers who are
trying to quit. This is especially critical, as the common use of
high nicotine concentrations in e-cigarettes may mean that
vapers need a different approach to NRT compared with
smokers. For behavioral support interventions, the reported
reasons for quitting, barriers and facilitators to quitting, and
benefits of quitting could inform the development of
interventions that resonate with vapers. Indeed, the findings
offer a beginning framework and structure for exploring and
developing recommendations.

Longitudinal research that tracks how cessation is approached
is needed. It would be interesting to explore whether approaches
to quitting shift over time with the introduction of new resources

and policies. For example, whether fewer vapers resort to
tapering their own devices to quit if pharmacotherapy options
are tailored to vaping. It would also be interesting to conduct
research on which facilitators are linked to successful long-term
abstinence rates and for whom so that various populations have
access to more tailored options to help them quit. Finally, there
is a need to explore predictors of vaping so that we can identify
high-risk populations before engaging in e-cigarette use.

Limitations
The findings of the study are based on data during a time when
there was a pandemic, which may have influenced the
experience of quitting. In addition, this study was conducted
when few resources were available to support the cessation
efforts of e-cigarette users. In addition, the findings are limited
to data provided on one platform during a 4-week period.
Another limitation of this study is the inability to definitively
determine the demographic details of the Reddit community
users, limiting the ability to note nuances in experiences and
preferences based on demographic variables. However, Reddit
users are known to skew toward being young and male [48],
indicating that the results may represent the experiences of
young males more than any other group. Finally, we could not
determine how many users were still vaping and how many
were vape free nor we could link particular facilitators to
quitting success.

Conclusions
The findings of this study reveal the unique aspects that
encompass the process of quitting vaping from the perspective
of e-cigarette users. This work not only validates the need for
more stringent policies around e-cigarette consumption and use
but also brings forward some important gaps in relation to efforts
to meet the needs of e-cigarette users who want to quit. The
findings offer some recommendations and a beginning
framework for steering e-cigarette policy and intervention efforts
so that they resonate with e-cigarette users.

 

Conflicts of Interest
None declared.

References
1. Jones L. Vaping: how popular are e-cigarettes? BBC News. 2019. URL: https://www.bbc.com/news/business-44295336

[accessed 2021-02-27]
2. Tobacco use by youth is rising. Vital Signs CDC. URL: https://www.cdc.gov/vitalsigns/youth-tobacco-use/ [accessed

2021-02-27]
3. Amato MS, Bottcher MM, Cha S, Jacobs MA, Pearson JL, Graham AL. "It's really addictive and I'm trapped:" a qualitative

analysis of the reasons for quitting vaping among treatment-seeking young people. Addict Behav 2021 Jan;112:106599
[FREE Full text] [doi: 10.1016/j.addbeh.2020.106599] [Medline: 32950927]

4. Smith TT, Nahhas GJ, Carpenter MJ, Squeglia LM, Diaz VA, Leventhal AM, et al. Intention to quit vaping among United
States adolescents. JAMA Pediatr 2021 Jan 01;175(1):97-99. [doi: 10.1001/jamapediatrics.2020.2348] [Medline: 32804194]

5. Sanchez S, Kaufman P, Pelletier H, Baskerville B, Feng P, O'Connor S, et al. Is vaping cessation like smoking cessation?
A qualitative study exploring the responses of youth and young adults who vape e-cigarettes. Addict Behav 2021
Feb;113:106687. [doi: 10.1016/j.addbeh.2020.106687] [Medline: 33045643]

6. National Academies of Sciences, Engineering, and Medicine. Public Health Consequences of E-cigarettes. Washington,
DC: National Academies Press; Jan 23, 2018.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e28303 | p.267https://www.jmir.org/2021/10/e28303
(page number not for citation purposes)

Struik & YangJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://www.bbc.com/news/business-44295336
https://www.cdc.gov/vitalsigns/youth-tobacco-use/
https://linkinghub.elsevier.com/retrieve/pii/S0306-4603(20)30729-2
http://dx.doi.org/10.1016/j.addbeh.2020.106599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32950927&dopt=Abstract
http://dx.doi.org/10.1001/jamapediatrics.2020.2348
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32804194&dopt=Abstract
http://dx.doi.org/10.1016/j.addbeh.2020.106687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33045643&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


7. Graham AL, Jacobs MA, Amato MS. Engagement and 3-month outcomes from a digital e-cigarette cessation program in
a cohort of 27 000 teens and young adults. Nicotine Tob Res 2020 Apr 21;22(5):859-860 [FREE Full text] [doi:
10.1093/ntr/ntz097] [Medline: 31197320]

8. U.S. Department of Health and Human Services, Centers for Disease Control and Prevention, National Center for Chronic
Disease Prevention and Health Promotion, Office on Smoking and Health. Smoking Cessation: A Report of the Surgeon
General. Washington (DC): US Department of Health and Human Services; 2020.

9. Zhan Y, Zhang Z, Okamoto JM, Zeng DD, Leischow SJ. Underage juul use patterns: content analysis of reddit messages.
J Med Internet Res 2019 Sep 09;21(9):e13038 [FREE Full text] [doi: 10.2196/13038] [Medline: 31502542]

10. Hausmann JS, Touloumtzis C, White MT, Colbert JA, Gooding HC. Adolescent and young adult use of social media for
health and its implications. J Adolesc Health 2017 Jun;60(6):714-719 [FREE Full text] [doi: 10.1016/j.jadohealth.2016.12.025]
[Medline: 28259620]

11. Goodyear VA, Armour KM, Wood H. Young people and their engagement with health-related social media: new perspectives.
Sport Educ Soc 2018 Jan 25;24(7):673-688 [FREE Full text] [doi: 10.1080/13573322.2017.1423464] [Medline: 31814804]

12. Wang L, Zhan Y, Li Q, Zeng DD, Leischow SJ, Okamoto J. An examination of electronic cigarette content on social media:
analysis of e-cigarette flavor content on reddit. Int J Environ Res Public Health 2015 Nov 20;12(11):14916-14935 [FREE
Full text] [doi: 10.3390/ijerph121114916] [Medline: 26610541]

13. Hua M, Sadah S, Hristidis V, Talbot P. Health effects associated with electronic cigarette use: automated mining of online
forums. J Med Internet Res 2020 Jan 03;22(1):e15684 [FREE Full text] [doi: 10.2196/15684] [Medline: 31899452]

14. Li Q, Zhan Y, Wang L, Leischow SJ, Zeng DD. Analysis of symptoms and their potential associations with e-liquids'
components: a social media study. BMC Public Health 2016 Jul 30;16:674 [FREE Full text] [doi: 10.1186/s12889-016-3326-0]
[Medline: 27475060]

15. Chen AT, Zhu S, Conway M. What online communities can tell us about electronic cigarettes and hookah use: a study
using text mining and visualization techniques. J Med Internet Res 2015 Sep 29;17(9):e220 [FREE Full text] [doi:
10.2196/jmir.4517] [Medline: 26420469]

16. Kavuluru R, Han S, Hahn EJ. On the popularity of the USB flash drive-shaped electronic cigarette juul. Tob Control 2019
Jan;28(1):110-112 [FREE Full text] [doi: 10.1136/tobaccocontrol-2018-054259] [Medline: 29654121]

17. Brett EI, Stevens EM, Wagener TL, Leavens EL, Morgan TL, Cotton WD, et al. A content analysis of juul discussions on
social media: using reddit to understand patterns and perceptions of juul use. Drug Alcohol Depend 2019 Jan 01;194:358-362.
[doi: 10.1016/j.drugalcdep.2018.10.014] [Medline: 30472576]

18. Liu H, Li Q, Zhan Y, Zhang Z, Zeng DD, Leischow SJ. Characterizing social media messages related to underage juul
e-cigarette buying and selling: cross-sectional analysis of reddit subreddits. J Med Internet Res 2020 Jul 20;22(7):e16962
[FREE Full text] [doi: 10.2196/16962] [Medline: 32706661]

19. Sowles SJ, McLeary M, Optican A, Cahn E, Krauss MJ, Fitzsimmons-Craft EE, et al. A content analysis of an online
pro-eating disorder community on reddit. Body Image 2018 Mar;24:137-144 [FREE Full text] [doi:
10.1016/j.bodyim.2018.01.001] [Medline: 29414146]

20. Elo S, Kyngäs H. The qualitative content analysis process. J Adv Nurs 2008 Apr;62(1):107-115. [doi:
10.1111/j.1365-2648.2007.04569.x] [Medline: 18352969]

21. What you need to know to quit smoking. Truth Initiatve. 2018. URL: https://truthinitiative.org/research-resources/
quitting-smoking-vaping/what-you-need-know-quit-smoking [accessed 2021-02-28]

22. Chen R, Pierce JP, Leas EC, White MM, Kealey S, Strong DR, et al. Use of electronic cigarettes to aid long-term smoking
cessation in the united states: prospective evidence from the path cohort study. Am J Epidemiol 2020 Dec
01;189(12):1529-1537 [FREE Full text] [doi: 10.1093/aje/kwaa161] [Medline: 32715314]

23. Pierce JP, Benmarhnia T, Chen R, White M, Abrams DB, Ambrose BK, et al. Role of e-cigarettes and pharmacotherapy
during attempts to quit cigarette smoking: the PATH study 2013-16. PLoS One 2020 Sep 02;15(9):e0237938 [FREE Full
text] [doi: 10.1371/journal.pone.0237938] [Medline: 32877429]

24. Unger JB, Rogers C, Barrington-Trimis J, Majmundar A, Sussman S, Allem J, et al. "I'm using cigarettes to quit juul": an
analysis of twitter posts about juul cessation. Addict Behav Rep 2020 May 12;12:100286 [FREE Full text] [doi:
10.1016/j.abrep.2020.100286] [Medline: 32637562]

25. Kong G, Bold KW, Cavallo DA, Davis DR, Jackson A, Krishnan-Sarin S. Informing the development of adolescent
e-cigarette cessation interventions: a qualitative study. Addict Behav 2021 Mar;114:106720. [doi:
10.1016/j.addbeh.2020.106720] [Medline: 33162230]

26. Wellman RJ, O'Loughlin EK, Dugas EN, Montreuil A, Dutczak H, O'Loughlin J. Reasons for quitting smoking in young
adult cigarette smokers. Addict Behav 2018 Feb;77:28-33. [doi: 10.1016/j.addbeh.2017.09.010] [Medline: 28946012]

27. Goniewicz ML, Boykan R, Messina CR, Eliscu A, Tolentino J. High exposure to nicotine among adolescents who use juul
and other vape pod systems ('pods'). Tob Control 2019 Nov;28(6):676-677 [FREE Full text] [doi:
10.1136/tobaccocontrol-2018-054565] [Medline: 30194085]

28. Hammond D, Rynard VL, Reid JL. Changes in prevalence of vaping among youths in the United States, Canada, and
England from 2017 to 2019. JAMA Pediatr 2020 Aug 01;174(8):797-800 [FREE Full text] [doi:
10.1001/jamapediatrics.2020.0901] [Medline: 32364581]

J Med Internet Res 2021 | vol. 23 | iss. 10 |e28303 | p.268https://www.jmir.org/2021/10/e28303
(page number not for citation purposes)

Struik & YangJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://europepmc.org/abstract/MED/31197320
http://dx.doi.org/10.1093/ntr/ntz097
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31197320&dopt=Abstract
https://www.jmir.org/2019/9/e13038/
http://dx.doi.org/10.2196/13038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31502542&dopt=Abstract
http://europepmc.org/abstract/MED/28259620
http://dx.doi.org/10.1016/j.jadohealth.2016.12.025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28259620&dopt=Abstract
http://europepmc.org/abstract/MED/31814804
http://dx.doi.org/10.1080/13573322.2017.1423464
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31814804&dopt=Abstract
http://www.mdpi.com/resolver?pii=ijerph121114916
http://www.mdpi.com/resolver?pii=ijerph121114916
http://dx.doi.org/10.3390/ijerph121114916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26610541&dopt=Abstract
https://www.jmir.org/2020/1/e15684/
http://dx.doi.org/10.2196/15684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31899452&dopt=Abstract
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-016-3326-0
http://dx.doi.org/10.1186/s12889-016-3326-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27475060&dopt=Abstract
http://www.jmir.org/2015/9/e220/
http://dx.doi.org/10.2196/jmir.4517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26420469&dopt=Abstract
http://europepmc.org/abstract/MED/29654121
http://dx.doi.org/10.1136/tobaccocontrol-2018-054259
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29654121&dopt=Abstract
http://dx.doi.org/10.1016/j.drugalcdep.2018.10.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30472576&dopt=Abstract
https://www.jmir.org/2020/7/e16962/
http://dx.doi.org/10.2196/16962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32706661&dopt=Abstract
http://europepmc.org/abstract/MED/29414146
http://dx.doi.org/10.1016/j.bodyim.2018.01.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29414146&dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2648.2007.04569.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18352969&dopt=Abstract
https://truthinitiative.org/research-resources/quitting-smoking-vaping/what-you-need-know-quit-smoking
https://truthinitiative.org/research-resources/quitting-smoking-vaping/what-you-need-know-quit-smoking
http://europepmc.org/abstract/MED/32715314
http://dx.doi.org/10.1093/aje/kwaa161
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32715314&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0237938
https://dx.plos.org/10.1371/journal.pone.0237938
http://dx.doi.org/10.1371/journal.pone.0237938
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32877429&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2352-8532(20)30101-2
http://dx.doi.org/10.1016/j.abrep.2020.100286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32637562&dopt=Abstract
http://dx.doi.org/10.1016/j.addbeh.2020.106720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33162230&dopt=Abstract
http://dx.doi.org/10.1016/j.addbeh.2017.09.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28946012&dopt=Abstract
http://europepmc.org/abstract/MED/30194085
http://dx.doi.org/10.1136/tobaccocontrol-2018-054565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30194085&dopt=Abstract
http://europepmc.org/abstract/MED/32364581
http://dx.doi.org/10.1001/jamapediatrics.2020.0901
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32364581&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


29. Hammond D, Reid JL, Cole AG, Leatherdale ST. Electronic cigarette use and smoking initiation among youth: a longitudinal
cohort study. CMAJ 2017 Oct 30;189(43):E1328-E1336 [FREE Full text] [doi: 10.1503/cmaj.161002] [Medline: 29084759]

30. Scott JC, Slomiak ST, Jones JD, Rosen AF, Moore TM, Gur RC. Association of cannabis with cognitive functioning in
adolescents and young adults: a systematic review and meta-analysis. JAMA Psychiatry 2018 Jun 01;75(6):585-595 [FREE
Full text] [doi: 10.1001/jamapsychiatry.2018.0335] [Medline: 29710074]

31. Counotte DS, Goriounova NA, Moretti M, Smoluch MT, Irth H, Clementi F, et al. Adolescent nicotine exposure transiently
increases high-affinity nicotinic receptors and modulates inhibitory synaptic transmission in rat medial prefrontal cortex.
FASEB J 2012 May;26(5):1810-1820 [FREE Full text] [doi: 10.1096/fj.11-198994] [Medline: 22308197]

32. Benowitz NL. Nicotine addiction. N Engl J Med 2010 Jun 17;362(24):2295-2303 [FREE Full text] [doi:
10.1056/NEJMra0809890] [Medline: 20554984]

33. Goriounova NA, Mansvelder HD. Short- and long-term consequences of nicotine exposure during adolescence for prefrontal
cortex neuronal network function. Cold Spring Harb Perspect Med 2012 Dec 01;2(12):a012120 [FREE Full text] [doi:
10.1101/cshperspect.a012120] [Medline: 22983224]

34. Health canada proposes reducing nicotine concentration limit in vaping products. CTV News. 2020. URL: https://www.
ctvnews.ca/health/health-canada-proposes-reducing-nicotine-concentration-limit-in-vaping-products-1.5237744 [accessed
2021-02-28]

35. Chu K, Colditz JB, Primack BA, Shensa A, Allem J, Miller E, et al. Juul: spreading online and offline. J Adolesc Health
2018 Nov;63(5):582-586 [FREE Full text] [doi: 10.1016/j.jadohealth.2018.08.002] [Medline: 30348280]

36. Graham AL, Jacobs MA, Amato MS, Cha S, Bottcher MM, Papandonatos GD. Effectiveness of a quit vaping text message
program in promoting abstinence among young adult e-cigarette users: protocol for a randomized controlled trial. JMIR
Res Protoc 2020 May 01;9(5):e18327 [FREE Full text] [doi: 10.2196/18327] [Medline: 32356774]

37. King JL, Reboussin BA, Spangler J, Cornacchione Ross J, Sutfin EL. Tobacco product use and mental health status among
young adults. Addict Behav 2018 Feb;77:67-72 [FREE Full text] [doi: 10.1016/j.addbeh.2017.09.012] [Medline: 28965069]

38. Mental health disorder statistics. Johns Hopkins Medicine. URL: https://www.hopkinsmedicine.org/health/
wellness-and-prevention/mental-health-disorder-statistics [accessed 2021-02-28]

39. Panchal N, Rabah K, Cox C, Garfield R. The Implications of COVID-19 for Mental Health and Substance Use. Kaiser
Family Foundation. URL: https://www.kff.org/coronavirus-covid-19/issue-brief/
the-implications-of-covid-19-for-mental-health-and-substance-use/ [accessed 2021-02-28]

40. Dai H, Hao J. Online popularity of juul and puff bars in the USA: 2019-2020. Tob Control 2020 Oct
13:tobaccocontrol-2020-055727 (forthcoming). [doi: 10.1136/tobaccocontrol-2020-055727] [Medline: 33051277]

41. D'Angelo H, Rose SW, Golden SD, Queen T, Ribisl KM. E-cigarette availability, price promotions and marketing at the
point-of sale in the contiguous United States (2014-2015): national estimates and multilevel correlates. Prev Med Rep 2020
Jun 26;19:101152 [FREE Full text] [doi: 10.1016/j.pmedr.2020.101152] [Medline: 32670780]

42. Hammond D, White CM, Czoli CD, Martin CL, Magennis P, Shiplo S. Retail availability and marketing of electronic
cigarettes in Canada. Can J Public Health 2015 Oct 09;106(6):e408-e412 [FREE Full text] [doi: 10.17269/cjph.106.5105]
[Medline: 26680433]

43. Health canada confirms ban of advertising for vaping products wherever they can be seen or heard by youth. Health Canada.
URL: https://www.canada.ca/en/health-canada/news/2020/07/
health-canada-confirms-ban-of-advertising-for-vaping-products-wherever-they-can-be-seen-or-heard-by-youth.html [accessed
2020-11-09]

44. Wilson N, Hoek J, Thomson G, Edwards R. Should e-cigarette use be included in indoor smoking bans? Bull World Health
Organ 2017 Jul 01;95(7):540-541 [FREE Full text] [doi: 10.2471/BLT.16.186536] [Medline: 28670020]

45. Struik LL, Dow-Fleisner S, Belliveau M, Thompson D, Janke R. Tactics for drawing youth to vaping: content analysis of
electronic cigarette advertisements. J Med Internet Res 2020 Aug 14;22(8):e18943 [FREE Full text] [doi: 10.2196/18943]
[Medline: 32663163]

46. Blu E Cigarette. YouTube. URL: https://www.youtube.com/watch?v=oQelKE-aBNg [accessed 2021-02-28]
47. Baskerville NB, Struik LL, Dash D. Crush the crave: development and formative evaluation of a smartphone app for

smoking cessation. JMIR Mhealth Uhealth 2018 Mar 02;6(3):e52 [FREE Full text] [doi: 10.2196/mhealth.9011] [Medline:
29500157]

48. Sattelberg W. The demographics of reddit: who uses the site? ALPHR. 2021. URL: https://www.alphr.com/
demographics-reddit/ [accessed 2021-04-15]

Abbreviations
NRT: nicotine replacement therapy

J Med Internet Res 2021 | vol. 23 | iss. 10 |e28303 | p.269https://www.jmir.org/2021/10/e28303
(page number not for citation purposes)

Struik & YangJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.cmaj.ca/cgi/pmidlookup?view=long&pmid=29084759
http://dx.doi.org/10.1503/cmaj.161002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29084759&dopt=Abstract
http://europepmc.org/abstract/MED/29710074
http://europepmc.org/abstract/MED/29710074
http://dx.doi.org/10.1001/jamapsychiatry.2018.0335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29710074&dopt=Abstract
http://europepmc.org/abstract/MED/22308197
http://dx.doi.org/10.1096/fj.11-198994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22308197&dopt=Abstract
http://europepmc.org/abstract/MED/20554984
http://dx.doi.org/10.1056/NEJMra0809890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20554984&dopt=Abstract
http://europepmc.org/abstract/MED/22983224
http://dx.doi.org/10.1101/cshperspect.a012120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22983224&dopt=Abstract
https://www.ctvnews.ca/health/health-canada-proposes-reducing-nicotine-concentration-limit-in-vaping-products-1.5237744
https://www.ctvnews.ca/health/health-canada-proposes-reducing-nicotine-concentration-limit-in-vaping-products-1.5237744
http://europepmc.org/abstract/MED/30348280
http://dx.doi.org/10.1016/j.jadohealth.2018.08.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30348280&dopt=Abstract
https://www.researchprotocols.org/2020/5/e18327/
http://dx.doi.org/10.2196/18327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32356774&dopt=Abstract
http://europepmc.org/abstract/MED/28965069
http://dx.doi.org/10.1016/j.addbeh.2017.09.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28965069&dopt=Abstract
https://www.hopkinsmedicine.org/health/wellness-and-prevention/mental-health-disorder-statistics
https://www.hopkinsmedicine.org/health/wellness-and-prevention/mental-health-disorder-statistics
https://www.kff.org/coronavirus-covid-19/issue-brief/the-implications-of-covid-19-for-mental-health-and-substance-use/
https://www.kff.org/coronavirus-covid-19/issue-brief/the-implications-of-covid-19-for-mental-health-and-substance-use/
http://dx.doi.org/10.1136/tobaccocontrol-2020-055727
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33051277&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2211-3355(20)30112-1
http://dx.doi.org/10.1016/j.pmedr.2020.101152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32670780&dopt=Abstract
http://europepmc.org/abstract/MED/26680433
http://dx.doi.org/10.17269/cjph.106.5105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26680433&dopt=Abstract
https://www.canada.ca/en/health-canada/news/2020/07/health-canada-confirms-ban-of-advertising-for-vaping-products-wherever-they-can-be-seen-or-heard-by-youth.html
https://www.canada.ca/en/health-canada/news/2020/07/health-canada-confirms-ban-of-advertising-for-vaping-products-wherever-they-can-be-seen-or-heard-by-youth.html
http://europepmc.org/abstract/MED/28670020
http://dx.doi.org/10.2471/BLT.16.186536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28670020&dopt=Abstract
https://www.jmir.org/2020/8/e18943/
http://dx.doi.org/10.2196/18943
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32663163&dopt=Abstract
https://www.youtube.com/watch?v=oQelKE-aBNg
https://mhealth.jmir.org/2018/3/e52/
http://dx.doi.org/10.2196/mhealth.9011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29500157&dopt=Abstract
https://www.alphr.com/demographics-reddit/
https://www.alphr.com/demographics-reddit/
http://www.w3.org/Style/XSL
http://www.renderx.com/


Edited by R Kukafka; submitted 01.03.21; peer-reviewed by S Sanchez, N Jiang; comments to author 23.03.21; revised version received
20.04.21; accepted 19.07.21; published 25.10.21.

Please cite as:
Struik L, Yang Y
e-Cigarette Cessation: Content Analysis of a Quit Vaping Community on Reddit
J Med Internet Res 2021;23(10):e28303
URL: https://www.jmir.org/2021/10/e28303 
doi:10.2196/28303
PMID:34694229

©Laura Struik, Youjin Yang. Originally published in the Journal of Medical Internet Research (https://www.jmir.org), 25.10.2021.
This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in the Journal of Medical Internet Research, is properly cited. The complete bibliographic
information, a link to the original publication on https://www.jmir.org/, as well as this copyright and license information must
be included.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e28303 | p.270https://www.jmir.org/2021/10/e28303
(page number not for citation purposes)

Struik & YangJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://www.jmir.org/2021/10/e28303
http://dx.doi.org/10.2196/28303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34694229&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Impulsivity, Self-control, Interpersonal Influences, and Maladaptive
Cognitions as Factors of Internet Gaming Disorder Among
Adolescents in China: Cross-sectional Mediation Study

Yanqiu Yu1, PhD; Phoenix Kit-Han Mo1, PhD; Jianxin Zhang2, MD; Jibin Li3, PhD; Joseph Tak-Fai Lau1, PhD
1Center for Health Behaviours Research, Jockey Club School of Public Health and Primary Care, The Chinese University of Hong Kong, Hong Kong,
Hong Kong
2West China School of Public Health, Sichuan University, Chengdu, China
3Department of Clinical Research, State Key Laboratory of Oncology in South China, Collaborative Innovation Center for Cancer Medicine, Sun Yat-sen
University Cancer Center, Guangzhou, China

Corresponding Author:
Joseph Tak-Fai Lau, PhD
Center for Health Behaviours Research
Jockey Club School of Public Health and Primary Care
The Chinese University of Hong Kong
Ngan Shing St
Sha Tin
Hong Kong
Hong Kong
Phone: 852 2252 8713
Email: jlau@cuhk.edu.hk

Abstract

Background: Gaming disorder, including internet gaming disorder (IGD), was recently defined by the World Health Organization
as a mental disease in the 11th Revision of the International Classification of Diseases (ICD-11). Thus, reducing IGD is warranted.
Maladaptive cognitions related to internet gaming (MCIG) have been associated with IGD, while impulsivity, self-control, parental
influences, and peer influences are key risk factors of IGD. Previous literature suggests that MCIG is associated with the
aforementioned 4 risk factors and IGD, and may thus mediate between these risk factors and IGD. These potential mediations,
if significant, imply that modification of MCIG may possibly alleviate these risk factors’ harmful impacts on increasing IGD.
These mediation hypotheses were tested in this study for the first time.

Objective: This study tested the mediation effects of MCIG between intrapersonal factors (impulsivity and self-control) and
IGD, and between interpersonal factors (parental influences and peer influences) and IGD among adolescents in China.

Methods: An anonymous, cross-sectional, and self-administered survey was conducted among secondary school students in
classroom settings in Guangzhou and Chengdu, China. All grade 7 to 9 students (7 to 9 years of formal education) of 7 secondary
schools were invited to join the study, and 3087 completed the survey. The Diagnostic and Statistical Manual of Mental Disorders
(DSM-5) checklist was used to assess IGD. MCIG was assessed by using the Chinese version of the Revised Internet Gaming
Cognition Scale. Impulsivity, self-control, and parental or peer influences were measured by using the motor subscale of the
Barratt Impulsiveness Scale, the Brief Self-Control Scale, and the modified interpersonal influence scale, respectively. Structural
equation modeling was conducted to examine the mediation effects of MCIG between these risk factors and IGD.

Results: The prevalence of IGD was 13.57% (418/3081) and 17.67% (366/2071) among all participants and adolescent internet
gamers, respectively. The 3 types of MCIG (perceived rewards of internet gaming, perceived urges for playing internet games,
and perceived unwillingness to stop playing without completion of gaming tasks) were positively associated with IGD. Impulsivity,
self-control, parental influences, and peer influences were all significantly associated with the 3 types of MCIG and IGD. The 3
types of MCIG partially mediated the associations between the studied factors and IGD (effect size of 30.0% to 37.8%).

Conclusions: Impulsivity, self-control, and interpersonal influences had both direct and indirect effects via MCIG on IGD.
Modifications of the 3 types of MCIG can potentially reduce the harmful impacts of impulsivity and interpersonal influences on
IGD and enhance the protective effect of self-control against IGD. Future longitudinal studies are warranted.
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Introduction

After the inclusion of internet gaming disorder (IGD) in the
Diagnostic and Statistical Manual of Mental Disorders, Fifth
Edition (DSM-5) in 2013 [1], World Health Organization
(WHO) recognized gaming disorder (online and offline) as a
disease in the 11th Revision of International Classification of
Diseases (ICD-11) in 2019 [2]. The reported range of prevalence
of IGD among Chinese adolescents is wide (2.4% to 21.5%),
possibly due to methodological differences [3]. Adolescents are
vulnerable to IGD, which has many adverse consequences (eg,
loneliness and depression [4-6]).

Maladaptive cognition is an important intrapersonal factor of
addictive behaviors like pathological gambling [7] and internet
addiction [8]; maladaptive cognitions related to internet gaming
(MCIG) have also been associated with IGD [8-10]. A
systematic review of 36 studies of MCIG proposed a 4-factor
cognitive framework (ie, overvaluation of gaming rewards,
maladaptive rules, gaming for self-esteem, and gaming for social
acceptance) [11]; the 4 types of MCIG were all positively
associated with IGD among adolescents [9]. A recent validation
study modified this 4-factor model and revealed a new 3-factor
model (ie, perceived rewards of internet gaming, perceived
urges for playing internet games, and perceived unwillingness
to stop playing without completion of gaming tasks) that
demonstrated satisfactory psychometric properties [12]. The 3
domains of MCIG were all positively correlated with IGD [12].
The revised scale was used in this study.

Impulsivity and self-control are 2 important intrapersonal factors
of addictive behaviors, including substance use [13,14], smoking
[15], alcohol drinking [16], internet addiction [17], and IGD
[4,18-21]. Impulsivity and self-control fit into the dual-process
theories of decision-making for risk behaviors [22-25].
Impulsivity represents reactive, intuitive, and affective processes
with high responsiveness to temptations and prompt actions
without deliberation [24]. In contrast, self-control reflects the
reasoned process and ability in regulating impulses
deliberatively [26,27]. The 2 processes jointly affect decisions
in the performance of risk behaviors [22-25]. Adolescents with
high impulsivity may exhibit heightened spontaneous responses
to behavioral cues to internet gaming, while those with low
self-control may find it difficult to resist the temptation of
playing internet games and stop playing.

Interpersonal influences are important factors of IGD. Empirical
studies have reported positive associations between interpersonal
influences (eg, parents’ invitations of playing internet games
and intensity of peers’ gaming behaviors) and IGD or internet
addiction among high schools students [28,29]. Interpersonal
influences may affect IGD in different ways. Significant others’
direct invitations to play internet games may trigger prompt
engagement in internet gaming. According to the health belief
model, such invitations to play internet games represent cues

to action, which is an important determinant of health-related
behavior [30]. Frequent invitations may increase adolescents’
gaming intensity, which is associated with risk of IGD [28]. In
addition, the reciprocal determinism construct of social cognitive
theory (SCT) postulates that one’s environment, personal factors,
and health-related behaviors interact with each other [31].
Having significant others playing internet games frequently
forms a social environment that may increase adolescents’
gaming frequency. More importantly, SCT postulates that
observational learning is an important factor of health-related
behavior [31]; adolescents may play internet games frequently
through observational learning from their significant others’
frequent internet gaming.

Importantly, MCIG are potential mediators of the association
between impulsivity or self-control and IGD. Brand’s model
[32] proposes that dysfunctional personality traits increase
addictiveness to specific internet applications (including internet
gaming), through mediation of changes in related cognitions
(eg, expectations). Cognition of outcome expectancy regarding
addictive behaviors has been shown to partially mediate the
associations between impulsivity (a type of dysfunctional
personality trait) and addictive behavior (eg, substance use and
alcohol drinking) [33,34]. These studies, however, did not look
at IGD. Following Brand’s model, this study hence tested
whether MCIG would mediate the association between
impulsivity and IGD. This contention is indirectly supported
by a study that reported a partial mediation of the association
between maladaptive personality traits (ie, negative affectivity,
detachment, and psychoticism) and IGD via the cognition of
expectancies related to using internet gaming to escape from
reality [35]. That study, however, did not include other types
of MCIG. Furthermore, we did not locate studies that looked
at MCIG as a mediator between self-control and IGD. This
study thus sought to fill some of deficiencies in the relevant
literature.

The mediation between interpersonal influences and IGD via
MCIG was also tested in this study. The hypothesis is supported
by the theory of triadic influence, which is a framework that
incorporates influential factors of addictive behaviors from a
number of psychological and sociological theories [36]. It
distinguishes between distal or ultimate factors that influence
proximal factors of changes in health-related behaviors [37].
According to the theory of triadic influence, interpersonal factors
are distal or ultimate variables while cognitive factors related
to a certain behavior are proximal variables [36]; the theory
suggests that cognitive factors (eg, outcome expectancy) mediate
between interpersonal influences and health-related behaviors
[38,39]. Such mediations were found for some addictive
behaviors (eg, substance use [40], alcohol drinking [41], and
internet addiction [29]). One study also reported full and partial
mediation of the cognition of positive outcome expectancy of
internet gaming between interpersonal influences (peers’
positive attitude toward gaming, intensity of peers’ internet
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game use, and the frequency of peers’ invitation to play internet
games) and IGD among high school students [28]. To our
knowledge, however, no study has looked at the mediation
effects of other types of MCIG.

We thus investigated the factors of IGD, including impulsivity,
self-control, interpersonal influences exerted by parents and
peers, and the 3 types of MCIG (perceived rewards, perceived
urges, and perceived unwillingness to stop playing) among
junior middle school students (grade 7 to 9 of formal education)
in 2 populous cities in China. We then tested the mediation
effects of MCIG on the associations between impulsivity or
self-control and IGD, and between interpersonal influences and
IGD, respectively. We hypothesized that the direct and indirect
effects would be statistically significant.

Methods

Participants and Data Collection
The cross-sectional survey was conducted among secondary
school students in Guangzhou and Chengdu in China from
October 2018 to December of 2018. The 2 cities are located in
southern and southwestern China, which had populations of
14.9 and 16.3 million people in 2018, respectively, and 0.36
and 0.40 million secondary school students in 2018, respectively
[42]. Seven junior middle schools (4 out of 409 from Guangzhou
and 3 out of 460 from Chengdu) were conveniently selected
and participated in the study. All the Grade 7 students (7 years
of formal education) in Guangzhou and all the Grade 7 to 9
students in Chengdu were invited to join the survey. The
inclusion criteria were those who were full-time Grade 7
students and Grade 7-9 students of the participating schools in
Guangzhou and Chengdu, respectively; and those willing to
participate in the study. The procedure of data collection was
described in a published study that used a subsample of the
survey [12], and it is briefly introduced here. Under the
supervision of well-trained field workers, students
self-administered an anonymous structured questionnaire in the
absence of teachers in classroom settings. They were briefed
about the objectives of the survey, the return of completed
questionnaires implied informed consent, and the students had
the right to quit at any time without any negative consequences.
No incentives were given to the students. The study was
approved by the Survey and Behavioral Research Ethics
Committee of the Chinese University of Hong Kong
(#SBRE-18-430).

Of the 4350 students invited to participate in the present study,
3147 (72.34%) returned the questionnaire. Among all the
returned questionnaires, 66 (2.10%) were removed from data
analyses as there were more than 20% of missing data in their
response items. Data obtained from the remaining 3081 students
(97.90%) were used for data analysis (1126 from Guangzhou
[36.55%] and 1955 from Chengdu [63.45%]).

Measures

Background Variables
Background information was collected, including sex, grades,
being born in the studied city, whether living with both parents,

both father’s and mother’s educational levels (junior middle
school or below, senior middle school or equal, or college or
above), household income level compared with their classmates
(5 points: much higher to much lower), and self-reported
academic performance (3 points: above average, average, and
below average).

IGD Assessment
The 9-item DSM-5 checklist was used to assess IGD [43]; it
recorded the presence of addictive symptoms, including
preoccupation, withdrawal, tolerance, inability to control internet
gaming, loss of interest in other activities, psychological or
social problems, deception, avoidance, and significant loss due
to internet gaming. IGD is defined by endorsement of ≥ 5 items
(yes-no response options). The Chinese version of DSM-5 has
been validated as having good psychometric properties and
diagnostic validity [44,45]. The Cronbach α of the checklist
was .79 in the present study.

Maladaptive Cognitions Related to Internet Gaming
MCIG was measured by using the Chinese version of the
Revised Internet Gaming Cognition Scale (C-RIGCS). It consists
of 3 subscales: perceived rewards of internet gaming, perceived
urges for playing internet games, and perceived unwillingness
to stop playing without completion of gaming tasks. Sample
items are “I feel more in control when I play internet games,”
“I would feel bad if I was not able to play internet games,” and
“I feel uncomfortable thinking about my unfinished goals or
objectives in internet games.” The C-RIGCS has been validated
in Chinese adolescents and has shown acceptable psychometric
properties [12]. The items were rated with 5-point Likert scales
(0=never to 4=always), with higher scores indicating higher
levels of MCIG. The Cronbach α of the overall scale and its 3
subscales in the present study were .91, .86, .81, and .74,
respectively.

Impulsivity
Impulsivity was measured by using the 10-item motor
impulsiveness subscale of the Barratt Impulsiveness Scale,
which indicates the tendency to act on the spur of the moment
and with fast reactions [46]. The Chinese version made some
cultural adaptations and showed good reliability and construct
validity in Chinese adolescents [47]. A sample item is “I do
things without thinking.” The items were rated with 5-point
Likert scales (1=completely disagree to 5=completely agree),
with higher scores indicating higher levels of impulsivity. The
Cronbach α of the scale was .91 in this study.

Self-Control
Self-control was measured by using the 13-item Brief
Self-Control Scale [26], which demonstrated good psychometric
properties in Chinese adolescents [48]. A sample item is “I am
good at resisting temptation.” The items were rated with 5-point
Likert scales (1=never to 5=always), with higher scores
indicating higher levels of self-control. The Cronbach α of the
scale was .74 in this study.

Interpersonal Influences
Interpersonal influences were measured by revising the 6 items
that assessed similar tendencies in a previous study [28]. The
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items included frequency of being invited to play internet games
from parents and peers, perceived parents’ and peers’ gaming
intensity, and perceived parental influences and peer influences
on current internet gaming behavior. Sample items were “How
often do your parents invite you to play internet games?”, “How
often do your parents play internet games?”, and “To what extent
do you think your parents affect your internet gaming behavior?”
Confirmatory factor analysis was conducted to examine the
2-factor structure (parental influences and peer influences) of
the 6 items, which showed an acceptable goodness of fit
(comparative fit index [CFI]=0.97, Tucker-Lewis index
[TLI]=0.97, and root mean square error of approximation
[RMSEA]=0.09). The items were rated with 4-point Likert
scales (1=never/nil to 4=always/severe), with higher scores
indicating higher levels of interpersonal influences. The
Cronbach α of the overall scale and its 2 subscales in this study
were .73, .63 (a Cronbach α >.60 was considered acceptable in
previous literature [49,50]), and .71, respectively.

Statistical Analysis
IGD was used as the binary dependent variable. Univariate
logistic regression analysis was conducted to establish the
associations between the studied background variables and IGD;
crude odds ratios (ORcs) and their respective 95% CIs were
derived. Pearson correlation coefficients (rp) and Spearman
correlation coefficients (rs) were derived for continuous and
ordinal variables, respectively. The mediation effects were tested
by using structural equation modeling (SEM) with weighted
least square mean and variance-adjusted estimation. Three latent
variables were created: (1) impulsivity or low self-control was
derived from the scale scores of impulsivity and self-control

(reversed scores), (2) interpersonal influences was derived from
the subscale scores of parental influences and peer influences,
and (3) maladaptive cognitions was derived from the subscale
scores of the 3 types of MCIG. The paths between the 3 latent
variables and IGD were fit to test the mediation hypotheses.
Recommended goodness-of-fit indicators included CFI ≥0.90,
TLI ≥0.90, and RMSEA ≤0.08. The SEM was conducted by
using Mplus 7.0; other statistical analyses were performed with
SPSS version 21.0 (IBM Corp). Statistical significance was
defined as a 2-tailed P value <.05.

Results

Descriptive Statistics
More than half of the participants were males (1550/3081,
50.31%) and first-year students (1979/3081, 64.23%). More
than one-fifth were not born in the city where the study was
conducted (691/3081, 22.43%) and did not live with both parents
(639/3081, 20.74%). Around one-fifth of the participants’ fathers
(594/3081, 19.28%) and mothers (566/3081, 18.37%) had
received tertiary education or above; 12.56% (387/3081)
self-perceived a lower or much lower household income level
than did their classmates, and 19.47% (600/3081) self-reported
a below-average academic performance (see Table 1). The mean
of impulsivity, self-control, parental influences, and peer
influences were 22.9 (SD 7.6, range 10-50), 44.4 (SD 7.6, range
13-65), 4.8 (SD 1.8, range 3-12), and 6.5 (SD 2.1, range 3-12),
respectively. Similarly, the mean of the overall C-RIGCS and
its 3 subscales were 17.0 (SD 11.6, range 0-60), 7.2 (SD 5.9,
range 0-28), 3.7 (SD 3.5, range 0-16), and 6.1 (SD 3.7, range
0-16), respectively.
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Table 1. Background characteristics of participants (N=3081).

Value, n (%)Characteristic

Sex

1525 (49.49)Female

1550 (50.31)Male

6 (0.19)Missing data

Grade

1979 (64.23)Seven

579 (18.79)Eight

523 (16.98)Nine

Study site

1126 (36.55)Guangzhou

1955 (63.45)Chengdu

Born in the city where the study was conducted

2367 (76.83)Yes

691 (22.43)No

23 (0.75)Missing data

Living with both parents

2382 (77.31)Yes

639 (20.74)No

60 (1.95)Missing data

Father’s educational level

1489 (48.33)Junior middle school or below

831 (26.97)Senior middle school or equal

594 (19.28)College or above

167 (5.42)Missing data

Mother’s educational level

1532 (49.72)Junior middle school or below

803 (26.06)Senior middle school or equal

566 (18.37)College or above

180 (5.84)Missing data

Household income level when compared with classmates

672 (21.81)Much higher/higher

2002 (64.98)Moderate

387 (12.56)Lower/much lower

20 (0.65)Missing data

Self-reported academic performance

1020 (33.11)Above average

1348 (43.75)Average

600 (19.47)Below average

113 (3.67)Missing data
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Prevalence of IGD
The prevalence of IGD was 13.57% (418/3081; 95% CI
12.4%-14.5%) among all participants. Among those who had
played internet games in the past 12 months (2071/3081, 67.22%
of all participants), the prevalence of IGD was 17.67%
(366/2071; 95% CI 16.0%-19.3%).

Associations Between Background Variables and IGD
The univariate logistic regression analyses showed that the
background variables were all significantly associated with
IGD, except for place of birth (whether born in the city where
the study was conducted; Table 2). Significant factors included
sex (males vs females: ORc=2.80, 95% CI 2.23-3.51), student

grade (Grade 8 vs 7: ORc=1.90, 95% CI 1.49-2.44; Grade 9 vs
7: ORc=1.36, 95% CI 1.03-1.80), study site (Chengdu vs
Guangzhou: ORc=2.12, 95% CI 1.66-2.69), living arrangement
(not living vs living with both parents: ORc=1.54, 95% CI
1.22-1.95), household income level (self-perceived lower or
much lower vs higher or much higher than other classmates:
ORc=1.64, 95% CI 1.17-2.30), parental education (father’s
tertiary vs primary education or below: ORc=0.53, 95% CI
0.39-0.73; mothers’ tertiary vs primary education or below:
ORc=0.72, 95% CI 0.53-0.97), and self-reported academic
performance (average vs above average: ORc=1.35, 95% CI
1.04-1.76; below average vs above average: ORc=2.53, 95%
CI 1.90-3.36).
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Table 2. Univariate logistic regression analysis on the associations between the studied background variables and internet gaming disorder (N=3081).

Association, ORcb (95% CI)IGDa, n (%)Background variables

Sex

N/Ad119 (7.8)Femalec

2.80 (2.23-3.51)***297 (19.16)Male

Grade

N/A226 (11.42)Sevenc

1.90 (1.49-2.44)***114 (19.69)Eight

1.36 (1.03-1.80)*78 (14.91)Nine

Study site

N/A96 (8.53)Guangzhouc

2.12 (1.66-2.69)***322 (16.47)Chengdu

Born in the city where the study was conductede

N/A308 (13.01)Yesc

1.20 (0.94-1.52)105 (15.2)No

Living with both parentse

294 (12.34)Yesc

1.54 (1.22-1.95)***114 (17.84)No

Father’s educational levele

N/A227 (15.25)Junior middle school or belowc

0.84 (0.66-1.07)109 (13.12)Senior middle school or equal

0.53 (0.39-0.73)***52 (8.75)College or above

Mother’s educational levele

N/A218 (14.23)Junior middle school or belowc

0.88 (0.68-1.13)102 (12.7)Senior middle school or equal

0.72 (0.53-0.97)*60 (10.6)College or above

Household income level when compared with classmatese

N/A87 (12.95)Much higher/higherc

0.94 (0.73-1.22)246 (12.29)Moderate

1.64 (1.17-2.30)**76 (19.64)Lower/much lower

Self-reported academic performancee

N/A98 (9.61)Above averagec

1.35 (1.04-1.76)*169 (12.54)Average

2.53 (1.90-3.36)***127 (21.17)Below average

aIGD: internet gaming disorder.
bORc: crude odds ratio.
cReference=1.0
dN/A: not applicable.
eMissing data were excluded from the analysis.
*P<.05.
**P<.01.
***P<.001.
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Correlations Among the Studied Variables
The 3 studied risk factors (impulsivity, parental influences, and
peer influences) were all positively correlated with the overall
C-RIGCS and its 3 subscales representing MCIG (rp ranged
from 0.19 to 0.39; P<.001) and IGD (rs ranged from 0.24 to

0.26; P<.001), respectively. Self-control was negatively
correlated with the overall C-RIGCS and its 3 subscales (rp

ranged from –0.45 to –0.27; P<.001) and IGD (rs=–0.32;
P<.001), respectively. Besides the above correlations, all the
studied factors of IGD were significantly correlated with each
other (see Table 3).

Table 3. Correlations among impulsivity, self-control, interpersonal influences, maladaptive cognitions, and internet gaming disorder (N=3081)a.

987654321Major variable

—c1. Impulsivityb

—0.58*2. Self-control

—0.24*0.26*3. Parental influencesb

—0.40*0.21*0.24*4. Peer influencesb

—0.39*0.30*0.38*0.37*5. Overall maladaptive cognitionsb

—0.93*0.37*0.29*0.32*0.31*6. Perceived rewards of internet gamingb

—0.69*0.85*0.35*0.28*0.45*0.39*7. Perceived urges for playing internet gamesb

—0.61*0.68*0.85*0.30*0.19*0.27*0.28*8. Perceived unwillingness to stop playing without

completion of gaming tasksb

—0.32*0.26*0.26*0.24*0.42*0.37*0.41*0.30*9. IGDd,e

aMissing data were excluded from the analyses.
bPearson correlation analyses.
cNot applicable.
dSpearman correlation analyses.
eIGD: internet gaming disorder.
*P<.001.

The SEM Model Testing the Mediation Hypotheses
Figure 1 presents the SEM model that demonstrated a
satisfactory model fit (CFI=0.95, TLI=0.90, and RMSEA=0.08);
the factor loadings of the 3 latent variables ranged from 0.57 to
0.89 (all P<.001). The findings revealed that maladaptive
cognitions partially mediated the association between
impulsivity or low self-control and IGD (mediation effect

size=30.0%; P of Sobel test <.001), and between interpersonal
influences and IGD (mediation effect size=37.8%; P of Sobel
test <.001), respectively. Impulsivity or low self-control
(standardized β=.29; P<.001) and interpersonal influences
(standardized β=.24; P<.001) had significant direct effects on
IGD. The standardized β values of the other paths are presented
in Figure 1.
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Figure 1. The structural equation model testing the mediation hypotheses. IGD: internet gaming disorder. *P<.001.

Discussion

This study revealed an alarmingly high prevalence of IGD
(around 14% among all adolescent participants and 18% among
adolescent internet gamers). The prevalence was comparable
to the 13% among adolescents of 2 other Chinese cities [51],
but much higher than the 2% among Chinese Macau adults [52]
and the 3.1% among Australian adolescents [9]. These studies
all used DSM-5 criteria to assess IGD. The high prevalence of
IGD signifies the need to regulate internet gaming behaviors
and conduct interventions to reduce IGD among adolescents in
China, as adolescent IGD has been positively associated with
various behavioral problems (eg, aggression and violence
[53,54]) and mental health problems (eg, loneliness and
depression [4-6]).

In our study, a number of background factors were associated
with a higher risk of IGD, including male sex, higher grades,
not living with both parents, and self-reported below-average
academic performance. First, corroborating previous studies
[18,55,56], males were associated with a higher risk of IGD.
This finding may be explained by the sex differences in brain
responses [57], motives of internet gaming [58], and a less
female-friendly gaming environment [59], among other plausible
factors. Second, higher grades were positively associated with
IGD in this study. Similar findings have been reported [9], but
the direction of the association between age and IGD was mixed
[18,60]. Future longitudinal studies are warranted to examine
the associations between sex, age, grade, and IGD to develop
sex- and age-specific interventions to reduce IGD. Furthermore,
disadvantaged adolescents, including those of lower
socioeconomic status (eg, self-perceived lower household
income) and those not living with both parents were more likely
than others to have IGD. Similar results were reported in
previous longitudinal and cross-sectional studies [61,62].
Disadvantaged adolescents might have fewer resources for
leisure activities and less parental monitoring over internet use,
which may lead to more intensive internet gaming and higher

risk of developing IGD [61]. A negative association between
academic performance and IGD was also reported in our study,
which was consistent with previous literature [18,63,64]. It is
worth noting that the relationship between academic
performance and IGD may be bidirectional. Frustration over
poor academic performance may lead to problematic gaming
as a means of escape and maladaptive coping [65], which has
been associated with IGD [66]. Conversely, IGD may lead to
poor academic performance [5,67]. The causal direction needs
to be confirmed by longitudinal studies.

To facilitate the design of effective interventions for reducing
IGD, it is important to understand the mechanisms (mediation)
underlying the associations between risk or protective factors
of IGD and IGD. The findings reveal that some intrapersonal
(impulsivity) and interpersonal (interpersonal influences) risk
factors may elevate the levels of the 3 types of MCIG, which
may in turn increase the risk of developing IGD. Furthermore,
self-control may reduce MCIG, which may increase IGD (a
partial mediation effect). Nonetheless, the presence of significant
direct effects between impulsivity, self-control, and interpersonal
influences and IGD imply the existence of other unstudied
mediators. For instance, coping is a potential mediator, as
Brand’s model postulates dysfunctional copying strategies
mediate between personality traits and problematic use of the
internet (including IGD) [32], while impulsivity can be
considered a personality trait. Interpersonal influences may also
strengthen the subjective norms of internet gaming (ie,
significant others’ support for internet gaming), which is a
construct of the theory of planned behaviors [68]; these
subjective norms are expected to be associated with MCIG.
Future studies should look at other mediators.

The observed mediation effects suggest that modifications of
the 3 types of MCIG can potentially reduce the harmful impacts
of impulsivity or interpersonal influences on IGD and increase
the protective effect of self-control against IGD. Targeted
interventions to improve MCIG may include training to increase
awareness of the 3 types of MCIG and skills to perform related
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cognitive reconstructions [69], provision of alternative sources
of rewards (eg, outdoors activities) to reduce perceived rewards
of internet gaming, removal of sources of temptations and
stimuli (eg, gaming devices), and introduction of distraction
skills to reduce perceived urges or unwillingness to stop playing
internet games [70,71].

There are also plausible explanations for why impulsivity was
positively associated with the 3 types of MCIG. First,
impulsivity may increase reward sensitivity that enhances
adolescents’ drives to seeking more rewards from addictive
behaviors [72,73]; impulsive adolescents may thus possess a
higher reward drive and perceive more rewards from internet
gaming. Second, impulsive adolescents may be more responsive
to cues of internet gaming and thus hold stronger urges for
playing. Third, impulsivity in general may reduce impulse
inhibitions against addictive behaviors, even in the presence of
negative consequences [74-76]; adolescents with weakened
inhibitions of gaming impulses may thus be less able to resist
stimuli inductive to playing internet games and may perceive
stronger unwillingness to stop playing. Self-control was
negatively associated with the 3 types of MCIG, possibly
because of the negative association between impulsivity and
self-control [22-25], but other reasons may also apply.
Interventions for modifying impulsivity and self-control may
remove temptations and strengthen self-efficacy in regulating
impulses [77]). In particular, the if-then planning intervention
that specifies when, where, and how to regulate impulses is
potentially useful [78]; a review reported that this type of
intervention showed efficacy in reducing addictive behaviors
(eg, in binge drinking and cigarette smoking) [79].

This study also found positive associations between
interpersonal influences and MCIG. Having significant others
who are frequent internet gamers was positively associated with
MCIG. The SCT suggests that, through reciprocal determinism
and observational learning, social interactions may influence
both adolescents’ attitudes and behavior [31]. It is likely that
adolescents’parents or peers who play internet games frequently
may also perceive higher levels of MCIG (eg, the 3 types of
MCIG). Adolescents’maladaptive cognitions may be influenced
by those of their parents via multiple means, such as social

learning, subjective norms, and reinforcement. Furthermore,
peers influence each other to form common perceptions
regarding particular behaviors [80]. Future confirmation is
needed. Family-based interventions for reducing IGD are
potentially useful. A psychoeducation on maladaptive and
adaptive use related to internet games showed preliminary
effectiveness [81]. Another intervention that involved parental
monitoring on adolescents’ self-regulation practice and gaming
behaviors showed short-term (3 month) efficacy in improving
attitude, knowledge, self-regulation, and IGD among adolescents
[82]. Although a meta-analysis showed that peer-led
interventions were efficacious in reducing tobacco, alcohol, and
substance use among adolescents [83], our literature search did
not locate similar interventions for IGD. Future evidence-based
interventions are warranted.

This study has several limitations. First, reporting bias, such as
recall bias and social desirability bias, might have been
introduced. Second, as the participating schools were selected
based on convenience, there might have been selection bias,
and generalization of the study results should be done cautiously.
Third, the prevalence of IGD assessed by using the DSM-5
checklist might have been overestimated compared with that
based on the ICD-11 criteria [84]. Fourth, we were unable to
make causal inferences due to the cross-sectional nature of this
study. Fifth, the revised assessment tool of interpersonal
influences has not been validated although we conducted
confirmatory factor analysis to test its 2-factor structure, which
showed an acceptable goodness of fit. Finally, this study only
investigated internet gaming but not offline video games, while
both online and offline video games are included in the ICD-11
under the category of gaming disorder, as the 2 types of gaming
disorder differ in etiology, epidemiology, and treatment.

In conclusion, MCIG partially mediated the associations
between impulsivity, self-control, or interpersonal influences
and IGD. Modifications of the 3 types of MCIG may effectively
reduce the harmful impacts of impulsivity or interpersonal
influences on IGD and increase the protective effect of
self-control against IGD. Future longitudinal studies are
warranted to verify these findings and explore other potential
mediators.
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Abstract

Background: Chronic obstructive pulmonary disease (COPD) is the third leading cause of death globally, and timely health
care seeking is imperative for its prevention, early detection, and management. While online health information–seeking behavior
(OHISB) is increasingly popular due to widespread internet connectivity, little is known about how OHISB for COPD has changed
in comparison with the COPD disease burden, particularly at a country-specific level.

Objective: This study aimed to examine the trends in OHISB for COPD and how that compared with the estimates of COPD
disease burden in Singapore, a highly wired country with a steadily increasing COPD disease burden.

Methods: To examine the trends in OHISB for COPD, we performed Prais-Winsten regression analyses on monthly search
volume data for COPD from January 2004 to June 2020 downloaded from Google Trends. We then conducted cross-correlational
analyses to examine the relationship between annualized search volume on COPD topics and estimates of COPD morbidity and
mortality reported in the Global Burden of Disease study from 2004 to 2017.

Results: From 2004 to 2020, the trend in COPD search volume was curvilinear (β=1.69, t194=6.64, P<.001), with a slope change
around the end of 2006. There was a negative linear trend (β=–0.53, t33=–3.57, P=.001) from 2004 to 2006 and a positive linear
trend (β=0.51, t159=7.43, P<.001) from 2007 to 2020. Cross-correlation analyses revealed positive associations between COPD
search volume and COPD disease burden indicators: positive correlations between search volume and prevalence, incidence,
years living with disability (YLD) at lag 0, and positive correlations between search volume and prevalence, YLD at lag 1.

Conclusions: Google search volume on COPD increased from 2007 to 2020; this trend correlated with the upward trajectory
of several COPD morbidity estimates, suggesting increasing engagement in OHISB for COPD in Singapore. These findings
underscore the importance of making high-quality, web-based information accessible to the public, particularly COPD patients
and their carers.

(J Med Internet Res 2021;23(10):e19307)   doi:10.2196/19307

KEYWORDS
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Introduction

Chronic obstructive pulmonary disease (COPD) is the third
leading cause of death globally [1] and affected approximately
251 million of the world’s population in 2016 [2]. In Singapore,
it is the tenth leading cause of death [3] and affects
approximately 5.9% of the general population [4] and 26% of
the population aged 55 years and above [5]. The number of
deaths caused by COPD in the South East Asia region is
projected to increase from 1.04 million in 2016 to 1.43 million
in 2030 [6]. Despite its significance, COPD still has poor
awareness and understanding by both the public and health
practitioners [7]. Therefore, understanding whether and how
health information on COPD is accessed in proportion to the
size of the disease burden is critical.

Barriers to health care seeking in COPD often lead to fewer
prompt diagnoses and poorer disease management among those
already diagnosed. For instance, misdiagnoses in primary care
settings have been attributed to underuse of and lack of expertise
with spirometry and COPD diagnostic guidelines [8].
Furthermore, patients’knowledge of COPD may be suboptimal
because of the complexity of its name, not only in English but
also in other languages [9]. Arguably, these barriers can be at
least partially attributed to inadequate knowledge of COPD,
which can be improved by making high-quality health
information more accessible. According to the Health
Information National Trends Survey in 2012, the internet was
the first source of health information for 70% of adult US
internet users [10], suggesting its increasing influence as a
source of general and potentially, disease-specific health
information.

Disease-specific online health information–seeking behavior
(OHISB) among patients with COPD has been studied in several
US-based surveys. A postal survey of 1077 patients with COPD
in 2007-2008 found that 65% had internet access and 25% of
this group used the internet to seek information on COPD at
least once weekly. Their frequency of seeking COPD
information online was associated with experiencing
exacerbations or dissatisfaction with health service providers
and treatments [11]. A web-based survey of 445 patients with
COPD in 2016 found that physicians were the primary source
of COPD information followed by the internet. The patients’
online health information needs were primarily related to
symptom control and COPD treatments; also, over 60% of the
patients had discussed COPD information on the internet with
their health care providers [12]. Another web-based survey of
176 COPD patients found that eHealth literacy, defined as the
capacity to seek, locate, understand, evaluate, and apply health
information from the internet, was higher in patients with more
severe COPD [13]. These findings suggest that, at least in the
United States, OHISB is common among COPD patients with
internet access, and more frequent OHISB appears to be
associated with more unmet needs in disease management.

A frequent method for examining OHISB is Google search data
[14]. It is freely downloadable from Google Trends, a publicly
accessible portal hosting data on aggregate search activity on
the Google search engine delineated by time periods and regions.

Since Google is the most popular search engine worldwide, its
aggregate data are used as a surrogate indicator for OHISB at
the population level.

In 2019, Boehm and colleagues [15] published a study using
worldwide Google Trends data that found no change in search
volume for COPD in the 15 years from 2004 to 2018. Yet, the
number of deaths due to COPD was estimated to have increased
by 11.7% from 1990 to 2015, despite a decrease of 41.9% in
the age-standardized death rate in the general population [16].
This contrasts with other leading causes of death, such as
diabetes and stroke, which have evidenced increased search
volumes over the same period. The clear divergence between
the rising prevalence of COPD and stagnant OHISB pattern for
COPD is a cause for concern, but there are limitations in the
study’s methods. The analyses by Boehm et al [15] were
performed on worldwide COPD search data without accounting
for variation in COPD disease burden between countries and
other country-level characteristics such as internet coverage;
both factors are essential considerations for developing and
implementing country-specific policy changes.

Our study improves upon the work by Boehm et al [15] by
situating the enquiry within a single country, Singapore, and
comparing Google Trends data with COPD disease burden
estimates. Singapore is an opportune context for this research
because of high internet penetration, popularity of Google
search, and high COPD prevalence [4,5]. Furthermore,
Singapore has a rapidly aging population with an increasing
burden of chronic diseases. With this in mind, this study was
designed to address 2 research questions. First, we aimed to
examine the trend in OHISB for COPD (indicated by monthly
Google search data) in Singapore from 2004 to 2020. Second,
we aimed to compare online search volume with disease burden
estimates to assess the extent to which OHISB for COPD reflects
the disease burden reported in the Global Burden of Disease
study (GBD 2017) over time. To our knowledge, this is the first
study that examined trends in OHISB in conjunction with
disease burden indicators in COPD.

Methods

Search Volume Data From Google Trends
Search query data relating to COPD were obtained from Google
Trends, an online portal that displays search queries made
worldwide on the Google search engine since 2004. The tool
aggregates monthly volumes of search queries, delineated by
time period and region, into a metric known as relative search
interest (RSI). RSI is computed as a function of a search query’s
own highest query share. Its values range from 0 to 100, where
100 represents peak popularity. Google Trends excludes
duplicate searches made by the same person over a short period
of time. Search queries on Google Trends can be defined either
as a search term (the exact search query, accounting for plural
and singular forms and spelling mistakes) or a topic (groups of
terms that share the same concept in any language).

Following the approach in Boehm et al [15], all search queries
were defined as a topic and downloaded as monthly search data.
In total, there were 198 monthly data points. When annual data

J Med Internet Res 2021 | vol. 23 | iss. 10 |e19307 | p.287https://www.jmir.org/2021/10/e19307
(page number not for citation purposes)

Fang et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


were required for comparison with GBD data, the annual
averages were computed from monthly averages.

Disease Burden Data From GBD 2017
The following data relevant to COPD were obtained from GBD
2017: prevalence, incidence, disability-adjusted life years
(DALY; the sum of years lived with disability [YLD] and the
years of life lost [YLL]), YLD, YLL, number of deaths
(mortality). GBD studies are conducted annually by The Institute
for Health Metrics and Evaluation, and reports are typically
issued every 2 years. These data are accessible online [17].
Currently, the data come from 195 countries and include 354
diseases and injuries. The data sources are diverse, including
published literature, hospital and clinical data, surveillance and
survey data, and inpatient and outpatient medical records. A
detailed description of the methodology of the GBD 2017 can
be found in the article by the GBD 2017 Disease and Injury
Incidence and Prevalence Collaborators [2]. The most recent
and publicly available GBD data were for 2017, and so the time
period used for our study spanned from 2004, the first year for
which Google Trends data were available, to 2017.

Statistical Analyses
As noted in previous works [18], performing Google Trend
queries with similar parameters at different times can produce
somewhat different data. To mitigate this problem, we

performed the same query over 7 consecutive days, from June
22, 2020 to June 28, 2020. To assess the reliability of the data,
two-way random model intraclass correlation coefficients (ICCs)
were computed. The 7 time series data were averaged to produce
a single time series for further analyses. Due to the nature of
autocorrelated residuals in time series data, the Prais-Winsten
estimation method was used to examine the trend in search
volume. To compare search volume with disease burden
estimates, a cross-correlation function was used to examine the
correlation between the 2 annual time series data. The annual
time series for search volume was computed by averaging the
monthly search volume over the 12 months of each year.

Results

Reliability
The reliability of search volume data was moderate for the single
time series data (ICC=0.55) and strong for the averaged time
series data (ICC=0.90). The subsequent analyses were performed
on the averaged time series data.

Trends in Monthly Search Volume for COPD From
January 2004 to June 2020
The trend in monthly search volume for the COPD topic, shown
in Figure 1, was examined using Prais-Winsten regression.

Figure 1. Relative search volume for chronic obstructive pulmonary disease (COPD) from 2004 to 2020. The red circle indicates an apparent slope
change in search volume.

The Durbin Watson statistic [19] was 2.05. The autocorrelation

coefficient was 0.09 (SE 0.72). For the overall model, R2 was
0.22 (SE 8.16). Time demonstrated a quadratic effect on search

volume (β=1.69, t194=6.64, P<.001), as shown in Table 1. A
quadratic effect suggests that there was 1 slope change over the
entire period.
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Table 1. Prais-Winsten regression examining the effect of time on monthly search volume for chronic obstructive pulmonary disease (COPD; 2004-2020).

P valuet (df=194)βaPredictors

<.001–7.22–1.84time

<.0016.641.69time2

aStandardized coefficients.

In Figure 1, the slope change appears to have happened at the
end of 2006 and beginning of 2007, circled in red. To examine
the trend before and after the apparent slope change,
Prais-Winsten regressions were conducted for the 2 periods:

2004-2006 (36 months) and 2007-2020 (162 months). In
addition, due to improvements in Google’s algorithms for search
volume from 2011, the trend from 2011 to 2020 was also
examined. The analyses are presented in Table 2.

Table 2. Prais-Winsten regression examining the effect of time on monthly search volume during 3 different periods of analysis.

P valuetβaPredictor: time

.001–3.57 (df=33)–0.532004 to 2006

<.0017.43 (df=159)0.512007 to 2020

<.0015.27 (df=111)0.452011 to 2020

aStandardized coefficients.

From 2004 to 2006, the Durbin Watson statistic was 1.91. The
autocorrelation coefficient was –0.17 (SE 0.17). For the overall

model, R2 was 0.28 (SE 16.08). Time demonstrated a negative
linear effect on search volume (β=–0.53, t33=–3.57, P=.001),
suggesting a reduction in monthly search volume during this
period.

From 2007 to 2020, the Durbin Watson statistic was 1.91. The
autocorrelation coefficient was –0.03 (SE 0.08). For the overall

model, R2 was 0.26 (SE 3.25). Time demonstrated a positive
linear effect on search volume (β=0.51, t159=7.43, P<.001),
suggesting that monthly search volume exhibited a positive
linear trend from 2007 to 2020.

From 2011 to 2020, the Durbin Watson statistic was 1.99. The
autocorrelation coefficient was –0.07 (SE 0.10). For the overall

model, R2 was 0.20 (SE 3.08). Time demonstrated a positive

linear effect on search volume (β=0.45, t111=5.27, P<.001),
suggesting a positive linear trend consistent with that from 2007
to 2020, despite improvements in Google Trend’s algorithms.

Cross-Correlation Between Annual Search Volume
and Disease Burden Indicators (2004-2017)
Table 3 presents cross-correlations between annual COPD search
volume and disease burden indicators at lags 0, –1, and 1. There
were positive correlations between search volume and
prevalence, incidence, and YLD at lag 0, suggesting that these
pairs of variables were contemporaneously correlated. There
were also positive correlations between search volume and
prevalence, as well as between search volume and YLD at lag
1, suggesting that higher prevalence and YLD coincided with
higher search volume 1 year later. Correlations at all other lags
were nonsignificant.

Table 3. Cross-correlation analysis of annual chronic obstructive pulmonary disease (COPD) search volume and COPD disease burden indicators
(2004-2017).

Annual search volumeDisease burden indicator

Lag 1Lag 0Lag –1

0.60a0.84a0.31Prevalence

0.500.92a0.36Incidence

0.490.060.04Disability-adjusted life years (DALY)

0.59a0.84a0.29Years living with disability (YLD)

0.410.08–0.00Years of life lost (YLL)

0.400.00–0.01Mortality

aExceeds the 95% CI threshold.

Discussion

This study examined the trends in OHISB for COPD in
Singapore using Google search volume data between 2004 and

2020 and compared them with the trends in disease burden
indicators for the same time period.
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Principal Findings
The first objective was to examine the trend in search volume
in COPD from 2004 to 2020. During this period, the trend in
COPD search volume was curvilinear, with a slope change at
the end of 2006. Further analyses examining the trends before
and after this slope change revealed a downward trend from
2004 to 2006 and an upward trend from 2007 to 2020. The
downward trend from 2004 to 2006 was surprising. We
speculate the reason to be noisy data due to low and inconsistent
search volume from 2004 to 2006, a period during which
personal computing and high-speed internet connectivity were
growing rapidly but not yet widespread in Singapore. From
2007 to 2020, the search volume exhibited a positive linear
trend. A search of news and events from 2004 to 2020 revealed
no significant events (eg, COPD health campaigns) to explain
this trend. Our finding contrasts with an analysis of global data
that showed no change in the trend in COPD OHIBS from 2004
to 2018 [15] and highlights the value of adopting a
country-specific approach for revealing patterns that might be
diluted when countries are aggregated.

The second research objective was to compare the trend in
Google search volume with the disease burden indicators of
COPD. From 2004 to 2017, there were positive correlations
between search volume and several COPD disease burden
indicators (prevalence, incidence, YLD) in the GBD study,
suggesting that the trend in COPD search volume reflected the
increase in some COPD morbidity indicators in the country.
Search volume was not correlated with COPD mortality and
YLL due to the disease, suggesting that Google search volume
might be driven by the need to manage the illness for those
living with COPD. This is consistent with the observation that
improved health care has prolonged the living years of patients
living with chronic illnesses, such as COPD.

The positive correlations between OHISB trends and COPD
disease burden indicators (particularly prevalence and YLD)
suggest that increased prevalence of COPD morbidity may have
manifested in increased OHISB. COPD patients might be
searching for health information on the internet to cope with
their illness. Some of these increased searches might also have
been performed by carers and family members of patients with
COPD [20] or health care workers, especially those still in
training. Patients with COPD appear to rely on their physicians
as their primary source of information [12], but OHISB may
still have a significant role when access to formal health care
is limited. In Singapore, it is common for consultations with
general practitioners to last for ≤5 minutes, so patients need to
be well informed to optimize the brief consultation. Several
patient-related barriers to timely COPD diagnoses have been
reported in the literature. Patients tend to adapt to and
underreport their respiratory symptoms, leading to potential
underdiagnosis of COPD [21]. Older patients may also mistake
symptoms such as shortness of breath as normal signs of aging
[22]. Increased awareness of the significance of these symptoms
among high-risk patients (eg, smokers) can increase the

likelihood of a more timely diagnosis and prompt management
of exacerbations.

Recommendations should be given to providers of online health
information to make their materials more credible and
user-friendly, reducing the barrier to timely health care seeking.
Health knowledge can empower COPD patients to actively
manage their own illnesses and make informed decisions about
their conditions. For patients who seek health information online
regularly, health care professionals can recommend trustworthy
websites to complement their illness management [12].

In adopting a country-specific approach, this study seeks to
present a nuanced picture of OHISB in Singapore’s rapidly
aging population with high internet penetration and increasing
COPD burden. Heterogeneous patterns may be concealed when
countries are aggregated for analysis. Furthermore, findings
from single-country studies are more useful for formulating
policies, which need to be tailored to the specific conditions of
the target country.

Limitations
The findings of this study should be considered in the light of
its limitations. First, while Google is the most popular search
engine by a large margin, it nevertheless does not encompass
all OHISB for COPD. Future research needs to study COPD
OHISB on other platforms, such as social media, to understand
how those OHISB change in accordance with COPD morbidity.
Second, although Google indicated that Google Trends data
should be understood as a metric of interest relative to searches
on other topics, the specific way in which Google Trends data
are derived is still unknown. Third, we note that the positive
linear trend in COPD search volume is only moderate, and the
interest level in this condition is low relative to some other
health conditions. Finally, we acknowledge that this study is
observational in nature, and the observed relationships were
associative rather than causal. An additional analysis of search
volume data on tuberculosis, a condition with a mostly static
disease burden in Singapore, also revealed an upward trend, but
to a lesser degree than COPD, suggesting a possible general
increase in OHISB across medical conditions. Hence, increasing
disease burden may be only one of the many factors driving
OHISB in COPD.

Conclusion
Using Google search data, this study found an increasing trend
in OHISB for COPD from 2007 to 2020 in Singapore, consistent
with the increases in COPD morbidity estimates over the same
time period. This suggests increasing engagement in OHISB
for COPD in the population, many of whom may be COPD
patients and their carers. The COPD disease burden is
increasing, and timely seeking of health care is imperative for
its prevention, early detection, and management. Greater public
awareness is essential for minimizing the disease burden.
Therefore, improving access to high-quality, web-based
information on COPD is recommended for fulfilling COPD
patients’ information needs and improving their health outcome.
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Abstract

Background: Adverse drug reactions (ADRs) affect the health of hundreds of thousands of individuals annually in the United
States, with associated costs of hundreds of billions of dollars. The monitoring and analysis of the severity of ADRs is limited
by the current qualitative and categorical systems of severity classification. Previous efforts have generated quantitative estimates
for a subset of ADRs but were limited in scope because of the time and costs associated with the efforts.

Objective: The aim of this study is to increase the number of ADRs for which there are quantitative severity estimates while
improving the quality of these severity estimates.

Methods: We present a semisupervised approach that estimates ADR severity by using social media word embeddings to
construct a lexical network of ADRs and perform label propagation. We used this method to estimate the severity of 28,113
ADRs, representing 12,198 unique ADR concepts from the Medical Dictionary for Regulatory Activities.

Results: Our Severity of Adverse Events Derived from Reddit (SAEDR) scores have good correlations with real-world outcomes.
The SAEDR scores had Spearman correlations of 0.595, 0.633, and −0.748 for death, serious outcome, and no outcome, respectively,
with ADR case outcomes in the Food and Drug Administration Adverse Event Reporting System. We investigated different
methods for defining initial seed term sets and evaluated their impact on the severity estimates. We analyzed severity distributions
for ADRs based on their appearance in boxed warning drug label sections, as well as for ADRs with sex-specific associations.
We found that ADRs discovered in the postmarketing period had significantly greater severity than those discovered during the
clinical trial (P<.001). We created quantitative drug-risk profile (DRIP) scores for 968 drugs that had a Spearman correlation of
0.377 with drugs ranked by the Food and Drug Administration Adverse Event Reporting System cases resulting in death, where
the given drug was the primary suspect.

Conclusions: Our SAEDR and DRIP scores are well correlated with the real-world outcomes of the entities they represent and
have demonstrated utility in pharmacovigilance research. We make the SAEDR scores for 12,198 ADRs and the DRIP scores
for 968 drugs publicly available to enable more quantitative analysis of pharmacovigilance data.

(J Med Internet Res 2021;23(10):e27714)   doi:10.2196/27714
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Introduction

Background
Adverse drug reactions (ADRs) are among the leading causes
of mortality and morbidity in the United States, affecting
hundreds of thousands of people and costing more than US $500
billion every year in the United States alone [1,2]. An ADR is
characterized as “an appreciably harmful or unpleasant reaction
resulting from an intervention related to the use of a medicinal
product” [3]. A drug’s ADRs are primarily derived from clinical
trial data and augmented through postmarketing surveillance
[4]. The ADR labeling process for each drug is based on the
frequency of the ADRs in the treated populations and the
severity of the outcomes associated with each ADR. The severity
of an ADR is traditionally classified into one of three categories
characterized by where it appears on the label: boxed warning,
warnings and precautions, or adverse reactions, listed in
decreasing order of associated severity [5]. Boxed warnings
refer to “serious warnings, particularly those that lead to death
or serious injury.” Under the existing system, death is severe
enough to warrant a boxed warning, but so is restlessness;
therefore, it would be useful for prescribers, patients, and
researchers to have systems for recognizing that death is more
severe than restlessness [6]. Similarly, warnings, precautions,
and adverse reactions include a diverse spectrum of ADRs, and
it can be difficult for patients, prescribers, and researchers to
compare the risk profiles of different drugs.

The existing categorical definitions of ADR severity limit the
ability of researchers and regulators to apply quantitative
methods to regulatory and pharmacovigilance efforts. For
instance, tracking the regulatory performance of drug safety
efforts is primarily achieved through a categorical analysis of
ADR case outcomes and drug label changes. The creation of a
quantitative numerical scale that provides a relative severity
score for each ADR would enable these analyses to leverage
the powerful tools of quantitative decision and utility theory.

The pioneering study by Tallarida et al [7] examined the ability
to create a continuous ADR severity scale. A total of 53
physicians were interviewed and asked to estimate the
acceptable probabilities in a set of scenarios specifying
risk-benefit trade-offs. These probabilities were then used to
define a set of equations and the expected benefit to the patient
in each scenario. Solving the system of equations resulted in
numerical severity weights that were relative to the lowest ADR
severity. The effort took approximately 45 minutes per interview
and resulted in relative scores for seven ordinal categories of
ADR severity.

The study by Gottlieb et al [8] expanded this ADR severity
ranking task using the crowdsourcing platform Amazon
Mechanical Turk. Individual workers were presented with a
pair of ADRs and a link to more information on these ADRs
and asked to select the ADR that they perceived to be more
severe. Over 146 person-days, 2589 workers produced severity
comparisons for 126,512 ADR pairs composed from 2929
unique ADRs. A linear programming algorithm was used to
create a unified ADR severity ranking. To validate the ranking,
the ADR severities were correlated with ADR case outcomes

from the Food and Drug Administration Adverse Event
Reporting System (FAERS). The highest Spearman correlation,
ρ=0.53, was associated with the proportion of cases resulting
in death. This effort drastically increased the number of ADRs
included in the severity ranking but was costly in terms of
human time, labor, and money.

Recent work in natural language processing has resulted in
numerous methods for creating vectorized word representations
(also known as embeddings) that capture semantic meaning in
a dense numerical representation [9,10]. These methods rely on
the distributional hypothesis that word meaning is captured by
the contexts in which a word appears [11]. The practical
implication of the distributional hypothesis is that training a
model to predict word context (ie, co-occurring word pairs)
results in model weights that capture the meaning of the word.
These model weights can then be used as a numerical
representation of a given word.

Word embeddings learned on social media data sets have been
deployed for pharmacovigilance previously but not for the
purpose of exploring ADR severity [12]. By using a social media
corpus generated by the general public, especially on
pseudoanonymous social media platforms such as Reddit,
researchers can capture meanings that reflect people’s unfiltered
experiences of, and opinions about, health and disease [13,14].
Investigating the utility, benefits, and challenges of different
social media platforms and methods for pharmacovigilance has
been an area of active research [15]. Previous research on
Twitter data annotated samples of tweets for personal medication
intake versus individuals simply mentioning a drug [16,17].
Together, the 2 studies found that approximately 40% of the
tweets mentioning a drug indicated that the individual tweeting
was possibly personally taking that medication. Here, we
focused on ADRs, but it is likely that the individuals discussing
ADRs on social media have more direct experience with the
ADRs, either by being directly affected by the ADRs or being
informed about the ADR experience by a close relation, than
individuals selected from a pool of crowdworkers. Word
embeddings trained on a corpus generated by the general public
can then be leveraged as a metric for public opinion in a similar
fashion to previous crowdsourced approaches. We used the
RedMed embeddings trained on more than 580 million
health-enriched Reddit comments from more than 10 million
users [18]. These numbers dwarf the number of votes gathered
in a typical crowdsourcing experiment and are therefore
potentially more indicative of a representative population’s
perception of ADRs than traditional survey-based methods.

Objective
In this study, we used publicly available word embeddings and
a network-based label propagation method to estimate the
severity of 12,198 ADR concepts from Medical Dictionary for
Regulatory Activities (MedDRA) terminology. The resulting
Severity of Adverse Events Derived from Reddit (SAEDR)
scores were validated against human rankings as well as FAERS
case outcomes. We used System Organ Classes (SOCs) and
other groupings within the MedDRA to examine how the
SAEDR severity scores differ at various levels of abstraction
and within ADR categories. We used the SAEDR scores to
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compare the severity among ADRs in different sections of drug
labels, ADRs with disproportionate rates between sexes, and
ADRs discovered at different stages of drug development. We
combined the SAEDR scores with frequency information from
Side Effect Resource (SIDER)–derived drug labels to generate
drug-specific aggregate side effect severity scores [19]. The
SAEDR scores enabled new analyses that were not possible
with the existing categorical classifications.

Methods

Data Sources and Preparation

ADR Terms and Phrases
We sourced our ADR phrases and their synonyms from the
lowest-level terms within the terminology of the MedDRA,
version 22 [20]. We filtered terms based on their semantic types
within the Unified Medical Language System Metathesaurus
[21] and retained terms of the following semantic types: Disease
or Syndrome (T047), Finding (T033), Neoplastic Process
(T191), Injury or Poisoning (T037), Pathologic Function
(T046), Sign or Symptom (T184), Mental or Behavioral
Dysfunction (T048), and Congenital Abnormality (T019).

Word-Embedding Model
We used the word-embedding model from the RedMed project
[18]. This model was selected because it was directly optimized
for medical term similarity and was trained on a corpus of Reddit
comments generated by the public and preprocessed to maximize
the inclusion of ADR terms. ADRs that were a phrase such as
“abdominal pain” were represented using the average embedding
of all terms within the phrase. In previous work, not presented
here, we found that the use of average embeddings, for example,
“abdominal” + “pain”/2, produced better results than the use of
embedded phrases, for example, “abdominal pain.”

Gottlieb Severity Data
We used the crowdsourced severity estimates included within
the supplement of the study by Gottlieb et al [8], which included
2929 ADRs with rank scores.

FAERS Data
All adverse drug event data were downloaded in JSON format
from the openFDA website, which includes data from both the
Legacy Adverse Event Reporting System and the FAERS. Data
were retrieved on August 8, 2020, and included adverse event
case reports up to June 30, 2020. Drug reactions were
normalized to the MedDRA, version 22. We filtered to unique
case IDs using the provided duplicated flag to remove duplicate
reports and case reports that did not originate in the United
States. Case outcomes were normalized according to the
following schema: “Death”: {“Death”}, “Serious Outcome”:
{“Life-Threatening,” “Hospitalization,” “Other Serious,”
“Required Intervention”}, and “Disability”: {“Congenital
Anomaly,” “Disability”}. We created an additional outcome
category denoted No Outcome for cases with no reported
outcome. We felt the need to create this category because the
FAERS only allows for the reporting of serious case outcomes,
and there is information in the absence of a serious outcome
being reported. The outcome proportions for each ADR were
calculated by dividing the number of cases reporting that ADR
for a particular outcome by the total number of cases reporting
that ADR.

FAERS Severity Rankings
For the ranking of ADRs based on the FAERS data, we ranked
ADRs based on their marginal likelihood to be included in a
case with death or serious outcome as the reported case outcome.
This was calculated by dividing the number of cases with the
ADR that resulted in death or serious outcome by the number
of cases without the ADR that resulted in these outcomes.

Semisupervised Severity Propagation

Overview
Given a word-embedding model and a set of initial, potentially
noisy, seed-word labels for the severe and benign categories,
we sought to propagate severity information over the rest of the
vocabulary, similar to the sentiment propagation methods
described in the study by Hamilton et al [22]. A graphical
overview of this method is presented in Figure 1.
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Figure 1. Overview of the network method for estimating ADR severity from word embeddings. Word embeddings for 28,113 ADR terms and phrases
were extracted from the RedMed word-embedding model. A network is constructed based on nearest-neighbors in the embedding space. A subset of
nodes is labeled as severe or benign ADRs, and random walks from these labeled nodes are conducted. The Severity of Adverse Events Derived from
Reddit scores for each ADR are calculated based on the relative number of encounters in random walks initiated from severe versus benign nodes. ADR:
adverse drug reaction.

Lexical Network Creation
The network was constructed by connecting words (nodes) with
edges to their k-nearest neighbors based on the cosine distance
between their embeddings. The corresponding edge weight was
set to the cosine similarity of the two words (ie, the edge weight
increases with term similarity).

Seed Selection From Terminology
An initial set of ranked seed terms was labeled. Biomedical
terminologies and ontologies often contain many terms that are
highly similar to each other. To reduce the effect of lexical
similarities on label propagation, we filtered the benign and
severe seed terms based on the edit ratio among the terms in
each list, as defined by the ratio function in the
python-Levenshtein package [23]. Only terms that had an edit
ratio >0.5 from a higher-ranking term were included in the list,
resulting in a reduced list of lexically distinct seed terms. Both
benign and severe seed term lists were truncated to the minimum
seed term list size of both seed sets.

For instance, if the severe seed term list had [“death,” “cardiac
arrest acute,” “cardiac arrest”] in rank order and the benign seed
term list had [“dry skin,” “yawning,” “cold sweat”] in rank
order, then, after lexical filtering, the severe seed term list would
be [“death,” “cardiac arrest acute”], and the benign seed term
list would remain unchanged. The final seed term lists would
be truncated to the minimum seed term list size, resulting in a
severe seed term list [“death,” “cardiac arrest acute”] and a
benign seed term list [“dry skin,” “yawning”].

Random Walks From Seed Nodes
Given a network and a set of seed nodes, we modified code
from node2vec [24] to perform 5000 weighted random walks
of length 200 from each seed node. We selected the number of
random walks to ensure that all nodes within the graph were
visited a nonzero number of times. We noted that this value

needs to be empirically determined and will likely change based
on the size and structure of the network.

SAEDR Score Calculation
The SAEDR score of a given node u is calculated using the
following formula:

uSAEDR = su / su + bu

In the formula, su and bu are the respective number of times that
node u is encountered in a random walk from a severe node or
a benign node. If node u was contained within one of our seed
node sets, self-visits during the random walks were excluded
from the calculation. To increase the robustness of these score
estimates, we performed 10,000 iterations of bootstrap sampling
[25] of the random walks, and the average of these bootstrap
estimates was calculated. The SAEDR scores from multiple
seed sets were averaged at the preferred term (PT) level, and
the final combined scores were normalized to a zero to one
range.

Hyperparameter Tuning for Severity Propagation
We randomly split the crowdsourced severity data into training
(1778/2369, 75.05%) and test (591/2369, 24.95%) sets, with
284 ADRs dropped because of mapping. We performed a grid
search over the number of neighbors used to construct the lexical
network {2, 5, 10, 15, 20, 25, 30} and the percentage of nodes
to label for the severe and benign seed nodes {2, 5, 10,15, 20,
25}. For example, an individual run would use the 25 nearest
neighbors and 5% at each end of the training severity rank (ie,
the top 5% most severe and bottom 5% least severe ADRs). We
ultimately selected the parameters with the highest Spearman
correlation with the training data.

ADR Discovery Group Analysis
We analyzed the SAEDR score distributions of several different
categories of ADRs.
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ADRs Included in a Boxed Warning
We downloaded the counts for the number of appearances of
ADRs in the boxed warning section of drug labels from the
supplement of the study by Wu et al [26]. ADRs that appear on
a drug label based on their appearance in the SIDER but were
not included in the list provided in the study by Wu et al [26]
were considered to not have appeared in a boxed warning section
[19].

ADRs With Disproportionate Reporting Between Sexes
A set of ADRs shown to have sex differences was identified
from the supplement of the study by Chandak et al [27]. We
filtered out ADRs considered borderline (mean log(ROR)<0.4
and mean log(ROR)>−0.4), as defined in the original study by
Chandak et al [27]. Their study reported ADRs at the high-level
group term (HLGT) level within the MedDRA, whereas our
severity estimates were generated at the PT level. There are
many PT ADRs per HLGT; therefore, all PTs within the
specified HLGT terms were averaged to create a single SAEDR
score for that HLGT. We did not use the drug information except
to note distinct instances of sex-specific HLGTs (ie, HLGTs
associated multiple times with different drugs each time).

ADRs Discovered at Different Stages of Drug
Development
ADRs discovered at the clinical trial stage were identified based
on their inclusion in a drug label in the SIDER with a
non-postmarketing ADR frequency [19]. Postmarketing ADRs
were identified as those included on drug labels with
postmarketing frequency information and no clinical trial
frequency information. OFFSIDES and TWOSIDES ADRs
were discovered from the FAERS data by looking at
disproportionate reporting after correcting for the effects of
demographics and other case information [28]. The OFFSIDES
and TWOSIDES sets are the results of a study by Tatonetti et
al [28] in which propensity score matching was used to identify
matched cases and controls among the FAERS cases and to also
identify potentially novel ADRs based on disproportional
reporting metrics. This was done to discover ADRs that were
associated with a single drug, OFFSIDES, as well as ADRs that
were potentially the result of drug-drug interactions,
TWOSIDES. We considered both OFFSIDES and TWOSIDES
ADRs discovery-stage postmarketing ADRs because they have
not yet been included in the drug labeling.

Drug-Risk Profile Scores
The drug-risk profile (DRIP) scores were calculated based on
our SAEDR score and the frequency of each ADR for a given
drug. The DRIP score for a given drug is the sum of the severity
multiplied by the frequency of each ADR on the drug label.
Drug ADR frequency information was retrieved from the SIDER
[19]. In situations where multiple ADR frequencies were
indicated, 1000 frequency estimates were sampled from a
uniform distribution with a lower bound at the
minimum-reported frequency and an upper bound at the

maximum-reported frequency. When there was no frequency
information, we sampled 1000 estimates from a uniform
distribution over the interval of 0.001 to 0.01. The final DRIP
score was the average score across 1000 samples.

Results

Network Statistics
We used the ADR terms and phrases from the MedDRA, version
22.0, lowest-level terms [20] as the initial lexicon for the lexical
ADR network. Although the FAERS uses the MedDRA to
encode ADRs, versioning differences over the years have
resulted in some FAERS ADRs not being included in the
MedDRA. We were able to generate embeddings for 92.35%
(2450/2653) of the unique crowdsourced ADRs, 100%
(14,045/14,045) of the unique FAERS ADRs, and 68.72%
(28,113/40,905) of all filtered MedDRA terms. This resulted
in a final lexical network with 28,113 nodes, representing 12,198
MedDRA PTs.

SAEDR Score Performance
We compared our severity estimates using crowdworker-ranked
seeds, FAERS-ranked seeds, and the average severity estimate
across the two seed sets with two different ADR rankings: (1)
a held-out test set of crowdworker-ranked ADRs (n=591) and
(2) ADRs ranked by case outcome statistics in the FAERS
database.

The crowdworker-seeded severity estimates had the highest
training performance with a 25 nearest-neighbors graph and
using 10% of the most and least severe ADRs as seeds. The
Spearman correlation with the crowdworker test set was 0.747
(P<.001). The Spearman correlations for events with at least
100 reports in the FAERS were 0.595, 0.616, and −0.732 for
death, serious outcome, and no outcome, respectively, with
P<.001 for all (Figures S1 and S2 of Multimedia Appendix 1).

The FAERS-seeded severity estimates had the highest training
performance with a 10 nearest-neighbors graph and using 10%
of the most and least severe ADRs as seeds. The Spearman
correlation with the crowdworker test set was 0.587. As no
information from the crowdworker rankings was used to select
these seeds, we can also report the Spearman correlation with
the entire set of crowdworker ADRs: 0.765. The Spearman
correlations for events with at least 100 reports in the FAERS
were 0.509, 0.557, and −0.656 for death, serious outcome, and
no outcome, respectively, with P<.001 for all (Figures S1 and
S2 of Multimedia Appendix 1).

The SAEDR score—the average of the two severity
estimates—had a Spearman correlation with the crowdworker
test set of 0.735 (Figure 2). The Spearman correlations for events
with at least 100 reports in the FAERS were 0.595, 0.633, and
−0.748 for death, serious outcome, and no outcome, respectively
(Figures S1 and S2 of Multimedia Appendix 1). All these
correlations were statistically significant (P<.001).
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Figure 2. Comparison of SAEDR scores and crowdworker severity estimates. (A) Histogram of SAEDR scores for 12,198 adverse drug reactions
(ADRs). (B) Crowdworker severity estimates (x-axis) versus SAEDR scores (y-axis) for a test set of 591 ADRs. The SAEDR scores showed a strong
Spearman correlation, ρ=0.735, with the human crowdworker rankings. We noted that this correlation is greater than the interrater correlation, ρ=0.71,
reported in the original crowdsource study by Gottlieb et al [8]. A select set of the least and most severe ADRs based on the SAEDR score has been
annotated. (C) Differences between severity estimates seeded with FAERS rankings and those seeded with crowdworker rankings (x-axis) for different
System Organ Class groups (y-axis). The dashed blue line indicates where the severity would be the same for both estimates. FAERS: Food and Drug
Administration Adverse Event Reporting System; SAEDR: Severity of Adverse Events Derived from Reddit.

Seed-Ranking Comparisons
We examined the effects of seeding on the severity estimates
of individual ADRs. Most ADRs were not substantially changed
by the use of different seeds. We aggregated ADR severity
differences at the MedDRA SOC level and found that the
FAERS seeds led to increased severity estimates for Psychiatric
Disorders and Social Circumstances (Figure 2). The most drastic
shift in values was the decrease in severity of Product
Issue–related ADRs using FAERS seeds compared with their
severity when using crowdworker-based seeding.

SOC Severity Rankings
We compared the severity of ADRs based on the MedDRA
SOC groupings as a qualitative evaluation (Figure 3). We found
the ADRs related to cancer (neoplasms), cardiac, and liver
(hepatobiliary) to be the most severe, with high SAEDR scores,
whereas skin, general disorders, and product issues were
considered the least severe, with low SAEDR scores. We
performed a qualitative examination of ADRs at various other
levels. We compared the severity distributions between the
ADRs describing benign neoplasms and those describing
malignant neoplasms (Figure S3 of Multimedia Appendix 1).
A one-sided t test found malignant neoplasms to be significantly
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more severe than benign neoplasms based on their SAEDR
scores (P<.001). We found a wide range in terms of severity
within the different levels of the MedDRA ADR term groupings
(Figure 3). We noted that among ADRs in the Cardiac Disorders
HLGT, cardiac neoplasms have the highest SAEDR scores,
whereas signs and symptoms of cardiac disorder have the lowest

relative SAEDR scores (Figure 3). When examining the level
of individual ADRs within the Heart Failure Signs and
Symptoms HLGT, we found that the ADRs that we would judge
to be more severe were ranked higher than those that are more
general and considered less severe.

Figure 3. Severity of adverse drug reactions (ADRs) at different group resolutions. (A) SAEDR score (x-axis) for 11,981 ADRs with System Organ
Class (SOC) groups (y-axis). The dashed blue line indicates an overall median SAEDR score of 0.554. The SAEDR score distributions indicate that
cancers and cardiac-related side effects are considered the most severe, with product issues being the least severe. (B) Severity distributions of the
Medical Dictionary for Regulatory Activities high-level group terms (HLGTs) within the Cardiac Disorders SOC. There are large differences in severity
within these term groups. (C) High-level terms within the Heart Failure HLGTs show a tighter distribution of severity, with "Heart Failure Signs and
Symptoms" being the least severe within this group. (D) Individual side effects within the signs and symptoms of heart failure suggest cardiac asthma
and ascites (accumulation of fluid in the peritoneal cavity) are the most severe symptoms, and peripheral swelling is the least severe symptom NEC:
necrotizing enterocolitis; SAEDR: Severity of Adverse Events Derived from Reddit.

Severity of ADRs Grouped by Labeling Section, Sex
Effects, and Time Point of Discovery
On the basis of our estimate, we calculated that the ADRs that
have never been included in a boxed warning had a median
SAEDR score of 0.538, whereas the ADRs that had been

included in at least one boxed warning had a median SAEDR
score of 0.624. We found that among the ADRs that have
appeared on a drug label, those that have been included in at
least one boxed warning were significantly more severe (P<.001)
than the ADRs that have never been included in a boxed warning
section based on a one-sided t test (Figure 4).
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Figure 4. Differences in adverse drug reaction (ADR) severity between ADR groupings and discovery periods: ADR groups (x-axis) versus SAEDR
scores (y-axis). The grey dashed line indicates the median severity, 0.624, of the ADRs that have been included in a boxed warning. The orange boxed
line indicates the median severity, 0.538, of the ADRs that appear on a drug label but have not been included in a boxed warning. (A) The ADRs that
were listed as a black box warning at least once (n=356) were significantly more severe than those that have not appeared in a black box warning
(n=3305). (B) The ADRs that are disproportionately reported for men (n=56,405) are significantly more severe than those disproportionately reported
for women (n=50,801). There was no significant difference (ns) in severity between the ADRs included in black box warnings and those disproportionately
reported for men. (C) The ADRs discovered in the postmarketing period (n=11,506) are significantly more severe (*** indicate P<.001) than those
discovered in the clinical trials (n=35,450). The ADRs identified in the postmarketing period through OFFSIDES (n=350,631) and the postmarketing
polypharmacy ADRs identified through TWOSIDES (n=4,210,513) are significantly more severe than those discovered in the clinical trials. The severity
of all postmarketing ADR groups is significantly less than the severity of the ADRs that have appeared in a black box warning. SAEDR: Severity of
Adverse Events Derived from Reddit.

We found that the ADR HLGTs that are disproportionately
reported for men were significantly more severe (P<.001) than
those disproportionately reported for women (Figure 4). The
HLGTs disproportionately experienced by men were not
significantly different from the severity of the ADRs that have
been included in at least one boxed warning, P=.13, based on
a one-sided t test.

We examined the severity of the ADRs that were found during
the clinical trial versus the severity of those discovered in the
postmarketing period based on the SIDER label annotations.
We found that the ADRs discovered in the postmarketing period
had significantly higher severity (P<.001) than the ADRs
discovered in the clinical trials based on a one-sided t test
(Figure 4). We compared the severity of the clinical trial ADRs
with the severity of those discovered in the postmarketing period
using FAERS data. The study by Tatonetti et al [28] identified
two different sets of ADRs: OFFSIDES is a set of ADRs
disproportionately reported for a drug, whereas TWOSIDES is
a set of ADRs disproportionately reported for a pair of drugs
being taken concurrently, after correcting for case demographics
and other information. The severity distribution of ADRs in
both OFFSIDES and TWOSIDES was significantly higher
(P<.001) than the severity distribution discovered in the clinical
trials based on a one-sided t test (Figure 4). We found that the
ADRs associated with polypharmacy, through TWOSIDES,

had the highest severity of the postmarketing ADRs. All
postmarketing ADRs were significantly lower in severity than
the boxed warning ADRs based on a one-sided t test.

DRIP Score Analysis
We calculated the DRIP scores for 968 drugs using SIDER label
data, with a resulting median DRIP score of 0.439. The
Spearman correlation between the drugs ranked by the
proportion of FAERS cases, with that drug as the primary
suspect that resulted in death, and the drugs ranked by our DRIP
scores was 0.377, P<.001.

We analyzed DRIP score distributions by the Anatomical
Therapeutic Chemical (ATC) classification system for the subset
of drugs with an ATC designation (Figure 5). Antineoplastic
and antiepileptic drugs were the drug classes with the highest
DRIP scores, indicating that the drugs in these classes have
severe ADR profiles. Drugs used in the management and
treatment of diabetes and urologic issues had the lowest DRIP
scores, indicating that these drugs are relatively safe and have
less-severe side effects. We examined individual drugs within
the opioid class and found that fentanyl had a markedly higher
DRIP score than other drugs in the same class (Figure 5). Drugs
within the statin class were primarily below the overall median
DRIP score (0.439), with only atorvastatin being markedly
above the median DRIP score (Figure 5).
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Figure 5. DRIP scores calculated using side effect severity and frequency. (A) DRIP scores (x-axis) for ATC classification system groups (y-axis)
ordered by median severity with outliers labeled. The dashed blue line indicates the median DRIP score of 0.439 across all drugs. (B) DRIP scores
(x-axis) for opioid class drugs (y-axis), as denoted by the N02A ATC group. Fentanyl, an extremely potent synthetic opioid, is ranked first as having
the most severe side effect. (C) DRIP scores (x-axis) for statins (y-axis), as denoted by the C10AA ATC group. Atorvastatin, the strongest statin in
broad use, is ranked to have the most severe side effect, whereas lower-efficacy statins are ranked as having less-severe side effects. ATC: Anatomical
Therapeutic Chemical; DRIP: drug-risk profile.

Discussion

Principal Findings
In this study, we present the SAEDR scores and quantitative
estimates of the severity of 28,113 MedDRA ADR terms. The
SAEDR scores have strong correlations with both
crowdworker-based severity estimates and real-world ADR case
outcome statistics. We generated these estimates using a
network-based label propagation approach that required only a
small percentage of the terms to be labeled. This study
demonstrated the feasibility of using distantly supervised
techniques such as label propagation to generate quantitative
values for medical concepts.

Our approach enabled us to increase the number of ADRs with
quantitative severity estimates from 2929 to 28,113, an almost
tenfold increase, while minimizing the human time involved in
generating the estimates. Our severity estimates can be updated
routinely based on the recomputation of the embeddings and
reseeding of the reference severe or benign ADRs. We noted

that our severity estimates had a higher correlation with the
aggregate crowdworker rankings (ρ=0.735) than the
crowdworker rankings had among the three replicates in the
original study (ρ=0.710). In addition, our estimates had a greater
correlation with real-world outcomes such as FAERS cases
resulting in death (ρ=0.595) than the crowdworker rankings
(ρ=0.53). Thus, our severity estimates track with both human
judgments of ADR severity and real-world outcomes of
consequence to patient health.

We found that our SAEDR scores had a strong negative
correlation, ρ=−0.748, with no case outcome being reported in
the FAERS. We assigned a No Outcome label to the FAERS
cases for which none of the available but relatively severe case
outcomes had been reported. We took this as an indication that
the FAERS cases lacking outcomes may be a result of cases
having an outcome below the level of seriousness that is
reportable in the FAERS. FAERS case outcome completeness
could potentially be improved by creating a lower-severity
category for case outcome documentation. We also noted that
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the SAEDR scores have a stronger correlation with serious
outcomes in FAERS cases than with death outcomes. This can
be partially explained by the fact that many more ADRs result
in serious outcomes than in death, leading to poor differentiation
of severity based on death for many ADRs where death is a rare
or unobserved outcome.

In an effort to compare the impacts of using different methods
to select the initial severe and benign ADR seed terms for label
propagation, we compared crowdworker and real-world
outcomes–based seed selections. We found that both methods
resulted in consistently high severity scores for ADRs in the
highest-severity SOC groups such as Neoplasms and Cardiac
Disorders. We observed the largest differences in the Product
Issues SOC group. Real-world outcomes–based seeds increased
the severity of psychiatric disorders and social circumstances
and decreased the severity of product issues. The importance
and impact of psychiatric disorders may not be apparent to those
not in the medical profession. Thus, it is possible that the
crowdworkers did not perceive mental illness to be as severe
as physical illnesses, leading to a bias in the rankings. The use
of real-world outcomes–based rankings to select seeds led to
more psychiatric disorders being included in the seed terms for
the severity propagation. Similarly, the shifts in social
circumstances and product issues are likely due to their limited
presence or absence within the original crowdworker rankings
because only seven ADRs in the social circumstances category
were included in the 2929 ADRs ranked by crowdworkers, and
no Product Issues ADRs were included in that ranking. This
absence resulted in no ADRs from these groups being included
in the initial seed set of labeled ADRs for the
crowdworker-seeded method run, likely limiting the ability of
the label propagation to accurately estimate the severity of these
ADRs.

We found that the overall severity ordering of the SOC classes
based on our SAEDR scores made intuitive sense. We were
surprised by the ability of the label propagation approach to
adjust the severity estimates based on particular key terms. For
instance, the ADR terms for cancer (Neoplasm) ADRs are
relatively similar on a lexical basis, but individual modifiers
such as malignant and benign resulted in significantly different
SAEDR scores for the respective groups of ADRs (Figure S3
of Multimedia Appendix 1). Similarly, examining groups of
ADRs at different MedDRA hierarchy levels demonstrated
relative severity estimates that were sensible to us, such as Heart
Failure Signs and Symptoms having lower severity than the
different types of actual heart failure.

We found a significantly higher estimate of severity among the
ADRs that had been included in a boxed warning section than
among those that had not. This offers further validation of the
SAEDR scores because they are in agreement with past
regulatory and drug labeling decisions. Our comparison of
HLGTs with disproportionate rates between sexes revealed that
male-associated ADRs were more severe. Notably, the SAEDR
scores of the male-associated ADRs were not significantly
different from those of the ADRs that have been included in a
boxed warning. This is in agreement with previous work that
highlighted the relatively higher severity of ADRs experienced
by men [29,30].

We found that ADRs discovered in the postmarketing period
are generally more severe than those discovered in the clinical
trials based on our SAEDR scores. This indicates that
postmarketing surveillance and ongoing regulatory discussions
of risk-benefit trade-offs for particular drugs are necessary to
keep the public safe [31]. These findings are not new because
a recent study examining internal Food and Drug Administration
data on drug labeling changes found that 35% of the ADRs
added to drug labels were added to the boxed warnings and
warnings and precautions sections [32]. Of the postmarketing
ADRs, those involving more than one drug, as identified by
TWOSIDES, were among those with the highest severity,
indicating the increased risks associated with polypharmacy.
This finding highlights the need for further research into the
safety of polypharmacy because approximately half of the
individuals prescribed a prescription drug are prescribed more
than one concurrent medication [33].

One of the original aims of the pioneering study by Tallarida
et al [7] was to create quantitative risk scores for individual
drugs. Our DRIP scores are an attempt to do so, and we
combined ADR severity with frequency information to generate
a numerical estimate of a drug’s risk profile. We were able to
generate DRIP scores for 968 drugs using ADR frequency data
from the SIDER. Our DRIP scores have a modest Spearman
correlation, ρ=0.377, with FAERS cases that resulted in death,
where that drug was the primary suspect. Generally, correlations
greater than 0.8 are considered strong, but this generally assumes
that the comparison is with a gold standard ground truth.
Because of a lack of an objective gold standard of DRIPs, we
compared with FAERS case outcomes for the drugs in question,
although the case outcomes are imperfect because of reporting
bias and other issues. In addition, the DRIP scores were created
using estimates of ADR frequencies from the SIDER that are
primarily derived from clinical trial data. These ADR frequency
estimates are affected by the dosage and underlying health of
the clinical trial population, both of which are only sometimes
reported. High-quality frequency estimates for postmarketing
ADRs are essentially nonexistent, and many challenges exist
to accurately estimating their frequency [29]. These issues limit
the ability of our DRIP scores to accurately quantify risk.
However, despite the limitations of the benchmark data and the
ADR frequency information, the DRIP scores still demonstrate
a modest correlation with real-world outcomes. We interpret
this as an indication that our DRIP scores track with real-world
outcomes and capture signals related to a drug’s safety profile
that could be useful for downstream application. Further
evidence of their validity is provided by the qualitative
evaluation of the DRIP score distributions for the ATC groups.
The relative distributions of the ATC groups make intuitive
sense, with drugs used to treat cancer—antineoplastic
drugs—having the most severe side effect profiles, whereas
drugs used to treat diseases that are known to have safe and
effective treatment options, such as diabetes, are ranked among
the safest drug categories.

We present ADR severity estimates that track with both
real-world outcomes and human perception, but these estimates
are still limited. We used word embeddings trained on Reddit
data, but other social media data could improve the severity

J Med Internet Res 2021 | vol. 23 | iss. 10 |e27714 | p.302https://www.jmir.org/2021/10/e27714
(page number not for citation purposes)

Lavertu et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


prediction model. We used RedMed because the model was
publicly available and contained many ADR terms of interest
to this study. However, Reddit as a social media platform is
skewed toward men and young people, who may discuss ADRs
in different ways from the general population. Learning new
embeddings from social media corpora generated by the patient
groups most at risk for a given set of ADR experiences or from
biomedical literature might improve model performance and
address issues with demographic model biases.

FAERS case outcome proportions as a benchmark for severity
are limited because of the outcomes being reported at the case
level by the FAERS. Because of this case-level aggregation,
the ADRs in the severe category may have inflated severity.
For instance, symptoms of cardiac arrest may often be reported
as separate ADRs for a FAERS case of cardiac arrest, resulting
in symptoms that seem to be more severe than they are when
occurring independently of the severe ADR with which they
are associated.

Our results indicate that men reported more severe ADRs based
on sex-specific ADRs identified in the study by Chandak et al
[27]. Other research efforts have reported similar findings based
on ADR-reporting databases [29], but there are potential sources
of bias that could have affected this result. The data underlying
the sex-specific ADRs identified in the study by Chandak et al
[27] were derived from the FAERS. The study method focused
on the analysis of a sex-balanced cohort of case reports, with
cohort creation through propensity score matching of
individuals. Propensity score matching can correct for factors
included in the model, but it is unable to correct for underlying
biases in reporting. It has been documented that there are higher
rates of ADR reporting for female patients than for male
patients, whereas male patients tend to have more severe
outcomes reported [30]. It is likely that male patients are
enriched for severe ADRs because of this reporting bias, and
ADR reports should not be conflated with all ADRs experienced
by individuals because of the low rate of ADR reporting [34].

Another limitation is that sex-specific ADRs were only reported
at the HLGT level, resulting in SAEDR scores that were an
average of all PTs within the HLGT. Figure 3 highlights the
large range in terms of severity, even within a particular HLGT.
It is possible that an analysis of sex-specific ADRs at the PT
level would result in a different finding. Overall, although ADRs
disproportionately reported in men are more severe than those
disproportionately reported in women, more research is needed
to reach a complete understanding of sex-specific differences
in ADR severity.

Although we captured some nuances in ADR severity, such as
benign versus malignant neoplasms, we only created SAEDR
scores for the ADR terms contained in the MedDRA. However,
while exploring the RedMed word embeddings, we observed
that individual ADR terms were often contained in phrases
indicating modified severity. For instance, a report of stomach
pain might be modified with an adjective such as excruciating
or mild. Although the MedDRA does not contain an intensity
scale component for its terms, capturing this information from
patients might further enable risk-benefit trade-off calculations.
The approaches for general word sentiment assignment, similar
to the one used in the study by Hamilton et al [22], could be
repurposed here to assign severity to ADR modifier terms.

Conclusions
In summary, we demonstrated that lexical networks and label
propagation can be used quantitatively to estimate the severity
of medical conditions. We showed the distributions of ADR
severity among different groups of conditions, different groups
of patients, and different ADR discovery time points. We
combined our SAEDR scores with available ADR frequency
data to generate quantitative DRIP scores and examined the
distribution of the resulting DRIP scores. Our results (and future
improved estimates) enable new quantitative analyses within
the field of pharmacovigilance. To this end, we provide the
complete set of SAEDR scores and DRIP scores in Multimedia
Appendix 2 and Multimedia Appendix 3, respectively.
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Severity of Adverse Events Derived from Reddit scores for 12,198 adverse drug reactions.
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Abstract

Background: Antiobesity drugs are prescribed for the treatment of obesity in conjunction with healthy eating, physical activity,
and behavior modification. However, poor adherence rates have been reported. Attitudes or beliefs toward medications are
important to ascertain because they may be associated with patient behavior. The analysis of tweets has become a tool for health
research.

Objective: The aim of this study is to investigate the content and key metrics of tweets referring to antiobesity drugs.

Methods: In this observational quantitative and qualitative study, we focused on tweets containing hashtags related to antiobesity
drugs between September 20, 2019, and October 31, 2019. Tweets were first classified according to whether they described
medical issues or not. Tweets with medical content were classified according to the topic they referred to: side effects, efficacy,
or adherence. We additionally rated it as positive or negative. Furthermore, we classified any links included within a tweet as
either scientific or nonscientific. Finally, the number of retweets generated as well as the dissemination and sentiment score
obtained by the antiobesity drugs analyzed were also measured.

Results: We analyzed a total of 2045 tweets, 945 of which were excluded according to the criteria of the study. Finally, 320
out of the 1,100 remaining tweets were also excluded because their content, although related to drugs for obesity treatment, did
not address the efficacy, side effects, or adherence to medication. Liraglutide and semaglutide accumulated the majority of tweets
(682/780, 87.4%). Notably, the content that generated the highest frequency of tweets was related to treatment efficacy, with
liraglutide-, semaglutide-, and lorcaserin-related tweets accumulating the highest proportion of positive consideration. We found
the highest percentages of tweets with scientific links in those posts related to liraglutide and semaglutide. Semaglutide-related
tweets obtained the highest probability of likes and were the most disseminated within the Twitter community.
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Conclusions: This analysis of posted tweets related to antiobesity drugs shows that the interest, beliefs, and experiences regarding
these pharmacological treatments are heterogeneous. The efficacy of the treatment accounts for the majority of interest among
Twitter users.

(J Med Internet Res 2021;23(10):e24336)   doi:10.2196/24336

KEYWORDS

obesity; social media; Twitter; drug therapy; pharmacotherapy; attitude; thematic analysis; quantitative analysis; drug

Introduction

Obesity is an increasingly prevalent disease, with high rates of
associated morbidity and mortality [1]. The treatment of obesity
remains only partially effective [2]. Moreover, the
pharmacological treatment of obesity is becoming a more
significant tool in the management of the disease [2]. However,
frequency in the use of antiobesity drug treatments among those
patients that could potentially benefit from them is minimal [3].
Moreover, both personal and social attitudes, combined with
accessible information on available treatments, have been shown
to be relevant for obtaining the expected clinical outcomes of
pharmacological intervention [4]. Furthermore, it has been
shown that social support is a potential beneficial component
of weight loss programs [5,6].

In recent years, social media has become a pivotal instrument
for disseminating knowledge [7]. Accordingly, the internet has
modified how people communicate and how they share and
seek out information regarding health [8]. Social networks are
extensively used for the study of obesity, including the analysis
of public attitudes, the social support of patients, patients’
behavior, and treatment efficacy [9-11]. Being that information
pertaining to health posted over social media is oftentimes more
spontaneous in nature, it serves more as a complementary
perspective to data collected from medical surveys, clinical
trials, and consultancies with medical professionals [12-14].

Twitter, one of the most popular and widely used social media
platforms, is currently considered to be an effective channel of
communication [15]. Within this context, different agents in
the health sector have realized Twitter´s potential for acquiring
and distributing medical information [16,17]. In addition,
Twitter users demonstrate a great interest in obesity and eating
disorders [18,19]. Moreover, it has been shown that Twitter can
be an effective platform for delivering interventions aimed at
treating obesity [20]. The analysis of tweets about obesity, diet,
and treatments is a recent relevant area of study for
understanding the actual sentiments of society, patients, and
health providers [21]. The trivialization, stigmatization, and
mockery directed at obesity and other disorders by Twitter users
have been reported [22]. Until now, however, topics of interest
among Twitter users regarding the pharmacological treatment
of obesity have not been identified. Furthermore, the
dissemination of medication-related tweets tied to obesity
remains unknown. The analysis of the feelings and experiences
toward pharmacological treatment is relevant for the
understanding of patients’ attitudes to these drugs and the
identification of concerns and needs potentially related to
treatment adherence [23,24].

In this study, we performed an analysis of the content and key
metrics of all the tweets generated concerning medications
approved by the US Food and Drug Administration (FDA) for
obesity treatment over a period of 6 weeks. We also investigated
the areas of interest of those tweets containing medical content
and the inclusion of links to related informative resources.
Finally, we investigated the tweets’ dissemination and overall
sentiment.

Methods

Data Collection
In this observational quantitative and qualitative study, we
focused on searching for tweets that referred to medications
approved by the FDA for the treatment of overweight or obese
status: Xenical, orlistat, Alli, Belviq, lorcaserin, Qsymia,
phentermine-topiramate, Contrave, bupropion-naltrexone,
Saxenda, Victoza, liraglutide, Ozempic, and semaglutide. The
inclusion criteria for tweets were the following: being public;
using any of the previously mentioned hashtags; being posted
between September 20, 2019, and October 31, 2019; and being
posted in English language. This 6-week period was chosen to
avoid any potential bias within the content of the tweets. In
addition, we obtained the number of likes each tweet generated,
the date and time of each tweet, and the potential reach and
impact of each hashtag.

Search Tool
We used the Twitter Firehose data stream, which is managed
by Gnip and allows access to 100% of all public tweets that
match a certain criteria (query) [25]. In our study, the search
criteria were the previously mentioned hashtags. Tweet Binder,
the search engine we employed, uses node.js and PHP language,
which enabled us to analyze tweets in JavaScript Object
Notation (JSON) format (used by Gnip).

Content Analysis Process
All 2045 retrieved tweets were directly inspected by 2 raters
(MAAM and MLV). First, we scanned all of the tweets,
excluding 945 tweets that provided information that was too
limited (eg, tweets consisting mainly of hashtags), that contained
only pictures, or that included hashtags of more than 1 treatment.
All the remaining tweets were considered for thematic content
analysis. Second, we created a codebook based on our research
questions, our previous experience in analyzing tweets, and
what we determined to be the most common tweet themes.
Third, 2 raters analyzed 150 tweets separately to test the
suitability of the codebook. Discrepancies were discussed
between the raters and with another author (MAM). After the
codebook was revised, the interrater reliability was reassessed

J Med Internet Res 2021 | vol. 23 | iss. 10 |e24336 | p.307https://www.jmir.org/2021/10/e24336
(page number not for citation purposes)

Alvarez-Mon et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://dx.doi.org/10.2196/24336
http://www.w3.org/Style/XSL
http://www.renderx.com/


with a different set of 150 tweets. As this resulted in adequate
κ values (range 0.68-0.99), the raters then proceeded to analyze
1100 tweets equally distributed among both. Each tweet,
depending on its content, was categorized under side effects,
efficacy, or adherence. In addition, users were classified into 3
categories: patients and relatives, health professionals, or health
institutions. These categorizations were defined based on the
description of user profiles and the content of user tweets. In

those cases in which the nature of the user was not possible to
know, they were classified as indeterminate. Finally, we
analyzed any links included within a tweet, classifying them as
either scientific or nonscientific. More specifically, those links
attributed to a scientific source, including medical journals,
academic institutions, hospitals, and official websites, were
classified as scientific. The classification criteria we used and
examples of tweets are shown in Textbox 1.

Textbox 1. Examples of tweets related to efficacy, side effects, and adherence (usernames and personal names have been removed).

Efficacy (the ability or inability of a treatment to provide a beneficial effect)

• “Oral semaglutide can effectively and safely reduce blood glucose, body weight and systolic blood pressure: A systematic review and meta-analysis.”

• “Ozempic is superior to Invokana in reducing A1c and body weight”.

• “More than just #weightloss ? Liraglutide improves hepatic steatosis and metabolic dysfunctions in a 3-week dietary mouse model of nonalcoholic
steatohepatitis.”

• “The PIONEER 4 trial showed that oral semaglutide is noninferior to injectable liraglutide and superior to placebo in improving glycemic control
and weight loss at 26 weeks among patients with type 2 #diabetes.”.

Side effects (any effect that is secondary to the one intended either adverse or beneficial; tweets discussing tolerability of the drug were also
included)

• “No side effects with the Ozempic and I’ve been on it since July of last year. Now the metformin is a whole different story. First week or so the
sight of food made me sick and it made my stomach act up. I’m actually glad to be off of it.”

• “Does Contrave Make Anyone Else's Hands Shake?”

• “I saw the Saxenda results on people I know. It is fantastic. However, it comes with its challenges. Nausea, headaches and terrible moods.
glucagon-like peptide 1 (GLP-1) analogs, such as liraglutide, is the possibility of developing pancreatitis. #usmle”

• “A bit personal, but I'm curious to hear others' stories. I've been taking Ozempic for a year or so, but the last 6-8 weeks I've started throwing up
quite a bit. I don't have a history of this at all. Anyone else had this problem with Ozempic? Thank you!”

• “Those embalming leaves seem to have less side effects than ozempic.”

• “Gallstone Disease in Patients Treated with Liraglutide: In a large randomized trial a small but statistically significant rise in this adverse event
was noted.”

Adherence (the degree of conformity to the recommendations about the treatment with respect to the timing, dosage, or frequency)

• “I'm a quibbler, I can't help it. There is a medicine called Qsymia that seems effective for long term weight loss. Its not without side effects or
risks.”

• “Morning Twitter nightmare week over. Week 21 liraglutide. Despite everything total adherence. Adherence to duloxetine not good. Quorn
burger for breakfast & fruit. Happy today.”

Measuring Interest and Influence on Twitter
We analyzed the number of likes generated by each tweet as an
indicator of user interest on a given topic. We also measured
the potential reach and impact of all analyzed hashtags in order
to best assess tendencies in the dissemination of tweets. In this
study, impact was defined as a numerical value representing
the potential views a tweet may receive, while reach was defined
as a numerical value measuring the potential audience of the
hashtag.

In addition, we measured how positive or negative a hashtag
was on a scale from 1 (negative) to 100 (positive). Sentiment
analysis tools were used to analyze all words contained in a
tweet, with each word having its own score that could vary
depending on the context. The average score of all the tweets
with a certain hashtag determined that hashtag’s overall
sentiment score. According to this score, we classified each

hashtag into 3 categories: negative (0-40), neutral (>40-60), and
positive (>60-100).

Ethical Considerations
This study was approved by the Research Ethics Committee at
the University of Alcala.

Statistical Analysis
A descriptive study of the sample was performed. The
qualitative variables are described as absolute frequency
(number) and relative frequency (percentage). The percentages
found were compared using the chi-square test. The numbers
of retweets and likes per original tweet about the different
hashtags were verified by graphs and statistical test
(Kolmogorov-Smirnof test), and they did not follow a normal
distribution. The differences found between the treatment groups
were compared using the Kruskal-Wallis test. All statistical
analyses were performed using SPSS version 25 (IBM Corp).

J Med Internet Res 2021 | vol. 23 | iss. 10 |e24336 | p.308https://www.jmir.org/2021/10/e24336
(page number not for citation purposes)

Alvarez-Mon et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Results

Liraglutide and Semaglutide Accumulated the Most
Interest Among Twitter Users
Our search tool provided a total of 2045 tweets, 945 of which
were excluded according to the criteria of the study. Next, 320
out of the 1100 remaining tweets were also excluded because
their content, although related to drugs for obesity treatment,
did not address the efficacy, side effects, or adherence to the
medication. Finally, we classified the content of the remaining
780 tweets.

The number of tweets with hashtags referencing the 6 drug
groups approved for obesity treatment were significantly
different, with the incidence of tweets related to liraglutide and
semaglutide at least being 10 times higher than that related to
the other 5 drug groups (Table 1).

Next, we found significant differences in the distribution of the
content. Notably, the content that generated the highest
frequency of tweets was that related to treatment efficacy, with
liraglutide-, semaglutide-, and lorcaserin-related tweets

accumulating the highest proportion of positive consideration
(P<.001). In contrast, the highest percentage of tweets with a
negative valuation towards efficacy was found in those posts
related to bupropion-naltrexone (3/30, 10%), while those
containing a mention of liraglutide (14/319, 4.4%) and
semaglutide (2/363, 0.6%) had a much lower negative
percentage.

Tweets with a negative valuation of side effects were mainly
observed in those related to orlistat (4/15, 26.7%) and
bupropion-naltrexone (4/30, 13.3%) but rarely in those
mentioning liraglutide, semaglutide, and
phentermine-topiramate. On the other hand, tweets with a
positive valuation of side effects were minimal and were found
mainly in those posts related to bupropion-naltrexone,
semaglutide, and liraglutide (P=.04). Finally, the frequency of
tweets with content related to adherence to treatment was low,
with negative considerations predominant among liraglutide,
bupropion-naltrexone, and semaglutide (P<.001). On the other
hand, positive valuations of adherence to treatment were
observed in those tweets related to orlistat, semaglutide, and
liraglutide.

Table 1. Descriptive characteristics of the original tweets included in the analysis categorized by total amount per drug and category (side effects,
efficacy, adherence, and link).

P valueaSemaglutide, n
(%)

(N=363)

Liraglutide, n
(%)

(N=319)

Bupropion-nal-
trexone, n (%)

(N=30)

Phentermine-topira-
mate, n (%)

(N=26)

Lorcaserin, n (%)

(N=27)

Orlistat, n (%)

(N=15)

Category

.04Side effects

337 (92.8)299 (93.7)25 (83.3)25 (96.2)27 (100)11 (73.3)No mention

8 (2.2)2 (0.6)1 (3.3)0 (0)0 (0)0 (0)Positive

18 (5.0)18 (5.6)4 (13.3)1 (3.8)0 (0)4 (26.7)Negative

<.001Efficacy

131 (36.1)62 (19.4)14 (46.7)15 (57.7)8 (29.6)9 (60.0)No mention

230 (63.4)243 (76.2)13 (43.3)11 (42.3)19 (70.4)6 (40.0)Positive

2 (0.6)14 (4.4)3 (10.0)0 (0)0 (0)0 (0)Negative

<.001Adherence

336 (92.6)288 (90.3)28 (93.3)26 (100)27 (100)14 (93.3)No mention

21 (5.8)3 (0.9)0 (0)0 (0)0 (0)1 (6.7)Positive

6 (1.7)28 (8.8)2 (6.7)0 (0)0 (0)0 (0)Negative

<.001Link

91 (25.1)93 (29.2)18 (60.0)4 (15.4)2 (7.4)6 (40.0)None

270 (74.4)196 (61.4)0 (0)5 (19.2)11 (40.7)1 (6.7)Scientific

2 (0.6)30 (9.4)12 (40)17 (65.4)14 (51.9)8 (53.3)Nonscientific

aChi-square tests were conducted to assess statistical differences.

Scientific Links Were Mainly Found Within Liraglutide-
and Semaglutide-Related Tweets

We found significant differences between the distribution of
those tweets including a link, whether scientific or nonscientific,
among the 6 different drug groups (P<.001 Table 1). More
specifically, we found the highest percentages of tweets with
scientific links in those posts related to liraglutide (196/319,

61.4%) and semaglutide (270/363, 74.4%), followed by those
tweets referencing lorcaserin (11/27, 40.7%) and
phentermine-topiramate (5/26, 19.2%). The frequency of tweets
with a nonscientific link was very low in those related to
semaglutide and liraglutide; on the other hand, more than half
of the tweets referencing phentermine-topiramate, lorcaserin,
and orlistat included a nonscientific link.
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As liraglutide and semaglutide accumulated the majority of
tweets (682/780, 87.4%), we decided to investigate the use of
links in these tweets depending on their content (Table 2). The
use of links was mainly focused on those tweets with a positive

consideration towards the efficacy of the treatment, whereas in
those tweets referencing side effects and adherence to treatment,
the use of links was marginal.

Table 2. Descriptive characteristics of the original tweets included in the analysis categorized by total amount per drug and category.

P valueaSemaglutide, n (%)P valueaLiraglutide, n (%)Category

With link (N=272)Without link (N=91)With link (N=226)Without link (N=93)

<.001.006Side effects

260 (95.6)77 (84.6)218 (96.5)81 (87.1)No mention

6 (2.2)2 (2.2)0 (0)1 (1.1)Positive

6 (2.2)12 (13.2)8 (3.5)11 (11.8)Negative

<.001<.001Efficacy

114 (41.9)17 (18.7)38 (16.8)24 (25.8)No mention

158 (58.1)72 (79.1)188 (83.2)55 (59.1)Positive

0 (0)2 (2.2)0 (0)14 (15.1)Negative

<.001<.001Adherence

256 (94.1)80 (87.9)215 (95.1)73 (78.5)No mention

16 (5.9)5 (5.5)0 (0)3 (3.2)Positive

0 (0)6 (6.6)11 (4.9)17 (18.3)Negative

aChi-square tests were conducted to assess statistical differences.

Semaglutide-Related Tweets Obtained the Highest
Probability of Likes and Were the Most Disseminated
Within the Twitter Community
We found that the probabilities of a tweet being liked between
the groups were significantly different (P<.001).
Semaglutide-related tweets accumulated the highest number of
likes per tweet (median 3; 95% CI 1-12). In addition, we
analyzed the number of likes received per tweet as classified
by the inclusion or absence of a link. We found no differences
in the median of likes per tweet between those posts including
or not including a link (P=.27).

We found that semaglutide-related tweets had the highest
potential reach and impact (2,522,621 and 4,676,763 ,
respectively), which was double that of liraglutide (719,382 and
1,631,062, respectively). On the other hand, both parameters
were markedly lower for bupropion-naltrexone (996,398 and
1,603,556, respectively), orlistat (486,533 and 697,956 ,
respectively), phentermine-topiramate (183,919 and 187,094,
respectively), and lorcaserin (29,420 and 30,341, respectively).

Regarding the sentiment analyses of the content of the tweets,
we found that those posts related to semaglutide (mean 79.67),
liraglutide (mean 61.46), lorcaserin (mean 75.14), and
phentermine-topiramate (mean 60.06) received positive
sentiment. However, the sentiment was neutral for orlistat (mean
43.9) and bupropion-naltrexone (mean 53.8).

Health Institutions Were the Most Active Twitter Users
We investigated the type of users that posted the tweets. Of the
total number of tweets, 7.9% (62/780) were posted by users
identified as patients or relatives, 16% (125/780) by health
institutions, and 27.1% (211/780) by health care professionals.
Of the remaining 49% (382/780) of tweets, the users were
considered indeterminate.

Next, we investigated those tweets related to side effects
according to the different types of users and found significant
differences in the frequency and content of the postings (Table
3; P<.001). Patients were the users that posted most about the
presence of side effects, whereas health institutions mentioned
the presence of side effects the least. Moreover, we also found
significant differences between users in regards to tweets about
efficacy (P<.001) and adherence (P<.001). Interestingly, patients
were also those who most frequently expressed a lack of efficacy
or adherence (Table 4 and Table 5). On the other hand, users
classified as health institutions were those that posted most
frequently on the efficacy of treatment and promoted adherence
to it. Additionally, we assessed who the users were that most
frequently included a link within their tweets (Table 6). We
found that health institutions included a link, either designated
as scientific or nonscientific, more frequently in their posts than
did users classified as health professionals or patients (P<.001).
Finally, we assessed the frequency of user postings according
to the different antiobesity drugs analyzed, finding significant
differences among them. In particular, health institutions
generated the majority of tweets concerning the latest antiobesity
drugs.
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Table 3. Descriptive characteristics of those tweets referencing side effects in which the user was categorized as a patient, health professional, or health
institution. Tweets were further classified as either not mentioning side effects or mentioning them positively or negatively.

Total, n (%)Health institutions, n (%)Health professionals, n (%)Patients, n (%)Side effects

345 (100)191 (55.36)114 (33.04)40 (11.59)No mention

3 (100)1 (33.33)0 (0)2 (66.67)Positive

28 (100)9 (32.14)8 (28.57)11 (39.29)Negative

376 (100)201 (53.46)122 (32.45)53 (14.10)Total

Table 4. Descriptive characteristics of those tweets referencing efficacy in which the user was categorized as a patient, health professional, or health
institution. Tweets were further classified as either not mentioning efficacy or mentioning it positively or negatively.

Total, n (%)Health institutions, n (%)Health professionals, n (%)Patients, n (%)Efficacy

132 (100)71 (53.79)34 (25.76)27 (20.45)No mention

232 (100)130 (56.03)83 (35.7819 (8.19)Positive

12 (100)0 (0)5 (41.67)7 (58.33)Negative

376 (100)201 (53.46)122 (32.45)53 (14.10)Total

Table 5. Descriptive characteristics of those tweets referencing adherence in which the user was categorized as a patient, health professional, or health
institution. Tweets were further classified as either not mentioning adherence or mentioning it positively or negatively.

Total, n (%)Health institutions, n (%)Health professionals, n (%)Patients, n (%)Adherence

349 (100)195 (55.87)117 (33.52)37 (10.60)No mention

8 (100)6 (75)1 (12.5)1 (12.5)Positive

19 (100)0 (0)4 (21.05)15 (78.95)Negative

376 (100)201 (53.46)122 (32.45)53 (14.10)Total

Table 6. Descriptive characteristics of those tweets in which the user was categorized as a patient, health professional, or health institutions, and further
designated as either not including a link or including a scientific or a nonscientific link.

Total, n (%)Health institutions, n (%)Health professionals, n (%)Patients, n (%)Link

104 (100)13 (12.50)39 (37.50)52 (50)None

224 (100)154 (68.75)70 (31.25)0 (0)Scientific

48 (100)34 (70.83)13 (27.08)1 (2.1)Nonscientific

376 (100)201 (53.46)122 (32.45)53 (14.10)Total

Discussion

Principal Findings
In this study, we have found that Twitter users show an interest
in antiobesity drugs and mainly focus on semaglutide and
liraglutide. These tweets are centered on the efficacy of the
treatment and principally refer to liraglutide, semaglutide, and
lorcaserin. Tweet content containing a negative consideration
of side effects was mainly observed in those tweets related to
orlistat and bupropion-naltrexone. The frequency of tweets with
content related to adherence to treatment was marginal. The
highest percentages of tweets with scientific links were observed
in those related to liraglutide and semaglutide. Furthermore,
those tweets referencing semaglutide obtained the highest
potential reach and impact.

Diet, exercise, and lifestyle are considered relevant elements
for maintaining a weight within the recommended range [26].
The prevention and treatment of overweight and obese status

are considered public health priorities [27]. Currently, the use
of pharmacological treatment is becoming pivotal in obesity
management [28].

The outcomes of pharmacological treatments for chronic
diseases are conditioned by different elements [29]. The efficacy
and side effects of antiobesity drugs are critical for the success
of these treatments [30]. However, the results of real-world
pharmacological interventions are also dependent on treatment
adherence [30]. Different factors, such as access to drug
information and social considerations, modulate patients’
attitudes toward treatment [31,32]. Therefore, identifying
patients’ areas of concern and the sources of information used
are relevant for improving the clinical outcomes. Additionally,
patients with health behaviors that are frequently disapproved
of by society are oftentimes reluctant to disclose to health
providers their noncompliance with treatment and medical
advice [33]. In this context, the anonymity of social media may
provide greater insight into the beliefs, interests, and experiences
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of patients with regard to antiobesity drugs. Furthermore, family
members of the patients, doctors, and health care providers can
also participate in the social media community and post their
comments related to the pharmacological treatment of obesity.
The identification of the needs, concerns, and feelings of the
patients related to their treatment may improve their adherence
and contribute positively to achieving therapeutic objectives
[34].

Interest in Antiobesity Drugs on Twitter
Our data show that antiobesity drugs are areas of interest within
the Twitter community. The attention paid to antiobesity drugs
is reflected in the number of tweets posted with content related
to these drugs, which was higher than that reported on other
medications employed to treat chronic diseases [35,36].
Furthermore, it is also significant that the majority of the posted
tweets were related to the medical aspects of antiobesity drugs
in contrast to the reported results of other medications in which
the interest generated was nonmedical in nature [37]. In addition,
the interest of Twitter users was mainly centered on liraglutide
and semaglutide, which accumulated nearly 90% of the tweets.
Likewise, differences in interest shown by social media users
towards drugs with similar clinical indications have been
previously observed, for example, in the case of statins [38].

In addition, we also studied users’ areas of interest regarding
antiobesity drugs. Our findings show that the one clearly
predominant area was drug efficacy, but with different levels
of positive consideration being present, as liraglutide,
semaglutide, and lorcaserin achieved the highest valuations.
With the exception of the tweets related to orlistat, the frequency
of references to the side effects of the antiobesity was very low.
Considering our study was conducted in the period from
September 2019 to October 2019, it is notable that lorcaserin
was soon after withdrawn from the market (February 2020) due
to its potentially severe side effects [39].

There may be several reasons for these findings. First,
differences in the efficacy could explain the different frequencies
found between tweets posted about different drugs [30].
However, this factor is unlikely to prove fully conclusive as the
results obtained in the clinical trials and metanalysis referencing
these drugs do not wholly support the differences observed.
Second, there were different patterns of side effects [30].
However, Twitter users have shown little interest in the side
effects of the drugs, and it has only been a focus in relation to
orlistat and bupropion-naltrexone. Thus, the references to side
effects do not seem to explain the differences in interest. Third,
it is possible that Twitter users might show a special interest in
treatments suppressing appetite. However, this mechanism of
action is not only characteristic of glucagon-like peptide-1
inhibitors but also lorcaserin, which only obtained a small
number of tweets. The fourth potential factor is availability of
scientific information. Liraglutide and semaglutide, the latest
approved drugs, have been subject to most of the recent clinical
trials involving antiobesity drugs. Furthermore, both drugs have
the majority of tweets containing scientific links with content
focused mainly on efficacy. Thus, it is possible that recent
scientific publications and reports on clinical trials involving
liraglutide and semaglutide might in part explain the significant

interest toward these drugs within the Twitter community. The
fifth reason may involve accessible information in the press and
social media. It is known that newly launched drugs or recently
approved indications receive enhanced interest from
pharmaceutical companies, health providers, and the media
[40]. Consequently, the fact that liraglutide and semaglutide
have been the most recently approved drugs might explain the
special interest towards them.

The dissemination of tweets referencing the 6 different drugs
was also heterogenous, with the potential reach and impact of
semaglutide clearly being the highest, demonstrating total
numbers similar to those of the other 5 drugs combined. This
finding could be explained by the fact that semaglutide has been
the most recently approved antiobesity drug. In addition, clinical
trials concerning semaglutide have been an area of interest for
companies and prestigious scientific journals, which have
published results in support of the approval of this treatment
[41,42].

Furthermore, our data show that most of the tweets were focused
on efficacy and rarely mention side effects or discuss issues
related to personal adherence to treatment. Thus, there might
have been a bias in the information related to these drugs.
Moreover, in contrast to previous reports, most of the tweets
included a link to sources supporting their content [43].
Interestingly, concerns about the efficacy or tolerability of
antiobesity drugs were identified mostly in those tweets not
containing a link. The sharing of personal experiences is unlikely
to be associated with a link. The analysis of these tweets reveals
relevant information for health care providers because many
patients that question the efficacy of treatments or abandon their
treatments entirely tend to withhold this information from
doctors due to feelings of shame or guilt [33]. Indeed, social
media has been found to identify side effects not always
uncovered via traditional surveys [44]. In semaglutide- and
liraglutide-related tweets, most links were scientific, whereas
with the rest of the drugs, the majority of links contained a
nonscientific source. This may indicate that tweets discussing
issues related to semaglutide or liraglutide may be based on
medical articles reporting on efficacy. This may thus imply that
pharmaceutical companies, scientific journals, and researchers
play a key role in Twitter conversations related to obesity
medications. Therefore, it is possible that a potential increase
in the investigation of the adherence to obesity treatment might
increase the dissemination and relevance given by social media
users to this pivotal aspect of obesity management.

The important role of social media in generating popular opinion
and emotions via information distribution has been established
[45], and social media has become a pivotal instrument for
sharing knowledge and news [46]. The interest shown by Twitter
users in antiobesity drugs support the relevance of social media
in the diffusion of medical information. In addition, social media
is used to carry out medical interventions, promote preventive
health campaigns, and recruit participants for medical research
[47,48].

Finally, we studied the sentiment of tweets and found that most
drugs obtained a high score. In contrast, bupropion-naltrexone
obtained a very low score. This low sentiment toward
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bupropion-naltrexone may be reflective of the other indications
this drug has: smoking cessation or depression. In this regard,
it is worth noting the mockery of psychiatric conditions in
Twitter [49]. However, this is unlikely to be the only cause of
the low score obtained in the sentiment analysis because
phentermine-topiramate is frequently prescribed for the
treatment of psychiatric conditions and obtained an average
score. Thus, it is possible to suggest that this low sentiment is
due to the poor effect bupropion has on weight loss [30].

Understanding the public view of the pharmacological treatment
of obesity is useful to better appraising the perceived demands
for clinical care related to this condition. It could also help
designing better promotional health initiatives and awareness
strategies that include content of interest to social media users.
In addition, this information can facilitate open conversations
about a patient’s most common concerns during the medical
consultancy. Although this study focused on antiobesity drugs,
these results provide relevant information which more than
likely can be applied to other pharmacological treatments. The
involvement of health institutions in related conversations over
social media appears to be desirable given the interest raised
by the medical content posted on Twitter.

Strengths and Limitations
First, the relevance of Twitter as a marker of patient´s voice is
a matter of controversy. In addition, tweets do not necessarily
reflect the overall experience of patients. Second, regarding the
collection of tweets, there is the risk that some were not detected
since they might have used different hashtags. However,

including brand names and the active pharmaceutical ingredients
minimized possible bias related to the choice of hashtags. Third,
we did not determine whether the date of FDA approval affected
Twitter activity differently in more recent versus less recent
medications. Fourth, the codebook design and text analysis
involved a degree of subjectivity. Nevertheless, this
methodology is consistent with previous medical research
studies using Twitter. Although computerized machine learning
methods have been tested to automatically identify and classify
topics in medical research in social media, we used an analysis
strategy based on the raters’ clinical expertise in obesity, which
constitutes a qualitative advantage compared to automated
strategies [50]. Finally, the inability to verify the precise identity
of the majority of Twitter users posting about antiobesity drugs,
in addition to a lack of geolocational data, may constitute a
limitation in our capacity to interpret results.

Conclusions
This study demonstrates that Twitter users show an interest in
antiobesity pharmacological treatment. The positive
consideration of the efficacy of antiobesity drugs accounted for
the majority of tweets. In contrast, the side effects of these
treatments was only marginally described. Adherence to
treatment received little interest from the Twitter community.
The nature of the links included in the tweets was heterogenous
between the different antiobesity drugs. Thus, this study
highlights the opportunity for sharing scientific information,
especially that aimed at promoting adherence to pharmacological
treatment, which we have detected as being overlooked.
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Abstract

Background: In response to recent policy efforts to regulate tobacco and vaping products, the vaping industry has been aggressive
in mobilizing opposition by using a network of manufacturers, trade associations, and tobacco user communities, and by appealing
to the general public. One strategy the alternative tobacco industry uses to mobilize political action is coordinating on social
media platforms, such as the social networking site Facebook. However, few studies have specifically assessed how platforms
such as Facebook are used to influence public sentiment and attitudes towards tobacco control policy.

Objective: This study used social network analysis to examine how the alternative tobacco industry uses Facebook to mobilize
online users to influence tobacco control policy outcomes with a focus on the state of California.

Methods: Data were collected from local and national alternative tobacco Facebook groups that had affiliations with activities
in the state of California. Network ties were constructed based on users’ reactions to posts (eg, “like” and “love”) and comments
to characterize political mobilization networks.

Results: Findings show that alternative tobacco industry employees were more likely to engage within these networks and that
these employees were also more likely to be influential members (ie, be more active) in the network. Comparisons between
subnetworks show that communication within the local alternative tobacco advocacy group network was less dense and more
centralized in contrast to a national advocacy group that had overall higher levels of engagement among members. A timeline
analysis found that a higher number of influential posts that disseminated widely across networks occurred during e-cigarette–related
legislative events, suggesting strategic online engagement and increased mobilization of online activity for the purposes of
influencing policy outcomes.

Conclusions: Results from this study provide important insights into how tobacco industry–related advocacy groups leverage
the Facebook platform to mobilize their online constituents in an effort to influence public perceptions and coordinate to defeat
tobacco control efforts at the local, state, and federal level. Study results reveal one part of a vast network of socially enabled
alternative tobacco industry actors and constituents that use Facebook as a mobilization point to support goals of the alternative
tobacco industry.

(J Med Internet Res 2021;23(10):e28069)   doi:10.2196/28069
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Introduction

Since the introduction of e-cigarettes—also known as electronic
nicotine delivery systems (ENDS)—as a commercial product
in the mid-2000s, their popularity has grown significantly. In
2018, 3.2% of US adults aged 18 years or older reported using
e-cigarettes every day or some days [1]. Among middle and
high school students in the US, e-cigarettes were the most
commonly used tobacco product in 2019, with 5.4 million (20%)
of youths reporting current use [2]. The global revenue from
e-cigarettes in 2019 was US $15.7 billion, with a projected
growth rate of 9.2% between 2020 and 2030 equating to an
estimated US $39 billion in revenue by 2030 [3].This growth
in sales is troubling from a public health standpoint, with
evidence showing that e-cigarette usage is associated with
breathing difficulty and cardiopulmonary health risks [4] as
well as a higher likelihood to engage in risky behaviors among
high school students [5]. In response to this growth in use and
public health concerns, government agencies such as the US
Food and Drug Administration have begun to assert their
regulatory authority over e-cigarettes [6,7] along with a number
of US states and municipalities that have instituted a variety of
tobacco control policies (eg, sales bans of flavored tobacco
products, tax regimes, license requirements, restrictions on
youth access) to reduce the uptake, marketing, and sale of ENDS
[8,9].

An abundance of evidence has shown that as tobacco control
efforts expand, the tobacco industry has responded with a variety
of messages and tactics to protect its business interests, including
but not limited to lobbying, shaping the evidence base to support
product use or harm reduction messages, policy substitution,
and litigation [10-14]. As the overall reputation of the tobacco
industry has declined over time, front groups and alliances with
more reputable organizations have been especially important
to its political activity because they shield such efforts from
negative public perception about the industry [15-20]. Smokers’
rights groups were a particular group the tobacco industry used
that attempted to mobilize smokers as a force to lobby policy
makers to resist efforts that infringed on their “right to smoke”
[17,21-23]. Although smokers’ rights groups were projected as
being grassroots, they were a form of astroturfing, or “artificial
grassroots campaigns created by public relations firms,” to
increase the number of contacts that are made with policy
makers in addition to traditional lobbying approaches [24].

The e-cigarette or “vaping” industry is also distinct in its
structure compared to the overall tobacco industry. Specifically,
the tobacco industry is highly concentrated among a few
multinational corporations (China National Tobacco
Corporation, Altria/Philip Morris International, British American
Tobacco, Japan Tobacco International, and Imperial Brands
make up approximately 82% of the global market share for
cigarettes) [25]. These multinational tobacco actors also have
a stake in the vaping industry as evidenced by the introduction
by these companies of noncombustible products, mergers and
acquisition activity with ENDS manufacturers, and other

ownership of ENDS companies [26,27]. However, despite
involvement from the tobacco industry, the ENDS industry has
its own unique construction, including its own independent
brands with national footprints (eg, Juul and the 35% share
acquisition by Altria), smaller manufacturers and retailers of
ENDS, and retailers independent of larger tobacco
manufacturers [28]. Therefore, understanding the political
resistance to expanding ENDS legislation can be informed by
prior lessons learned from tobacco industry interference but
will also need to evolve due to the differing landscape of actors
associated with the growing ENDS industry.

A proactive leader in state-based policy efforts to regulate
tobacco and ENDS is the state of California. Specifically, the
state has been one of the leading jurisdictions in the United
States in implementing local- and state-level tobacco control
policies, including those related to smoke-free air and housing
and tobacco prevention programs, which also includes measures
directed at regulating ENDS [29,30]. For example, recent
tobacco control legislation has included subjecting ENDS to
existing antitobacco laws (Senate Bill [SB] X2-5), raising the
purchasing age to 21 (SB X2-7), and imposing additional taxes
on ENDS products (Proposition 56). In response, the vaping
industry has been aggressive in mobilizing opposition to these
policies by using a network of manufacturers, trade associations,
and tobacco user communities, and by appealing to the general
public in order to advocate for “vaper rights” [31-35]. One of
the strategies used by the alternative tobacco industry has been
to mobilize political action through social media platforms, such
as the popular social networking site Facebook, which can
extend the scope and reach of these antipolicy and advocacy
efforts.

Previous studies examining the impact of social media platforms
on the ENDS industry have identified user attitudes towards
alternative tobacco products and behaviors of users [36-38];
characterized marketing tactics, sales strategies, and pricing of
ENDS [39-46]; and identified geographic locations where people
use ENDS [47]. However, few studies have specifically assessed
how social media can influence antitobacco public policy and
methods of social media mobilization among digital constituents
[48,49]. This study builds on prior research by describing the
membership and network structure of interest groups for
alternative tobacco products on Facebook by using social
network analysis (SNA). In order to observe mobilization across
different online contexts, we conducted an exploratory
investigation characterizing network structures of an alternative
tobacco industry trade association Facebook page and a
consumer-focused ENDS Facebook group.

Methods

Overview
This study used SNA to identify and characterize influential
members and vape industry employees engaged with California
chapters of 2 alternative tobacco interest groups. The proportion
of influential members were compared between industry
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employees and nonemployees. An exponential random graph
model (ERGM) was then used to detect statistically significant
differences between vape employment status and likelihood to
engage within the network, and a timeline analysis was used to
investigate alignment with national- and state-level tobacco
control policy events. All data collection and statistical and
SNA analyses were completed in the computer programming
languages Python (Python Software Foundation) and R (The R
Foundation for Statistical Computing).

Data Collection and Processing
This study used membership information available from 2
Facebook groups—the California Consumer Advocates for
Smoke-Free Alternatives Association (CCASAA) and the
Northern California Chapter of Smoke-Free Alternatives Trade
Association (NC-SFATA)—to conduct SNA that characterizes
the communication networks and identifies the position of
influential members within and between these online
communities.

The CASAA was founded in 2009 and describes itself as an
advocacy group with an all-volunteer board and grassroots
membership. It distinguishes itself as claiming to operate as a
consumer organization and not a trade organization [50].The
CASAA has a national Facebook page (address in New York)
as well as pages for state chapters. The CCASAA Facebook
page is for CASAA members residing in California and
characterizes CASAA as “formed by people concerned about
the continued availability of safer alternatives to tobacco” [51].
Members can “support CASAA’s goals by advocating in
California for reasonable laws for products such as electronic
cigarettes and smokeless tobacco products.” The CCASAA
Facebook page has 195 members and is currently active.

The SFATA is a trade organization with a mission to “advocate
for a reasonably regulated U.S. marketplace which allows our
member companies to provide smoke-free products to adult
consumers that are attractive in choice, while promoting a
positive public image for vapor products…” [52]. Its
membership includes “manufacturers, distributors, wholesalers,
retailers, and the various service providers involved in their
business” with membership opportunities open to the academic
community and nonprofit organizations. The SFATA extends
its national work into state and local level policy through its
different state chapters. The NC-SFATA Facebook page
characterizes SFATA as “representing the interests of the small-
to mid-sized businesses by engaging with political decision
makers, with advocacy at the national and state levels…SFATA
is run and founded by the companies that built the vapor
industry; with no ties or alliance to ‘Big Tobacco’” [53]. It
discloses lobbying activity at the federal, state, and local levels
as part of its range of services offered to members. The parent
SFATA organization (address in Washington DC) operates an
active Facebook page, and there are also numerous Facebook
SFATA chapter pages in other states with varying levels of
activity. The NC-SFATA Facebook page has 387 followers but
has had limited activity since February 2017 (eg, only 2 recent
posts in January 2021.) Despite its low recent activity, the page
remains available and also provides an important digital record

of how the group has mobilized to influence past California
tobacco control legislation.

Data mining approaches using the Python programming
language were used to collect publicly available data for all
posts and comments from the Facebook pages of the 2 target
groups over a 15-day period, from July 1, 2020, to July 14,
2020. This allowed us to collect all Facebook posts and
comments retrospectively from users prior to July 1, 2020, and
prospectively until July 14, 2020. Reposts were not removed
as they were used for the purpose of analyzing interactions
between posts and user interactions. Data were then restructured
manually to a format suitable for conducting SNA. We note
that public Facebook pages do not require request for joining
or membership, and all posts, comments, and other information
are publicly available to any online user.

Self-reported occupation data were also collected for public
accounts and group members among these 2 target pages if
published on a publicly available Facebook account profile. For
users whose occupation data were unavailable on Facebook,
additional searches on other online platforms with professional
public profiles (eg, Twitter, LinkedIn) matched to public
metadata profile information were conducted to ascertain
possible work position status. These additional metadata were
matched based on matching names with at least 1 other identifier
before cross-referencing with the Facebook data. All data
generated from occupational classification were in the public
domain, and no individual identifiers of these accounts are
reported in this study. Occupation data from users that did not
have a link to their profile page in the metadata were marked
as missing, as additional data could not be cross-referenced and
matched.

Social Network Analysis
SNA was conducted to detect influential members among
alternative tobacco Facebook group communication networks
reviewed. In the model presented in this paper, each node is a
Facebook user associated with a California alternative tobacco
trade association page (eg, CCASAA and NC-SFATA), and
each edge (ie, link) between nodes represents reactions (eg,
“like,” “love,” and “angry”) or comments on a post. As previous
research has demonstrated the importance of distinguishing
between active versus passive engagement with Facebook
content [54-57], comments were weighted as twice the value
of a reaction (eg, a like, emoji) in order to indicate higher
engagement on posts. Generally, the source node is the user
who produced the original post while the target nodes are users
who reacted to or commented on a post. Within the context of
this study, a node with a high in-degree centrality indicated that
the user received a higher number of reactions on their posts
while a high-outdegree centrality indicated users who were more
active within their Facebook page.

Network visualizations for the individual CCASAA and
NC-SFATA groups used a spherical layout, while the
visualization that included both networks used the
Fruchterman-Reingold layout algorithm [58] to emphasize
differences in the communication structures between the 2
groups. Eigenvector centrality, which accounts for both the
number of edges of each node and the level of connectivity of
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each node’s connections (ie, the extent to which a node’s
connections is connected to others within the network), was
used to measure influence within the network. Previous research
has demonstrated that network structure measures such as
Eigenvector centrality are reliable for detecting influential
members within a network [59-61], and this measure has been
validated in studies using data from both surveys and social
media platforms [62-65]. Eigenvector scores were assigned to
each node, with higher scores indicating higher influence within
the network.

Proportions of users who were vaping industry employees were
compared among the top 25% of users with the highest
Eigenvector scores and remaining users with chi-square and a
2-proportion z test to test for statistical significance. Due to its
increased usage within social network research [66] and previous
work modeling social influence processes [67], a valued EGRM
was used to detect a statistically significant influence between
vape employee status and engagement within the network (ie,
the likelihood of a tie formation) [68]. An ERGM is a statistical
model that simulates alternative configurations of the observed
network in order to determine the likelihood of a given structural
feature, such as connections between nodes, which is referred
to as “degrees” in SNA. Within the context of Facebook data
used for this study, degrees correspond to the number of
reactions and comments exchanged between users.

In order to model the value of the edges within the networks
(as ERGMs traditionally only model binary ties), we employed
an ERGM that accounts for valued edges by specifying a
Poisson distribution as a reference for the distribution of edge
values [69]. This study also examined homophily effects among
ENDS industry–affiliated employees within the network.
Homophily in social network research describes how members
that share similar attributes, such as age, race, and gender, are
more likely to interact with one another within a network [70]
and has also been shown in health behaviors such as smoking
[71]. Higher homophily among ENDS employees would indicate
that users associated with the alternative tobacco industry are
more likely to engage with one another on the Facebook group
platform, suggesting higher coordination among members. The
sum of reactions and comments for each post were calculated
in order to identify influential posts based on whether the post
was in the 75th percentile of engagement. Nodes with missing
data for the ENDS employee status were kept in the analysis
and imputed as not employed (46 nodes in total) in order to
maintain network structure. This makes it possible that the
models could be underestimating the strength of the effect that
ENDS employee status and homophily have on the likelihood
of communication ties.

Policy Timeline Analysis
A timeline analysis was also conducted to detect associations
between the number of influential posts and relevant federal
and California state legislative events concerning e-cigarettes
during the study period. This was done in order to observe how
social media activity relates to policy outcomes, with histograms
created to show the number of posts for each Facebook group
by the month and year they were posted. Separate analyses for
both groups were conducted with consideration to the different

timeframes of activity between the organizations (the CCASSA
activity was from February 2019 to June 2020, while
NC-SFATA activity occurred between May 2015 and June
2017). Additionally, posts were categorized as either “Top 25%
engagement” or “Remaining 75%” based on whether they were
in the 75th percentile of posts that received the highest number
of reactions and comments.

Ethics
This study only involved the use of publicly available
information in the public domain and did not include any
interaction with social media users or other human participants.
No personally identifiable information was included in the
results of this study, and all results have been aggregated to
prevent inadvertent disclosure of identifiable information.
Hence, this study was not subject to ethics review.

Results

Comparing CCASAA and NF-SFATA Networks
A total of 292 active users (ie, nodes) among both CCASAA
and NC-SFATA Facebook groups were included in the SNA
from interactions consisting of posts, comments, and reactions
resulting in a total of 509 edges (ie, connections between users).
Of the total users, 246 had data linking to their public Facebook
account and were also reviewed for identifying occupation data.
Among these 246 users, 53 (21.5%) self-reported being
employed by the alternative tobacco industry, which consisted
of 10 retail workers (4.1%), 24 vape shop owners (9.8%), and
19 alternative tobacco industry public relations or marketing
employees (7.7%). The predominant themes of Facebook posts
and comments of these users included event invitations for
activities directly mobilizing against tobacco control–related
policies, public mobilization messages to encourage users to
take individual action against tobacco control legislation,
information about a tobacco control policy or introduced bill,
and negative comments and opinions on tobacco control policies
from the perspective of the alternative tobacco industry and
ENDS users. A more in-depth qualitative description of these
themes and specific content is being developed for separate
analysis.

SNA visualization of Facebook users in Figure 1 shows the
overall network of both the CCASAA and NC-SFATA members
while Figures 2 and 3 showcase how users are spread out among
the Facebook pages. Light yellow nodes represent users who
are alternative tobacco retail workers while dark yellow
represents vape shop owners and alternative tobacco public
relations or marketing employees. All remaining white nodes
are nonalternative tobacco employee users. The source node is
the user who produced the original post while the target nodes
are users who reacted to or commented on a post. Edges
representing online discourse on the CCASAA Facebook page
are colored dark blue while activity on the NC-SFATA page is
depicted by light blue edges. The size of nodes and edges
depends on the weighted sum of the edge connections (ie, larger
node and edge sizes equate to a higher number of reactions and
comments).
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Figure 1. Consumer Advocates for Smoke-Free Alternatives Association and Northern California Chapter of Smoke-Free Alternatives Trade Association
networks.

Unsurprisingly, in an examination of the size of user nodes
expressed in Figures 2 and 3, both the CCASAA and
NC-SFATA are highly engaged within the networks as they are
administrators of their respective Facebook pages. Most notably,
the figures reveal that employees of the alternative tobacco
industry are among some of the more engaged nodes. In Figure
1, both networks are shown to have mostly separate followings,
with the CCASAA network having more engagement among
nodes and the NC-SFATA network showing a more centralized,
yet less engaged discourse. This is further supported when the
degree distribution between networks is compared as shown in
Table 1, where higher degree indicates more engagement. The
mean degree for CCASSA users is 4.84 compared to 1.99 among
NC-SFATA users, which shows that CCASAA users on average
react, comment, or post more often. Additionally, CCASAA
users have a higher degree across percentiles while NC-SFATA
users consistently have a degree of 1 despite having a larger
max value, which further indicates the centralized nature of the
NC-SFATA communications. Network densities (ie, the ratio

of the number of edges to the number of possible edges) were
also calculated and show that the CCASAA network is denser
(density 0.016) compared to that of the NC-SFATA (density
0.007), which is another indicator of greater activity levels
among nodes within the CCASAA network.

Between the 2 groups, 8 Facebook users were identified as being
active in both networks. Of these overlapping users, 6 were
employed in the alternative tobacco industry, with 1 being a
retail worker, 4 being vape shop owners, and 1 having served
in a leadership role with the NC-SFATA. The involvement of
a user with a leadership role in the SFATA chapter suggests the
possibility of coordinated policy mobilization between these 2
California-based pro–alternative tobacco organizations and
potential alignment of messaging and advocacy approaches.
Additionally, Table 1 shows that alternative tobacco employees
had a higher mean degree (mean 8.02) compared to the total
network (mean 3.49), which indicates that these industry
employees on average are more engaged within the groups
compared to other users.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e28069 | p.321https://www.jmir.org/2021/10/e28069
(page number not for citation purposes)

Haupt et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Consumer Advocates for Smoke-Free Alternatives Association network. The Consumer Advocates for Smoke-Free Alternatives Association
is represented by the dark blue square.

Figure 3. Northern California Chapter of Smoke-Free Alternatives Trade Association network. The Smoke-Free Alternatives Trade Association is
represented by the light blue square.
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Table 1. Network statistics and degree distribution.

Top 25% influential
(CCASSA + SFATA)

Vape employee (CCASSA
+ SFATA)

NC-SFATAb OnlyCCASAAa OnlyTotal networkStatistics

7653152148292Total nodes, n

9.45 (21.43)8.02 (25.18)1.99 (12.17)4.84 (10.28)3.49 (11.52)Degree, mean (SD)

8214260th percentile (degree)

188110690th percentile (degree)

31471171095th percentile (degree)

15115115183151Max, n

aCCASAA: Consumer Advocates for Smoke-Free Alternatives Association.
bNC-SFATA: Northern California Chapter of Smoke-Free Alternatives Trade Association.

Table 2 shows that 32% (23/71) of the most influential members
within the network were self-identified alternative tobacco
employees compared to 17.1% (30/175) of other users, with
this difference being statistically significant (P=.007). This
indicates that alternative tobacco industry employees were more
likely to be influential nodes within the communication network.

Results from the chi-square test provide further evidence of an
association between alternative tobacco industry employment
and network influence, which shows that the distribution of
alternative tobacco employees across influential and
noninfluential members were statistically different from
expected probabilities based on random chance (P=.002).

Table 2. Chi-square and 2-proportion z test comparing vape employee status between influential and noninfluential users (N=264a).

Remaining 75%Top 25% most influentialTests for detecting statistical significance

Chi-square testb

.75.25Expected probability

3023Observed count (vape employees), n

Two-proportion z testc

17571Users, n

30 (17.1)23 (32)Vape employees, n (%)

aOnly users with links to Facebook profiles are included.
bX2

1=9.566; P value=.002.
cX2

1=6.078; P value=.007.

As shown in Table 3, the ERGM was run on the networks
examined to detect statistically significant effects between being
an alternative tobacco industry employee and the likelihood
that a tie would form within the network, which in this study
would signify engagement via a reaction or comment. The
variable labeled “Nodefactor: Vape” measures how alternative
tobacco employee status (coded as a categorical variable)
influences the likelihood of a tie within the network. Model 2
additionally tests for homophily among alternative tobacco
employees, labeled as “Nodematch: Vape.” The term “Nonzero”
was included in the model to control for zero inflation of the
network (ie, when a network is sparse but still has high
interaction between nodes).

Results from Model 1 show that if a user was an alternative
tobacco employee, then the log odds of sending a reaction or
comment was 0.35 times greater than that of non–alternative
tobacco employees when the density of the network is controlled
for. This effect is statistically significant (P<.001) in both
models. When homophily in Model 2 was tested for, there was
a statistically significant negative effect (–0.27 log odds;
P<.001) indicating that alternative tobacco users were less likely
to engage with one another within the network. These findings
indicate that while being an alternative tobacco employee
increases the likelihood that a user engages within the CCASAA
and NC-SFATA networks, these same users are more likely to
interact with non–alternative tobacco industry employees within
these online contexts.
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Table 3. Exponential random graph model for valued edges to detect likelihood of being an alternative tobacco industry employee within the network.

P valueModel 2P valueModel 1Network parametera

<.0010.91<.0010.91Sum (network density)

<.0010.42<.0010.35Nodefactor: Vape

<.001–8.08<.001–8.22Nonzero

<.001–0.27——bNodematch: Vape

—–163579—–163446AICc

aTotal nodes: 292; total edges: 500 (loop edges removed for the exponential random graph model); sample size per chain: 5000; thinning interval: 5000;
reference distribution: Poisson.
bNot included in the model.
cAIC: Akaike information criterion. AIC within the context of an exponential random graph model measures deviance based on log-likelihood, which
is calculated by summing the differences between predicted probabilities and observed values.

Post Timeline Analysis
Both Figures 4 and 5 show the post timelines for CCASSA and
NC-SFATA content, respectively, with the proportion of posts
receiving the top 25% most engagement filled in yellow. Each
timeline includes markers detailing the date and descriptions
of important vaping legislation during the time period in which
posts were analyzed. Although not every post explicitly
mentions a tobacco control policy, it can be interpreted that

different forms of provaping messaging posted around legislative
events can influence the opinions and mobilization actions of
users. For example, an advertisement for a vaping device that
shows up on a group member’s newsfeed still supports and
communicates a provaping narrative whether or not it explicitly
endorses a policy outcome. Users with higher exposure and
engagement to pro–alternative tobacco messaging, which is the
predominant theme within these Facebook groups, could be
more likely to mobilize.

Figure 4. Consumer Advocates for Smoke-Free Alternatives Association posts timeline (2019-2020). HB: House Bill; HR: House of Representative;
SB: Senate Bill.

As seen in Figure 4, the largest number and largest proportion
of highly engaged posts within the CCASAA network were
created in September 2019, around the same time that federal
legislation regulating alternative tobacco ads and calling for
prohibiting of nontobacco e-cigarette flavors were introduced
(House of Representative [HR] 4249 and SB 2519). Although
posts had notably dropped in the following month in October
2019, there was a modest increase in activity in November

around the introduction of additional regulation to the delivery
sales of ENDS (House Bill [HB] 3942 and HB 5005).
Importantly, this timeline generally depicts periods of increased
activity and posts among the CCASAA Facebook users during
periods when federal anti–tobacco and alternative tobacco
legislation was introduced, both in the US Senate and House of
Representatives.
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Figure 5 shows a bimodal distribution of posts within the
NC-SFATA group. The first spike of posts begins on May 2015
and peaks on July 2015 around the same time that the law SB
140 was defeated in the California Senate, which would have
classified ENDS products as tobacco and extended the
prohibition of tobacco smoking in public places to ENDS
products. The second peak of posts happened during June 2016,
when the same legislation succeeded in a subsequent legislative

session and began to take effect as did other tobacco control
legislation that increased the legal sales age of ENDS from 18
to 21 (SB X2-5 and SB X2-7). Despite having the highest
number of posts within the timeline, the proportion of high
engagement posts during June 2016 was low, possibly suffering
from lower user engagement as anti–alternative tobacco
legislation had already been successfully passed.

Figure 5. Northern California Chapter of Smoke-Free Alternatives Trade Association posts timeline (2015-2017). SB: Senate Bill.

Discussion

Summary of Findings and Implications
Results from this study identify and characterize ways in which
alternative tobacco interest groups act as virtual mobilization
points across distinct online networks to influence tobacco
control policy at both the federal and local level. This
specifically includes our observation that alternative tobacco
industry–affiliated actors are highly involved in antitobacco
policy mobilization and advocacy activity with both an industry
trade–focused group (NC-SFATA) that represents the interest
of manufacturers, retailers, and distributors, but also a group
that represents itself as a consumer organization for safer
alternatives to tobacco. Specifically, our study found that there
is a greater likelihood that alternative tobacco employees are
within these Facebook user networks and that a higher
proportion of industry employees are among the most influential
members of the network. These findings are worrying as the
presence of alternative tobacco employees and representatives
may influence the factual narrative of tobacco and ENDS policy
discussions due to financial interests and industry ties while not
accurately conveying the concerns of consumers or
consequences for public health outcomes.

Additionally, based on our timeline analysis, we observed that
the highest number of messages with high engagement among
these networks corresponded with dates tied to important
tobacco control legislative events, evidencing increased activity
around important policy decision-making windows. Some
evidence of coordination between groups existed by examining
network graphs with overlapping users in both organizations,
and despite policy mobilization being active in both groups,
they differed in their policy targets, with the CCASAA focusing
on federal tobacco legislation and the NC-SFATA focusing on
California state legislation. These results provide some
indication of distinct mobilization and advocacy efforts at
multiple policy-making levels. Although the purpose and
messages of these activities clearly focused on disseminating
information and influencing public perception for the purposes
of defeating alternative tobacco legislation, levels of user
engagement on these activities differed based on the group pages
reviewed.

The network structure of the Facebook groups considered in
this analysis differed in their density and post volume. The
NC-SFATA Facebook group had lower density and more uneven
distribution of engagement, while the NC-SFATA account was
the main driver of posts to members. Additionally, the overall
volume of posts was low compared to that of the CCASAA,
and activity slowed after February 2017. The CCASAA had a
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denser network structure, a larger volume of posts compared to
the NC-SFATA, and a more even distribution of activity among
users that continues to the present. This suggests that the
sustainability of engagement levels across interest groups is
highly variable and may also be influenced by the presence and
interaction of other affiliated groups (eg, SFATA and CASAA
parent organizations that are also both active on Facebook).

Determining the specific factors that influence levels of
engagement was beyond the scope of the current analysis;
differences may be due to the more formal nature of trade
associations (which may lend themselves to more linear
communication structure) versus that of consumer-focused
groups or to other organizational changes that occurred within
the CCASAA. The existing literature, however, suggests that
emotion plays a strong role in the alternative tobacco market
as demonstrated in previous work which found business
strategies used within the alternative tobacco market to be highly
contested, volatile, and interwoven with competition, emotion,
and conflicting beliefs [72]. The network characteristics shown
in this study may indicate a higher emotional commitment
among CCASAA members, a factor important in countering
their political actions.

Although independent manufacturers and retailers within the
alternative tobacco industry attempt to distinguish themselves
from Big Tobacco and the goals of these 2 segments of the
provaping movement may differ [28,73] (eg, implications of
changes in tobacco use behavior and product sales due to dual
use of cigarettes and e-cigarettes vs transition from cigarettes
to e-cigarettes), they nevertheless are working to the same policy
ends: to minimize restrictions on the marketing, sale, and use
of tobacco and alternative tobacco products. As multinational
tobacco companies engage in efforts to increase their share of
the alternative tobacco market and expend large sums of money
to lobby and fight ENDS regulations and restrictions, the less
politically powerful and poorly resourced independent entities
within the alternative tobacco industry may serve the role that
front groups traditionally have served for the tobacco industry
[74]. Through consumer groups and trade associations, they
may attempt to influence policy makers through power in
grassroots-based advocacy: mobilizing numerous “legitimate”
voices from consumers and small businesses against tobacco
and alternative tobacco control measures.

Further, results from our study likely only represent a very small
segment of political influence exercised by the tobacco and
alternative tobacco industry on social media platforms. For
example, our study only examined 2 relatively small
California-specific group pages and chapters; although the
CASAA and SFATA’s parent organizations had much higher
levels of activity and engagement on Facebook and Twitter
(@CASAAmedia on has 33,000 and 22,000 followers on
Facebook and Twitter, respectively, while @sfataorg has 15,000
and 10,000 followers on Facebook and Twitter, respectively),
there are CASAA and SFATA Facebook group chapters in
Florida, Missouri, Colorado, Connecticut, Hawaii, Texas,
Arizona, and Ohio, to name a few other state-specific examples.
There are also other pro–alternative tobacco industry groups
engaged on social media that actively advocate against tobacco
control measures that were not included in this study as we only

focused on those associated with the state of California. Hence,
although our study is limited to a single US jurisdiction and 2
pages, it is highly probable that lobbying and digital
mobilization against tobacco control legislation via social media
is occurring across multiple jurisdictions and a diversity of user
groups, likely with similar ties to tobacco industry–affiliated
employees and actors. This socially enabled online environment
represents an important public constituency that can be activated
against federal, state, and local alternative tobacco control
measures, necessitating further research into ties with the
broader tobacco industry and other front groups.

In response to this strategic use of Facebook (and other social
media platforms) by the alternative tobacco industry to mobilize
efforts to influence public perception and the outcome of federal
and state tobacco control policy, public health stakeholders
should expand their own efforts to mitigate and counter
provaping narratives, particularly if they originate from
alternative tobacco employees or lobbyists and misrepresent or
include misinformation about current or pending tobacco control
legislation. Public health stakeholders should also make a
concerted effort to engage in these almost exclusively provaping
virtual communities by establishing their own counter narratives
highlighting the health and addictive harms of alternative
tobacco products. Specifically, the posts on these pages appear
to have an echo chamber effect, in that all the posts exclusively
present a provaping narrative that is disseminated among users
who are members of these pages. For Facebook pages that are
open to the public, these discussions could spill over to other
online communities, and in the absence of effective counter
marketing, fact-checking, and health promotion, could lead to
protobacco messages influencing opinions of other users.
Platforms should also consider requiring disclosure of industry
affiliations by page users or administrators and any
corresponding potential conflicts of interest that may influence
the type of information presented, including on individual posts
that relate to claims about tobacco control policy.

Limitations
As not every user was included in the z test comparing the
proportion of alternative tobacco employees between influential
and noninfluential users, it is possible that access to profile data
could not be randomly distributed across alternative tobacco
employee versus nonalternative tobacco users. If alternative
tobacco employee status influences the likelihood of having
available profile data, then this could have biased the results.
Additionally, the results from this study only examined 2
California-affiliated organizations. More networks between
local and national organizations would need to be analyzed in
order to generalize findings about communication patterns in
the overall alternative tobacco industry. As data were collected
retrospectively, each network is also susceptible to data loss for
posts collected before July 1, 2020. As mentioned in the methods
section, the NC-SFATA is a Facebook page while the CCASSA
is a Facebook community, which may account for many of the
structural differences between communication networks.
However, both formats share the same functions for interaction,
so the main difference is between being listed as a group
member versus only liking the page. Even if the format of the
group on Facebook influences how users communicate with
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each other, it is possible that choosing a particular format could
be done intentionally to better align with the communication
goals of the page creator. Finally, the timeline analysis was
conducted to clarify the association between the number of posts
and legislative events and cannot be used to establish a causal
connection.

Conclusions
Future research should continue to characterize online
communication strategies that differ between national and state
or local alternative tobacco trade associations, consumer groups,
and lobbying organizations in the social media sphere. This
should include more in-depth characterization of formal
coordination efforts on messaging, policy advocacy planning,
and attempts to introduce misinformation about the impact of
tobacco control legislation. For example, our study found that
the NC-SFATA group had less engagement but a higher number

of followers while the CCASSA group had fewer members but
more engagement from these members. This may indicate
specialization in the context of grass roots mobilization,
advocacy, and policy substitution within the context of specific
constituents, with SFATA focusing on mobilizing larger
numbers of local and state actors and CCASSA focusing on
smaller but more active engagement on federal issues. This
potentially includes aligning with goals of each organization’s
respective national parent associations, with the aim of defeating
both federal and state legislation in a strategic and coordinated
fashion. Unfortunately, the same coordination that is needed
among federal regulators, public health professionals, and state
health agencies to promote tobacco control policies may be
absent from these social networking service platforms, meaning
that pro–alternative tobacco narratives may unduly influence
the policy-making process, threatening future tobacco legislation
and implementation of policy already in place.
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Abstract

Background: Pulmonary arterial hypertension restricts the ability of patients to perform routine physical activities. As part of
pulmonary arterial hypertension treatment, inhaled iloprost can be administered via a nebulizer that tracks inhalation behavior.
Pulmonary arterial hypertension treatment is guided by intermittent clinical measurements, such as 6-minute walk distance,
assessed during regular physician visits. Continuous digital monitoring of physical activity may facilitate more complete assessment
of the impact of pulmonary arterial hypertension on daily life. Physical activity tracking with a wearable has not yet been assessed
with simultaneous tracking of pulmonary arterial hypertension medication intake.

Objective: We aimed to digitally track the physical parameters of patients with pulmonary arterial hypertension who were
starting treatment with iloprost using a Breelib nebulizer. The primary objective was to investigate correlations between changes
in digital physical activity measures and changes in traditional clinical measures and health-related quality of life over 3 months.
Secondary objectives were to evaluate inhalation behavior, adverse events, and changes in heart rate and sleep quality.

Methods: We conducted a prospective, multicenter observational study of adults with pulmonary arterial hypertension in World
Health Organization functional class III who were adding inhaled iloprost to existing pulmonary arterial hypertension therapy.
Daily distance walked, step count, number of standing-up events, heart rate, and 6-minute walk distance were digitally captured
using smartwatch (Apple Watch Series 2) and smartphone (iPhone 6S) apps during a 3-month observation period (which began
when iloprost treatment began). Before and at the end of the observation period (within 2 weeks), we also evaluated 6-minute
walk distance, Borg dyspnea, functional class, B-type natriuretic peptide (or N-terminal pro–B-type natriuretic peptide) levels,
health-related quality of life (EQ-5D questionnaire), and sleep quality (Pittsburgh Sleep Quality Index).

Results: Of 31 patients, 18 were included in the full analysis (observation period: median 91.5 days, IQR 88.0 to 92.0). Changes
from baseline in traditional and digital 6-minute walk distance were moderately correlated (r=0.57). Physical activity (daily
distance walked: median 0.4 km, IQR –0.2 to 1.9; daily step count: median 591, IQR −509 to 2413) and clinical measures
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(traditional 6-minute walk distance: median 26 m, IQR 0 to 40) changed concordantly from baseline to the end of the observation
period. Health-related quality of life showed little change. Total sleep score and resting heart rate slightly decreased. Distance
walked and step count showed short-term increases after each iloprost inhalation. No new safety signals were identified (safety
analysis set: n=30).

Conclusions: Our results suggest that despite challenges, parallel monitoring of physical activity, heart rate, and iloprost
inhalation is feasible in patients with pulmonary arterial hypertension and may complement traditional measures in guiding
treatment; however, the sample size of this study limits generalizability.

Trial Registration: ClinicalTrials.gov NCT03293407; https://clinicaltrials.gov/ct2/show/NCT03293407

International Registered Report Identifier (IRRID): RR2-10.2196/12144

(J Med Internet Res 2021;23(10):e25163)   doi:10.2196/25163

KEYWORDS

6-minute walk distance; 6MWD; Breelib; daily physical activity; digital monitoring; health-related quality of life; iloprost;
Ventavis; inhalation behavior; mobile phone; pulmonary arterial hypertension; PAH; sleeping behavior; behavior; sleep; monitoring;
physical activity; heart; cardiology

Introduction

Background
Remote patient monitoring can play an important role in disease
management, supporting the conventional approach of
face-to-face visits. In patients with chronic diseases such as
left-sided heart failure, remote monitoring has been reported to
have beneficial effects—reduced readmissions (possibly due to
earlier treatment for symptoms detected before scheduled
follow-up visits), reduced mortality, increased quality of life,
increased participation in self-management of the disease, and
improved knowledge of the disease [1-4].

Pulmonary arterial hypertension is a progressive, life-threatening
disease that can lead to right-sided heart failure and death [5].
Dyspnea, a common symptom of pulmonary arterial
hypertension, restricts physical activity, which in turn impairs
quality of life. The impairment of quality of life in patients with
pulmonary arterial hypertension is severe, with health-related
quality of life scores comparable to those reported for patients
with spinal cord injuries or cancer unresponsive to therapy [6].
However, the use of vasoactive treatment to address pulmonary
arterial hypertension is usually guided by intermittent clinical
measurements of the 6-minute walk distance (a routine
assessment of exercise capacity in pulmonary arterial
hypertension), World Health Organization (WHO) functional
class, and levels of B-type natriuretic peptide (BNP) or
N-terminal pro–B-type natriuretic peptide (NT-proBNP) [7].
These traditional clinical measures are assessed during regular
out- or inpatient visits, usually at widely spaced intervals (eg,
every 3-6 months), and therefore, provide only a snapshot of
the patient’s health status. In times of increased reliance on
telemedicine, such as during the current COVID-19 pandemic,
visits between patients and their treating physicians may not be
possible. For example, patients may attempt to reduce the
probability of infection by avoiding visits in hospitals, and
hospitals may enact restrictions and cancel visits. Furthermore,
traditional clinical parameters do not address the impact of
pulmonary arterial hypertension on daily life, which may be
more important to the patient than functional or laboratory
measures [8,9]. Remote monitoring may provide a more

complete picture by allowing continuous assessment of
parameters (such as physical activity) that reflect the impact of
pulmonary arterial hypertension on daily life. However, it is
unclear whether digital measures of physical activity are
associated with traditional clinical parameters during long-term
treatment. Furthermore, physical activity has not yet been
assessed simultaneously with medication intake tracking.

Iloprost, a prostacyclin-based inhaled therapy for patients with
primary pulmonary hypertension (idiopathic pulmonary arterial
hypertension) in WHO functional class III, has shown beneficial
effects on 6-minute walk distance and WHO functional class
in clinical trials [10-12]. Iloprost is administered via nebulizers
such as the Breelib nebulizer (Vectura Group plc) [13], which
automatically saves inhalation information (dates, times, and
completeness of inhalations).

Objectives
The primary aim of our study was to track daily physical activity
in patients with pulmonary arterial hypertension starting
treatment with inhaled iloprost, using a commercially available
smartwatch and smartphone, and to investigate the association
between changes in digital physical activity measures and
changes in traditional clinical measures of disease severity and
health-related quality of life over a 12-week period.

Secondary aims were to assess acceptance of the smartwatch
by patients and the feasibility of measuring 6-minute walk
distance digitally and to identify digital measures linked to
traditional 6-minute walk distance. Further aims were to digitally
monitor heart rate and iloprost inhalation behavior, to explore
temporal patterns in activity level and heart rate relative to
iloprost inhalation periods, and to evaluate changes in clinical
outcome measures, daily physical activity, heart rate, and sleep
quality after initiation of inhaled iloprost therapy. The study
was not designed to investigate or confirm the effectiveness
and safety of iloprost (Ventavis).
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Methods

Study Design
Additional details are available in a previous publication [14]
and in Multimedia Appendix 1.

As part of a national, prospective, observational, multicenter,
single-arm cohort study (VENTASTEP; Clinical trial.gov,
NCT03293407) investigating the associations between clinical
and device-reported outcomes in patients with pulmonary arterial
hypertension (WHO functional class III) who were adding
inhaled iloprost to existing pulmonary arterial hypertension
therapy, we collected digital measures of daily physical activity,
heart rate, and 6-minute walk distance using smartwatch (Apple
Watch Series 2) and smartphone (Apple iPhone 6S) apps (xbird
GmbH). The apps continuously captured data from the
smartwatch for the purpose of analyzing physical activity and
behavior patterns; the 6-minute walk distance app captured data
from the smartwatch during the 6-minute walk distance test.
Raw sensor data from the smartphone were not used because it
was impossible to ascertain whether patients always carried the
smartphone with them. Device functionality was reduced to the
minimum requirements for the study. To reduce bias, the apps
did not provide feedback on physical activity to patients or
physicians. A nebulizer (Breelib, Bayer AG) was used to record
inhalation behavior [13,15,16].

The study period consisted of baseline data collection during
the period from the initial visit and decision to start iloprost
treatment until the actual start of iloprost treatment (≤2 weeks),
an observation period of 3 months (±2 weeks) from the start of
iloprost treatment, and final data collection at discontinuation
of therapy or at the end of the study (whichever was earliest).
The decision to start treatment with inhaled iloprost was made
at the discretion of the treating physician; the decision was made
in advance and independently of inclusion in the study.
Follow-up was conducted during routine patient visits to their
pulmonary arterial hypertension centers.

The study was approved by the central ethics committee of the
Justus Liebig University Giessen (AZ153/17) and the ethics
committees of all participating sites.

Patients
In preparation for this study, a survey on acceptance of digital
tracking was performed, which indicated that approximately
50% of patients were willing to participate [14].

Patients were enrolled from 7 specialized pulmonary arterial
hypertension centers in Germany from February 2018 to July
2019. Patients aged ≥18 years with pulmonary arterial
hypertension in WHO functional class III despite treatment were
eligible for enrollment if they were willing to wear a smartwatch
for the duration of the study, had no previous treatment with
inhaled iloprost, and they and their treating physician had
decided to initiate treatment with inhaled iloprost using a Breelib
nebulizer. Patients were excluded if they were allergic to nickel
and methacrylates, or if they were already participating in an
investigational program that included an intervention outside
of routine clinical practice. All patients who were enrolled
provided signed informed consent.

Study participants were trained by site personnel or investigators
to correctly use the smartphone and smartwatch. Study
participants were given training on inhaler use through a patient
support program (VENTAPLUS, ContraCare GmbH and Vitartis
Medical-Services GmbH), which is routinely offered to patients.

Data Collection
Anamnestic data (demographic and clinical characteristics) were
collected by an investigator from medical records, if available,
and entered into an electronic case report form that formed part
of an electronic data capture system developed and managed
by a contract research organization (Institut Dr. Schauerte).

Traditional clinical measures (6-minute walk distance, Borg
dyspnea score at end of 6-minute walk distance test, WHO
functional class, and levels of BNP or NT-proBNP) and vital
parameters were assessed at the initial and final visit to the study
center; data were also recorded in the electronic case report
form. Patient-reported outcomes—EuroQol 5-dimension
questionnaire (EQ-5D) and Pittsburgh Sleep Quality Index
(PSQI)—were documented on paper at the initial and final visits
and sent to the contract research organization for analysis.
Adverse events, from the periods between the first use of inhaled
iloprost to 30 days after the last dose within the study period,
were documented in the electronic case report form.

Digital measurements of daily physical activity and heart rate
were captured continuously by the smartwatch and app. Digital
6-minute walk distance data (steps, distance walked, heart rate,
and raw data from motion sensors) were collected at the initial
and final visit using the smartwatch and 6-minute walk distance
app (which uses step count and a stride length algorithm trained
on healthy volunteer data). Inhalation data (frequency of
inhalations, completeness of inhalations, and duration of
inhalations) were captured by the nebulizer, transferred to the
smartphone using the BreeConnect App (Bayer AG), and then
transferred to the contract research organization for analysis.

All data collected by the smartwatch were stored pseudonymized
on a secure cloud server (xbird GmbH) for further processing.
Processed data points for all variables were transferred as
pseudonymized data to the electronic data capture system and
matched to other collected data after the last visit of the last
patient.

Outcome Measures
The primary endpoint was correlation between changes from
baseline to the final visit in digital measures of physical activity,
traditional clinical measures, and in health-related quality of
life. Changes from baseline were evaluated as a first step. The
traditional clinical measures included in the primary analysis
were the 6-minute walk distance, Borg dyspnea score after the
6-minute walk distance test, WHO functional class, and BNP
or NT-proBNP levels. Health-related quality of life was assessed
using the EQ-5D. The digital measures were distance walked,
number of steps, number of standing-up events, and digital
6-minute walk distance (Multimedia Appendix 2).

Secondary endpoints included inhalation behavior (mean daily
inhalation duration per session, mean daily number of
inhalations, and mean daily proportion of complete and

J Med Internet Res 2021 | vol. 23 | iss. 10 |e25163 | p.334https://www.jmir.org/2021/10/e25163
(page number not for citation purposes)

Stollfuss et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


incomplete inhalations) and the mean association between
physical activity level (device-based) and time since the last
inhalation. The change from baseline to the end of the
observation period in sleep quality (PSQI) and heart rate (at rest
and during the 6-minute walk distance test), the association
between heart rate and other device-based measures during the
whole study period, and the incidence of treatment-emergent
adverse events and serious treatment-emergent adverse events
were also evaluated as secondary endpoints. Other endpoints
included acceptance of the smartwatch by patients, correlation
of traditional and digital 6-minute walk distance measurements,
and association of digital measures with 6-minute walk distance.

Statistical Analysis
Statistical analyses were exploratory and descriptive.

Based on a feasibility study conducted in 2018 and ongoing
study experience, the final planned sample size was 25 to 50
patients. The minimum number of 25 patients was considered
sufficient to obtain reasonably precise correlation coefficients
(even with 40% missing data).

The safety analysis set included all patients who received at
least 1 dose of inhaled iloprost. If a patient withdrew consent
without agreeing to further use of their data, they were excluded
from the safety analysis set. The full analysis set included all
patients from the safety analysis set who had ≥3 days of activity
measurements during the baseline period, ≥3 days of activity
measurements during the last 2 weeks of the observation period,
and data at the initial and final visits for at least 1 of the
following clinical outcome measures: 6-minute walk distance,
BNP/NT-proBNP levels, and WHO functional class. Patients
identified as screening failures after enrollment (included by
mistake) were excluded from the full analysis set.

Measurements per day were normalized, for an assumed 18
hours (6 AM to midnight) of activity per day if parts of the
observational time period of that day were missing, based on
the percentage of time spent wearing the smartwatch. If the

watch was worn for less than 10% of a given day, data for that
day were treated as missing.

Device-measured daily physical activity at baseline was
calculated as the median of ≤14 daily assessments before the
first intake of inhaled iloprost. Device-measured daily physical
activity at the end of the observation period was calculated as
the median of daily assessments in the last 14 days of the
observation period.

Pearson correlations were calculated for complete, pairwise
observations of traditional and digital measures included in the
primary analysis. Missing data for these parameters were not
imputed.

Regression analyses were performed with change from baseline
in a traditional clinical measure as the dependent variable and
changes from baseline in digital measures (distance walked,
number of standing up events, and 6-minute walk distance) as
independent variables.

Results

Patients
We screened and enrolled 31 patients; 30 patients were included
in the safety analysis set, and 18 patients were included in the
full analysis set (Figure 1). Most patients in the full analysis set
(Multimedia Appendix 3) were older adults (aged ≥65 years;
n=12), female (n=12), and White (n=17). All patients were
taking oral pulmonary arterial hypertension therapies at baseline.

The most common iloprost dose at the start and end of the
observation period was 2.5 μg; 3 patients changed doses
(Multimedia Appendix 4). The median number of inhalation
sessions per day was 5.0 (IQR 4.3 to 5.7), and the inhalation
duration per session was 5.5 minutes (IQR 3.8 to 6.3). More
than 75% of the inhalations were complete—the median daily
percentage of complete inhalations was 100% (IQR 100% to
100%; range 50%-100%).

Figure 1. Patient disposition. CTEPH: chronic thromboembolic pulmonary hypertension; PAH: pulmonary arterial hypertension.

Use of the Smartwatch During the Study
The median observation period in the full analysis set was 91.5
days (IQR 88.0 to 92.0; range: 34-113 days). Participants wore

the smartwatch between 30 and 113 days overall (baseline
period: range 4-14 days; end of the observation period: 8-14
days), for a mean time ranging from 4.8 hours per day to 11.5
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hours per day (baseline period: range 4.1-14.6 hours per day;
end of the observation period: range 4.7-10.5 hours per day).
During the baseline period, 12 of the 18 patients (67%) wore
the smartwatch for less than 7 days, and 6 of the 18 patients
(33%) wore their smartwatch for at least 7 days. During the end
of the observation period, almost three-quarters of the patients

(13/18, 72%) wore the smartwatch every day, and all patients
(18/18, 100%) wore it for at least 7 days. (Table 1). The number
of hours spent wearing the watch per day decreased over the
study period, but 89% of the patients (16/18) still wore the
smartwatch for ≥6 hours per day on average during the end of
the observation period (Table 1).

Table 1. Smartwatch use during the study (full analysis set).

Patients, n (%)Use characteristic

Last 14 days of observation periodBaseline period

Number of days worn

0 (0)12 (67)<7 days

18 (100)6 (33)≥7 days

17 (94)3 (17)≥10 days

13 (72)2 (11)14 days

Average daily hours worn

2 (11)2 (11)<6 hours

16 (89)16 (89)≥6 hours

4 (22)9 (50)≥10 hours

0 (0)1 (6)≥14 hours

0 (0)0 (0)18 hours

Association Between Changes in Digital Physical
Activity Measures and Changes in Traditional Clinical
Measures

Comparison of Traditional and Digital Measures for
6-Minute Walk Distance
The median increase in traditional 6-minute walk distance was
26 m (Table 2). Although traditional and digital 6-minute walk

distances were measured in parallel, digital 6-minute walk
distance showed no substantial change from baseline (median
−4.3 m, IQR −33.5 to 35.8), despite the observed change in
traditionally measured 6-minute walk distance.

Table 2. Traditional and digital measures for 6-minute walk distance before and after 12 weeks of inhaled iloprost therapy.

ValuesPatientsMeasure

RangeIQRMediann

Traditional 6-minute walk distance (meters)

196 to 546250 to 42033918First visit

207 to 585282 to 41836616aLast visit

−43 to 870 to 402616aChangeb

Digital 6-minute walk distancec (meters)

301.3 to 556.8364.2 to 460.6423.114First visit

267.8 to 592.6329.2 to 486.3433.914Last visit

−69.2 to 90.0−33.5 to 35.8−4.314Change

aTwo of the 18 patients withdrew consent during the observation period and did not perform a 6-minute walk distance test at their final visit (they agreed
to the use of data that had already been collected).
bPatients analyzed at the first and last visit were used for the calculation of change. The median change as a robust center estimate is not necessarily
the difference of the median of the total distance walked.
cOnly for patients with available values for both baseline and final visit.
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Further Traditional Measures and Health-Related
Quality of Life
Borg dyspnea index increased from baseline in 7/18 patients
(39%), remained stable in 6/18 patients (33%), and decreased

in 3/18 patients (17%) (Table 3). WHO functional class changed
from III to II in 4 patients and remained unchanged in the other
14 patients. The EQ-5D weighted index did not change
considerably.

Table 3. Traditional clinical measures and health-related quality of life before and after 12 weeks of inhaled iloprost therapy.

ValuesPatientsMeasure

RangeIQRMediann

Borg dyspnea

1.0 to 10.04.0 to 6.05.018First visit

1.0 to 8.02.5 to 6.53.516aLast visit

−3.0 to 3.0−2.0 to 0.0−0.516aChange

EQ-5Db

0.38 to 1.000.74 to 0.960.8817First visit

−0.26 to 1.000.74 to 0.970.8716Last visit

−0.21 to 0.180.00 to 0.080.0215Change

B-type natriuretic peptide level (ng/L)

17 to 43075 to 3521816First visit

22 to 30444 to 1661366Last visit

−264 to 99−236 to 5−166Change

N-terminal pro–B-type natriuretic peptide level (ng/L)

78 to 15,749692 to 4676183610First visit

92 to 9859759 to 372620058Last visit

−5890 to 1888−3415 to 212−7498Change

aTwo of the 18 patients withdrew consent during the observation period and did not perform a 6-minute walk distance test at their final visit (they agreed
to the use of data that had already been collected).
bEQ-5D: EuroQol 5-dimension questionnaire.

Digital Measures of Physical Activity
Digital measures of daily physical activity (daily distance
walked, number of steps per day, and number of standing-up

events per day) increased from baseline to the end of the
observation period (Table 4).
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Table 4. Digital measures before and after 12 weeks of inhaled iloprost therapy.

ValuesPatientsMeasure

RangeIQRMediann

Distance walked per daya (km)

1.7 to 14.93.1 to 7.65.218Baseline

2.6 to 15.74.0 to 7.86.518End of observation

−3.6 to 4.7−0.2 to 1.90.418Change

Number of steps per daya

2268 to 18,3984073 to 10,258672118Baseline

3389 to 19,4515330 to 10,101833218End of observation

−4605 to 6075−509 to 241359118Change

Number of standing-up events per daya

0.0 to 56.520.4 to 25.624.218Baseline

14.5 to 55.023.1 to 26.724.818End of observation

−9.9 to 25.5−1.1 to 5.41.718Change

aAverage during baseline and last 14 days of observation period.

Correlation Between Changes From Baseline in
Traditional and Digital Measures
Changes from baseline in traditional 6-minute walk distance
and digital 6-minute walk distance were moderately correlated
(Table 5). The numbers of patients with available data for BNP

and NT-proBNP levels (n=6 and n=8, respectively) were too
low for a meaningful analysis of correlation. A sensitivity
analysis that had been planned (calculation using the complete
data set instead of pairwise complete observations) was not
performed because the volume of data was insufficient for
further analysis.

Table 5. Pearson correlation between changes from baseline in traditional clinical parameters, health-related quality of life, and digital parameters after
starting inhaled iloprost therapy.

Digital parameters, rPatientsMeasure

6-minute walk

distanceb
Average number of stand-

ing-up events per daya
Average number of

steps per daya
Average distance

walked per daya
n

Traditional parameters

0.57−0.300.350.35166-minute walk distance (meters)b

0.37−0.08−0.33−0.3316Borg dyspneab

−0.130.27−0.79−0.786B-type natriuretic peptide level (ng/L)

−0.290.11−0.02−0.018N-terminal pro–B-type natriuretic peptide
level (ng/L)

0.520.050.140.1415EQ-5Dc weighted index

aCalculation based on a daily period from 6 AM to midnight.
bTwo of the 18 patients withdrew consent during the observation period and did not perform a 6-minute walk distance test at their final visit (they agreed
to the use of data that had already been collected).
cEQ-5D: EuroQol 5-dimension questionnaire.

Heart Rate
The median average heart rate at rest was 75.9 beats per minute
(IQR 70.4 to 88.5) at baseline and 76.5 beats per minute (IQR
69.5 to 85.4) at the final visit. From baseline to the final visit,
the average heart rate at rest showed a median decrease of −1.3
beats per minute (IQR −8.0 to 3.5).

Heart rates measured during the 6-minute walk distance test
were slightly higher at the last visit compared with those at the

baseline visit (Figure 2). The median changes in heart rate from
1 minute before the 6-minute walk distance test to each minute
during the 6-minute walk distance test were also higher at the
last visit (4.6 beats per minute to 23.9 beats per minute) than
those at the baseline visit (3.0 beats per minute to 20.5 beats
per minute) (Multimedia Appendix 5). Heart rate recovery
immediately after the 6-minute walk distance test was slower
at the last visit than that at the baseline visit (Figure 3).
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Figure 2. Median heart rate Data collected by smartwatch during 6-minute walk distance test before (baseline) and under (last visit) inhaled iloprost
therapy. Error bars show IQR.

Figure 3. Heart rate recovery data collected by smartwatch at the end of the 6-minute walk distance (6MWD) test before (baseline) and under (last
visit) inhaled iloprost therapy. Error bars show IQR.

Inhalation and Changes in Heart Rate and Physical
Activity
The study design enabled parallel digital tracking of iloprost
inhalation, heart rate, and physical activity. An analysis of

patients stratified by the median duration of iloprost inhalation
and treatment month suggested that the average heart rate during
iloprost inhalation showed a slight increase with duration of
inhalation (Multimedia Appendix 6). Owing to large differences
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in subgroup size, no clear trend for the change in average heart
rate during treatment could be detected.

Distance walked (measured digitally) showed a short-term
increase in activity shortly after inhalation and a long-term

increase in activity over the entire observation period (Figure
4A). A similar association was observed for the number of steps
(Figure 4B) but was not observed for the number of standing-up
events (not shown).

Figure 4. (A) Distance walked and (B) number of steps (measured at 15-minute intervals for 3 hours after the end of each iloprost inhalation session)
over the whole observation period.

For each iloprost inhalation session per day, 12 intervals (of 15
minutes) beginning at the end of the inhalation session were
defined, and the distance walked per interval was recorded. The

corresponding intervals for each inhalation per day were
averaged for each patient (ie, the first intervals after the
inhalations were averaged, then the second intervals after the
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inhalations, etc) The resulting 12 average values for each patient
each day were then averaged over all patients. Complete and
incomplete inhalations were included. Approximately 3700
inhalations were excluded from the analysis because the watch
was not worn over the entire period of 3 hours after the end of
inhalation. Some of the 3-hour intervals were overlapping. The
coverage for the first analyzed 15-minute interval of each
inhalation could be less than 100%, which occurred about 40
times. Within 1 day, the intervals after the inhalations were not
distributed equally over the day.

Additional Analyses
In regression analyses, the change from baseline in traditional
6-minute walk distance was associated with changes in digital
outcomes (distance walked, number of standing-up events, and
digital 6-minute walk distance). Absolute measurements of
traditional and digital 6-minute walk distance were strongly
correlated but not congruent at baseline (r=0.86) and at the final
visit (r=0.87). Further details of these and other additional
analyses are presented in Multimedia Appendix 7.

Discussion

Feasibility of Digital Monitoring
To the best of our knowledge, this study is the first to monitor
physical activity and heart rate using iPhones and Apple
Watches in patients with pulmonary arterial hypertension. The
results demonstrate the feasibility of using digital parameters
as digital biomarkers for long-term activity levels in patients
with pulmonary arterial hypertension. Despite the fact that
patients were blinded to smartwatch-collected data, acceptance
was good—almost 90% wore the smartwatch for at least 6 hours
per day at baseline (16/18, 89%) and for the end of the
observation period (16/18, 89%). Although correlations between
changes in digital and traditional clinical outcome measures
were few, the overall directions of those changes were generally
concordant. The results also demonstrated the feasibility of
continuously measuring multiple digital parameters (eg,
inhalations, heart rate, and physical activity) in parallel with
different devices and matching the data. We were able to detect
short-term increases in physical activity after each iloprost
inhalation session with fine granularity. The results also
highlighted some important challenges and limitations that
should be considered for future digital studies in patients with
pulmonary arterial hypertension.

Recruitment was limited by a lack of available patients, which
resulted in a small study population. This could be partly due
to the rarity of pulmonary arterial hypertension [17], the
willingness of patients to undergo digital monitoring, and the
suitability of the study devices for the patients [14].
Nevertheless, data were fully available in the full analysis set
for most outcome variables. Thus, reasonable precision was
obtained for most correlation coefficients in the primary
endpoint analysis, with the exceptions of BNP and NT-proBNP
levels; as no central laboratory facility was used, clinicians
generally measured either BNP or NT-proBNP (rather than
both) based on local availability, which meant that few patients
had data for each individual laboratory parameter.

Comparison Between Clinical and Digital Parameters
Although there was general agreement between changes in
digital and traditional parameters from baseline, parallel digital
and traditional measurements of 6-minute walk distance were
not congruent. The proprietary digital 6-minute walk distance
algorithm was based on step count and the step length of healthy
individuals, which in general is not valid for patients with
pulmonary arterial hypertension. Substitution of the healthy
step length with a patient’s individualized step length could
provide better estimation of distance. The current series of Apple
devices includes individual and repeated measurement of step
length, which may be used in future studies to better estimate
distance. This feature may also enable researchers to characterize
other changes in health status (eg, dyspnea) more precisely.
Alternatively, measurement of distance by GPS may be suitable
if the 6-minute walk distance test can be performed outdoors.
Wi-Fi could be a potential alternative to GPS for 6-minute walk
distance tests conducted indoors. However, measurement of
6-minute walk distance by GPS or Wi-Fi would require precise
location tracking. A feasibility survey suggested that precise
tracking on a long-term basis would not be accepted by patients
[14]; such tracking would, therefore, need to be restricted to
during the 6-minute walk distance test (eg, by designing the
6-minute walk distance app to automatically switch GPS and
Wi-Fi tracking on at the start of the 6-minute walk distance test
and off at the end of the test).

Previous digital studies [18-22] with patients with pulmonary
arterial hypertension have shown mean step counts in the range
of 3234 to 5041 and mean traditional 6-minute walk distances
in the range of 343 m to 458 m. In comparison, this study
population had higher step counts (median 6721 at baseline and
8332 at the end of the observation period) but broadly similar
traditional 6-minute walk distance (median 339 m at baseline
and 366 m at the final visit). The reasons for this are unclear
but may include methodological differences and the small
sample size in our study. Patients in previous studies were
monitored for only short periods of time (≥3 days [18], ≥3
weekdays [20], 6 days on average [21,22], or 7 days [19]),
whereas patients in our study were monitored for 30 to 113 days
(including 4-14 days in the baseline period and 8-14 days at the
end of the observation period). Studies [23,24] with healthy
adults have shown variations in physical activity over the course
of a week, with the lowest levels of inactivity occurring on
Saturdays. The results in patients with pulmonary arterial
hypertension for shorter duration study periods may, therefore,
have been influenced by the timing of physical activity
monitoring. Mainguy et al [19] evaluated patients for 7
consecutive days but asked them to avoid performing unfamiliar
activities during that time; this restriction was not used in our
study.

The number of standing-up events is difficult to interpret. In a
recent study with patients with pulmonary arterial hypertension,
sit-to-stand test results (the number of sit-to-stand movements
that patients were able to complete in 30 seconds) were
associated with quadriceps muscle strength, which in turn was
associated with 6-minute walk distance [25]. An official
statement from the European Respiratory Society [26] noted
that the sit-to-stand test depends substantially more on muscle
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strength, equilibrium, and gait balance than on the mechanisms
of oxygen and carbon dioxide transport that are the target of
vasoactive pulmonary arterial hypertension treatments. During
long-term monitoring, an increase in the number of standing-up
events per day could reflect an increase in distance walked or
an increase in sitting-down events (in the absence of an increase
in activity, the latter would suggest a worsening of the patient’s
condition). The assessment of standing-up events in patients
with pulmonary arterial hypertension is not yet well established,
and more data are needed.

The physical activity level may also be influenced by factors
other than the severity of pulmonary arterial hypertension (eg,
patient preferences, patient behavior, or the season in which the
patient was recruited). Nevertheless, daily activity has been
linked to prognosis in patients with pulmonary hypertension
[27].

The abovementioned limitations provide examples of some of
the many criteria that must be fulfilled to ensure a successful
digital study. The criteria can be broadly categorized into 6
themes, collectively referred to as the digital real-world evidence
matrix: patient (eg, patient willingness to use digital devices
and preferences regarding design and features of digital devices),
indication (eg, number of available patients and suitability of
disease-relevant outcome measures for digital monitoring),
biomarker (eg, connection of digital measure to a health-related
outcome), type of sensor or device (eg, ease of use,
personalization, and data security), quality (eg, accuracy of
primary data capture), and endpoint (eg, transformation of sensor
data into a meaningful, patient-centered endpoint). These themes
were addressed in the design of the VENTASTEP study, which
combined digital and traditional monitoring to provide new
insights into the real-life treatment of patients with pulmonary
arterial hypertension.

Changes in Digital and Traditional Measures After
Initiation of Inhaled Iloprost
There was an increase of 26 m for traditional
investigator-measured 6-minute walk distance from baseline
after addition of inhaled iloprost to oral pulmonary arterial
hypertension therapy, which is consistent with the results of
previous clinical trials [10,11]. The increase in traditional
6-minute walk distance was accompanied by changes in other
traditional parameters and digital measures of daily physical
activity.

6-Minute walk distance assessed during an office visit may be
affected by daily fluctuations in physical function and may not
accurately capture long-term changes in symptoms and physical
function. Furthermore, the 6-minute walk distance test reflects
maximal activity, whereas daily physical activity parameters
provide an average of overall activity. Digital monitoring
provides new insights into patient activity, with a more complete
picture of the patient’s health status than traditional 6-minute
walk distance alone. For example, the digital data showed that
physical activity increased shortly after each iloprost inhalation
session. This sheds light on the day-to-day experiences of
patients with pulmonary arterial hypertension taking inhaled
iloprost and may be helpful information for patients or
physicians considering iloprost therapy.

The increase in heart rate during the 6-minute walk distance
test was marginally greater at the final visit compared with that
the baseline visit, and heart rate recovery time after the 6-minute
walk distance test increased. A previous study [28] showed
significant associations between the chronotropic response (peak
walking heart rate minus resting heart rate) and 6-minute walk
distance in patients with pulmonary arterial hypertension, which
led Provencher et al [28] to suggest that a lack of chronotropic
response may reflect a loss of normal physiological reserve in
patients who were more unwell. Preservation of the chronotropic
response may therefore be a positive sign. However, given the
high variability of heart rate in our study, changes to this
parameter cannot be clearly interpreted.

Despite increases in daily physical activity over the course of
the study, the EQ-5D weighted index showed little change. The
EQ-5D score has produced mixed results in key clinical trials
of pulmonary arterial hypertension therapies [9], showing
improvements in placebo-controlled trials of sildenafil [29] and
tadalafil [30] but not in a placebo-controlled trial of riociguat
[31], despite riociguat resulting in patients showing significant
improvements in traditional measures such as 6-minute walk
distance and WHO functional class. The EQ-5D is a generic
instrument [9] and may therefore lack specificity to address the
important health-related quality of life issues in pulmonary
arterial hypertension [8]. Health-related quality of life may also
be influenced by associated comorbidities such as scleroderma,
liver cirrhosis, and HIV [32].

Sleep disturbance in patients with pulmonary arterial
hypertension has been associated with symptom severity,
psychological state, and health-related quality of life [33]. PSQI
score showed slight changes in sleep quality from baseline to
the final visit. A global PSQI score of 5 has been proposed as
a cut-off to distinguish good and poor sleep [34]. Thus, sleep
quality in the study group as a whole shifted from poor to good
during the course of the study.

Strengths and Limitations
The strengths of this study include its continuous, parallel,
digital measurement of inhalation behavior, heart rate, and
physical activity over a long observation period. The limitations
of this study include its small sample size, insufficient BNP or
NT-proBNP data, and the fact that the digital 6-minute walk
distance algorithm was based on the step length of healthy
individuals rather than that of patients with pulmonary arterial
hypertension. A substantial proportion of the study population
took concomitant beta-blockers, which should be considered
when interpreting the heart rate data.

Implications for Future Research
Further research is warranted to assess the association of iloprost
inhalation behavior with changes in digital physical activity
measures, traditional clinical measures, and health-related
quality of life. The relationship between daily physical activity
and traditional 6-minute walk distance requires further
exploration. In addition, studies with longer-term follow-up are
needed to determine if clinical outcomes (eg, mortality or time
to clinical worsening) are better predicted by the change in
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traditional 6-minute walk distance or the change in digital
6-minute walk distance over time.

The recruitment difficulties in this study (which focused on a
rare disease) suggest that digital monitoring studies may be
more feasible in indications with large patient populations, such
as heart failure. In addition, most patients were older adults;
recruitment may be higher among populations of younger
patients who are more familiar with digital technology.
Refinement of the digital 6-minute walk distance algorithm for
the target patient population is also needed.

Conclusions
Although generalizability is limited because of the small sample
size and other limitations, the study demonstrated the general
feasibility of performing digital assessments with a
commercially available smartwatch and smartphone in patients
with pulmonary arterial hypertension. Digital measures of daily
physical activity and traditional clinical measures showed
concordant changes from baseline after addition of inhaled
iloprost to oral pulmonary arterial hypertension therapies.
However, the data indicate that activity tracking algorithms
validated for healthy people require adaptation for patients with
pulmonary arterial hypertension. Further investigations are
therefore necessary.
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Abstract

Background: Continuous positive airway pressure (CPAP) is an effective treatment for obstructive sleep apnea (OSA), but
treatment compliance is often unsatisfactory.

Objective: The aim of this study was to assess the effectiveness and cost-effectiveness of an intelligent monitoring system for
improving CPAP compliance.

Methods: This is a prospective, open label, parallel, randomized controlled trial including 60 newly diagnosed patients with
OSA requiring CPAP (Apnea–Hypopnea Index [AHI] >15) from Lleida, Spain. Participants were randomized (1:1) to standard
management or the MiSAOS intelligent monitoring system, involving (1) early compliance detection, thus providing measures
of patient’s CPAP compliance from the very first days of usage; (2) machine learning–based prediction of midterm future CPAP
compliance; and (3) rule-based recommendations for the patient (app) and care team. Clinical and anthropometric variables,
daytime sleepiness, and quality of life were recorded at baseline and after 6 months, together with patient’s compliance, satisfaction,
and health care costs.

Results: Randomized patients had a mean age of 57 (SD 11) years, mean AHI of 50 (SD 27), and 13% (8/60) were women.
Patients in the intervention arm had a mean (95% CI) of 1.14 (0.04-2.23) hours/day higher adjusted CPAP compliance than
controls (P=.047). Patients’ satisfaction was excellent in both arms, and up to 88% (15/17) of intervention patients reported
willingness to keep using the MiSAOS app in the future. No significant differences were found in costs (control: mean €90.2 (SD
53.14) (US $105.76 [SD 62.31]); intervention: mean €96.2 (SD 62.13) (US $112.70 [SD 72.85]); P=.70; €1=US $1.17 was
considered throughout). Overall costs combined with results on compliance demonstrated cost-effectiveness in a bootstrap-based
simulation analysis.
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Conclusions: A machine learning–based intelligent monitoring system increased daily compliance, reported excellent patient
satisfaction similar to that reported in usual care, and did not incur in a substantial increase in costs, thus proving cost-effectiveness.
This study supports the implementation of intelligent eHealth frameworks for the management of patients with CPAP-treated
OSA and confirms the value of patients’ empowerment in the management of chronic diseases.

Trial Registration: ClinicalTrials.gov NCT03116958; https://clinicaltrials.gov/ct2/show/NCT03116958

(J Med Internet Res 2021;23(10):e24072)   doi:10.2196/24072

KEYWORDS

obstructive sleep apnea; continuous positive airway pressure; patient compliance; remote monitoring; machine learning

Introduction

Obstructive sleep apnea (OSA) is the most prevalent
sleep-disordered breathing condition, affecting 15%-30% of
adults in Western countries [1]. It is characterized by repetitive
episodes of airways collapse during sleep, causing sleep
fragmentation, intermittent hypoxia, and daytime somnolence.
OSA has been associated with increased morbidity and
mortality, and has an impact on quality of life [2]. In this sense,
increased inflammation, oxidative stress, sympathetic activation,
and hypercoagulability are the main mechanisms associating
OSA with hypertension; cancer; and cardiovascular,
cerebrovascular, and metabolic diseases [2].

Nocturnal continuous positive airway pressure (CPAP),
preventing upper airway collapse during sleep, is the treatment
of choice for patients with symptomatic OSA [3]. A satisfactory
CPAP compliance (≥4 hours/day) improves daytime sleepiness
and overall quality of life; reduces OSA severity markers, such
as the Apnea–Hypopnea Index (AHI); moderately decreases
arterial blood pressure (BP), mainly in patients with resistant
hypertension [3,4]; and contributes to preventing the onset of
newly diagnosed hypertension [5]. Compliance is, therefore,
essential for the efficacy of CPAP treatment and its optimization
is an important aspect of patient management. However, up to
one-third of patients underuse or even discontinue CPAP [6-8],
mostly because of treatment-related side effects such as machine
noise, pressure intolerance, mask displacement, or
claustrophobia [9]. In this sense, issues hampering CPAP
compliance during the first months of treatment are likely to
have a significant impact on long-term CPAP compliance [10].
Therefore, there is a need to implement effective strategies for
the promotion of CPAP compliance, especially during the first
months of treatment.

So far, interventions tackling CPAP compliance, including novel
educational and supportive or therapeutic strategies, have
reported low to moderate evidence of success [11,12]. By
contrast, when these strategies are wrapped up in comprehensive
packages making use of information and communication
technologies (eHealth) and targeting the initial months after
CPAP prescription, the potential for success can be significantly
enhanced [12-14]. In this scenario, and within the frame of the
MiSAOS project, an internet of things–based intelligent
monitoring system relying on machine learning [15] was
developed in Catalonia, Spain, with a fourfold goal: (1)
predicting patient’s potential early CPAP compliance; (2)
providing real-time monitoring of patient’s CPAP compliance,
informing both the patient and the care team, and granting

decision support; (3) empowering the patient by means of
feedback and recommendations; and (4) reducing patient’s
overall management costs. This study compares, in terms of
effectiveness and cost-effectiveness, the MiSAOS intelligent
monitoring system model, based on early compliance detection,
compliance prediction, and rule-based recommendations, with
the usual care provided to patients using CPAP in the region of
Lleida, Catalonia.

Methods

Study Design
This is a prospective, open label, parallel, randomized controlled
trial comparing the MiSAOS management model with care as
usual for a duration of 6 months after CPAP prescription
(ClinicalTrials.gov NCT03116958). The study was conducted
from November 2016 to December 2017 in Lleida, Catalonia.
Multimedia Appendix 1 shows the CONSORT checklist of this
study.

Target Population
Eligible population included patients with OSA (AHI ≥15) being
newly diagnosed in the sleep unit of University Hospital Santa
Maria, Lleida, and requiring CPAP treatment according to the
Spanish Respiratory Society (SEPAR) guidelines [16]. The
specific eligibility criteria were aged over 18 years; having a
sufficient competence in the use of smartphones; not having
been previously treated with CPAP; not having impaired lung
function (overlap syndrome, obesity hypoventilation syndrome,
and restrictive disorders), severe heart failure, severe chronic
pathologies, psychiatric disorders, or periodic leg movements
or other dyssomnias or parasomnias; and not being pregnant.

Sample Size
Accepting an α risk of .05 and a β risk of .2 in a 2-sided test,
29 patients per study arm were needed to recognize as
statistically significant a difference in compliance greater than
or equal to 1 hour/day. The common SD was assumed to be
1.35, based on previous research of the group.

Recruitment, Randomization, and Intervention
Patients were recruited in the sleep unit and randomized (1:1)
to receive 6 months of either MiSAOS or usual care
management. Patients in the usual care arm were managed
according to the SEPAR guidelines [16]. Randomization was
based on a permuted-block design with a computer random
number generator and a fixed block size of 4. Patients were
fitted with a mask and given a CPAP device (AirSense 10;
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ResMed) and a leaflet explaining how to use it. A short training
session on how to use the CPAP device was also given to
patients and partners in the sleep unit by a trained nurse with
experience in the follow-up of CPAP-treated patients. This
included a practical demonstration of how to put on the mask,
and the correct management and cleaning of the tubes, mask,
and humidifier. Information on how to turn the CPAP device
on and off was provided by the homecare provider at the time
of machine delivery. According to SEPAR recommendations,
patients were visited after 1 month of treatment by the specialist
nurse at the sleep unit. Information about CPAP, compliance
(use of CPAP for ≥4 hours/day), residual respiratory events,
and leaks was downloaded from the device. CPAP-related side
effects, CPAP machine care and maintenance actions (ie,
changes of mask), and the number of required additional visits
or calls were recorded by the nurse.

Similarly, patients in the MiSAOS arm were fitted with a mask,
a CPAP device (AirSense 10; ResMed), and given a leaflet
explaining its use. Patients received the same training sessions
from the same personnel as in the usual care arm. However,
these patients’ CPAP devices were equipped with mobile 2G
(global systems for mobile/general packet radio service
[GSM/GPRS]) technology capable of sending daily information
on CPAP compliance, CPAPs, mask leaks, and residual
respiratory events to the MiSAOS–Oxigen salud web database.
In addition, patients in the MiSAOS arm had access to an
integrated platform including a website [17] and a mobile app
(MiSAOS; available for both Android and iOS), benefitting
from continuous monitoring and personalized feedback. Sample
screenshots of the MiSAOS app showing its main functionalities
and features are presented in Multimedia Appendix 2. Similarly,
sample screenshots of the MiSAOS website showing some of
its functionalities and features are presented in Multimedia
Appendix 3. Hospital lung specialists managing these patients
and the CPAP provider (Oxigen salud) also had access to the
MiSAOS website that provided relevant information and
decision support according to the specific role and access rights
of each professional user. Finally, the cloud-based MiSAOS
platform connected all the devices for data exchange and hosted
an intelligent monitoring system, based on machine learning,
capable of predicting the expected compliance with the therapy
by a given patient, thus providing adequate feedback and
proposing personalized interventions to increase compliance
[15,18]. Predictions of patient’s midterm compliance were based
on patient’s characteristics, such as anthropometric data and
clinical information, and early compliance data. Examples of
the needed information and provided outcome can be found in
Multimedia Appendix 3. Based on these predictions, patients
were classified into 2 groups: low compliance and medium/high
compliance, and recommendations were provided based on
these classes. In brief, recommendations included warnings and
exhortation to do better in case of low compliance, or positive
reinforcement messages in case of good compliance,
highlighting the key areas to be improved regardless of the
compliance. This platform was also used for the monitoring of
patient compliance, prompting actions when compliance was
too low.

Data Collection
Baseline information was collected by sleep unit personnel
during recruitment, regardless of the study arm. This included
age; gender; socioeconomic level; Epworth Sleepiness Scale
(ESS) score; EuroQoL-5D quality of life (EQ-5D); lifestyle
habits (tobacco and alcohol consumption); comorbidities; use
of medications; weight; height; BMI; neck, waist, and hip
circumference; and BP. Variables of the sleep study were also
recorded and included registration time, sleep duration, AHI,
and percentage of nighttime spent with an oxygen saturation
less than 90%.

At 3 and 6 months all patients, regardless of the study arm, were
visited at the sleep unit. Patients were checked about progress
and compliance with therapy and any problems with their CPAP
machine. During these visits we collected data on treatment
compliance (number of hours/day), ESS score, OSA-related
symptoms, EQ-5D, BP, and anthropometric variables.
Additionally, data on CPAP, residual respiratory events and
leaks, CPAP-related side effects (mask allergies and skin
irritations, dry mouth, congestion, runny nose, sneezing,
sinusitis, nosebleeds, and discomfort), overall satisfaction with
the therapy (questionnaire), CPAP machine care and
maintenance actions (ie, changes of mask), and the number of
any additional visits and calls required by the patient during the
follow-up were collected. Finally, costs for each component,
use of services, and visits were computed based on standard
prices of the CPAP provider and on Catalan Health Department
official data (CVE-DOGC-A-13051031-2013) [19]. Only direct
costs were considered.

Statistical Analyses
A t test, or an equivalent nonparametric test, or chi-square test
was used for baseline bivariate analyses, depending on variables’
characteristics. Differences in the primary and secondary
outcomes between the intervention and control groups at 6
months were assessed using ordinary least-squares linear
models. All models were adjusted by age, and models for
secondary outcomes were further adjusted by the baseline
values. A 2-sided P value and 95% CI were used. The
cost-effectiveness analysis was performed using the total costs
for each arm based on intervention effectiveness (CPAP
treatment compliance). A probabilistic sensitivity analysis was
performed using the bootstrap method, which was represented
in a cost-effectiveness plan.

The primary and secondary analyses were performed on both
the intention-to-treat (ITT) and per-protocol (PP) samples. The
ITT sample included all the patients who were randomized. The
PP sample excluded the patients who were lost during the
follow-up period. Missing data were imputed using multiple
imputation consisting of chained equations, for which 10
complete databases were checked. The R package “mice” was
used for these calculations. All statistical analyses and data
processing procedures were performed using R software, version
3.4.4 (The R Foundation).

Ethical Considerations
This study was approved by the Ethics Committee of Hospital
Arnau de Vilanova (CEIC-1283) and all patients provided
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written informed consent. This project was registered in
ClinicalTrials.gov (registration number NCT03116958).

Results

A total of 60 patients were randomized to receive either
MiSAOS (intervention; n=30) or usual care (control; n=30)
management, and up to 53 patients completed the study (Figure
1). Patients’ baseline characteristics in both study arms are
presented in Table 1, which show that only age was statistically
different among groups.

Table 2 shows the primary and secondary outcomes of the trial
according to an ITT analysis. After 6 months, the mean (95%

CI) CPAP compliance was 4.89 (4.05-5.72) hours/day in the
control group and 5.79 (5.20-6.38) hours/day in the intervention
group, with an adjusted difference of 1.14 (0.04-2.23; P=.047)
hours/day in benefit of intervention. Furthermore, the
intervention arm had a higher proportion of patients with good
compliance (use of CPAP for ≥4 hours/day) than the control
arm (88.5% [23/26] vs 70.4% [19/27], respectively; P=.20),
although this did not achieve statistical significance. Regarding
secondary outcomes, ESS, BP, and the EQ-5D visual analog
scale scores improved after 6 months of CPAP treatment in both
arms, although the change in systolic BP was significantly
higher in patients in the control arm than in those in the
intervention arm (adjusted P=.04). Results on a PP approach
were similar and are shown in Multimedia Appendix 4.

Figure 1. Study flowchart. CPAP: continuous positive airway pressure, ITT: intention-to-treat

Table 1. Patients’ baseline characteristics (N=60).a

P valueIntervention (n=30)Control (n=30)Characteristic

.9926 (87)26 (87)Gender (male), n (%)

.0452 (12)58 (10)Age (years), mean (SD)

.42101 (23)97 (19)Weight (kg), mean (SD)

.3834.7 (7.3)33.1 (6.4)BMI (kg/m2), mean (SD)

.42142 (20)138 (17)Systolic blood pressure (mmHg), mean (SD)

.7488 (81-95)87 (79-96)Diastolic blood pressure (mmHg), median (range)

.2253 (35-65)39 (25-71)Apnea–Hypopnea Index (events/hour)

aData as per t test, or an equivalent nonparametric test, or chi-square test depending on variables’ characteristics.
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Table 2. Differences in primary and secondary outcomes of the trial according to an intention-to-treat analysis (N=60).a

Difference, mean (95% CI)Intervention (n=30), mean (SD)Control (n=30), mean (SD)Differences

Primary outcome

5.79 (1.60)4.89 (2.30)Compliance (hours/day)

0.90 (–0.16 to 1.96)Crude difference

1.14 (0.04 to 2.23)Adjusted difference

Secondary outcomes

ESSb score (0-24)

11.1 (5.35)10.9 (5.35)Baseline

5.85 (3.91)4.90 (2.41)6 months

–5.22 (4.78)–5.98 (4.42)Change

0.76 (–1.64 to 3.16)Crude difference

1.05 (–0.51 to 2.61)Adjusted difference

Weight (kg)

101 (22.5)97.0 (18.6)Baseline

100 (20.7)98.2 (20.2)6 months

–0.95 (7.91)1.26 (7.86)Change

–2.21 (–6.98 to 2.56)Crude difference

–2.55 (–7.41 to 2.32)Adjusted difference

BMI (kg/m2)

34.7 (7.17)33.3 (6.20)Baseline

34.8 (6.32)34.2 (6.80)6 months

0.14 (3.16)0.98 (3.26)Change

–0.84 (–2.95 to 1.27)Crude difference

–0.82 (–2.97 to 1.32)Adjusted difference

Systolic blood pressure (mmHg)

142 (19.4)138 (17.0)Baseline

138 (17.2)131 (12.7)6 months

–3.80 (12.7)–7.02 (15.2)Change

3.22 (–5.03 to 11.47)Crude difference

7.81 (0.57 to 15.05)Adjusted difference

Diastolic blood pressure (mmHg)

90.3 (12.5)87.7 (13.5)Baseline

86.8 (9.23)81.6 (8.84)6 months

–3.52 (10.6)–6.13 (11.4)Change

2.61 (–4.04 to 9.27)Crude difference

4.52 (–0.65 to 9.69)Adjusted difference

EQ-5Dc HUId (0-1)

0.85 (0.17)0.84 (0.22)Baseline

0.86 (0.20)0.80 (0.19)6 months

 0.00 (0.18)–0.04 (0.17)Change

0.05 (–0.05 to 0.15)Crude difference

0.03 (–0.06 to 0.13)Adjusted difference
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Difference, mean (95% CI)Intervention (n=30), mean (SD)Control (n=30), mean (SD)Differences

EQ-5D VASe (0-10)

4.63 (3.55)4.93 (3.41)Baseline

8.03 (1.32)7.35 (1.71)6 months

3.40 (3.65)2.42 (2.87)Change

0.98 (–0.72 to 2.69)Crude difference

0.51 (–0.3 to 1.33)Adjusted difference

aOrdinary least-squares linear models adjusted by age and baseline value.
bESS: Epworth Sleepiness Scale.
cEQ-5D: EuroQoL-5D quality of life.
dHUI: health utility index
eVAS: visual analog scale.

Patients’ satisfaction with the management of their illness was
excellent in both study groups (Table 3). Similarly, no
differences were found in the occurrence of CPAP-related side
effects. Finally, all patients in the intervention group reported

the MiSAOS app to be useful; 94% (16/17) of patients reported
that it was easy to use, and 88% (15/17) of patients reported the
willingness to continue to use it in the future (Table 3).

Table 3. Overall patients’ satisfaction and satisfaction with MiSAOS (N=45).a

P valueIntervention (n=19)Control (n=26)Users’ satisfaction

Overall satisfaction

The follow-up I received was sufficient to manage my health and medical needs

19 (100)26 (100)Agrees/strongly agrees, n (%)

.516.53 (0.61)6.38 (0.80)Overall score (1-7), mean (SD)

In general I am satisfied with the management of my illness

19 (100)26 (100)Agrees/strongly agrees, n (%)

.626.53 (0.61)6.62 (0.57)Overall score (1-7), mean (SD)

My contact with the hospital was sufficient

18 (95)26 (100)Agrees/strongly agrees, n (%)

.316.21 (1.62)6.62 (0.64)Overall score (1-7), mean (SD)

Satisfaction with MiSAOS (intervention only) (n=17)

The app was useful

17 (100)Agrees/strongly agrees, n (%)

6.53 (0.72)Overall score (1-7), mean (SD)

The app was easy to use

16 (94)Agrees/strongly agrees, n (%)

6.41 (0.87)Overall score (1-7), mean (SD)

I would like to use the app every day in the future

15 (88)Agrees/strongly agrees, n (%)

6.35 (1.17)Overall score (1-7), mean (SD)

aThe overall satisfaction questionnaire was answered by 26 controls and 19 intervention participants. The satisfaction with MiSAOS questionnaire was
answered by 17 participants.

Table 4 shows the costs of the intervention, costs of contacts
with the CPAP provider and health system (not including the
baseline, 3-month, and 6-month visits, as all patients regardless
of study arm did them), and costs of any CPAP machine care
and maintenance intervention actions (ie, changes of mask)
during the 6 months of follow-up. The overall mean cost per

patient was €90.2 (SD 53.14) (US $105.76 [SD 62.31]) in the
control group and €96.2 (SD 62.13) (US $112.70 [SD 72.85])
in the intervention group, resulting in a nonsignificant cost
difference between arms (P=.70). The main differences between
arms were €49.5 (US $58.04) of the intervention costs (2G
[GSM/GPRS] daily data transfer and activation and maintenance
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costs) in the MiSAOS arm, and the €41 (US $48.07) on sleep
unit visits in the usual care arm. This overall cost, combined
with the results on CPAP treatment compliance (primary

outcome), demonstrated cost-effectiveness in a bootstrap-based
simulation analysis (Figure 2).

Table 4. Within-trial intervention and follow-up costs (average cost per randomized patient; N=60).

Difference, mean (95% CI)Intervention (n=30), €/patient,
mean (SD)

Control (n=30), €a/patient,
mean (SD)

Concept

Intervention costsb

–41.5 (—)41.5 (0)0 (0)2G (GSMc/GPRSd) daily data transfer

–8 (—)8 (0)0 (0)Activation and maintenance

Follow-up costs

41 (—)0 (0)41 (0)Sleep unit visits and consultationse

–0.33 (–5.5 to 4.8)10.0 (10.8)9.7 (8.9)CPAPf provider visits and consultationsg

Changes in CPAP device componentsh

2.5 (–13.3 to 18.3)10.0 (32.6)12.5 (28.4)ResMed Mirage Quattro

–2.4 (–5.9 to 1.1)3.2 (8.3)0.8 (4.4)ResMed Mirage FX

–1.07 (–2.6 to 0.4)1.1 (4.1)0 (0)ResMed Mirage Micro

–3 (–8.9 to 2.9)4.5 (13.7)1.5 (8.2)ResMed Swift FX

–1.33 (–4.1 to 1.4)1.3 (7.3)0 (0)ResMed Airfit P10 (without head-gear)

–2.45 (–7.5 to 2.6)2.45 (13.4)0 (0)Philips Respironics Nuance gel

5 (–9.6 to 19.6)10.0 (25.9)15.0 (30.5)ResMed Airfit F10

1.5 (–1.6 to 4.6)0 (0)1.50 (8.22)ResMed Airfit P10 (with head-gear)

2.2 (–1.1 to 5.5)0 (0)2.20 (8.86)SleepNet IQ

–0.8 (–2.4 to 0.8)0.8 (4.4)0 (0)SleepNet Ascend

1.66 (–7.0 to 10.4)3.3 (18.3)5.00 (15.3)Philips Respironics Amara View

1 (–1.0 to 3.0)0 (0)1.00 (5.48)Philips Respironics Comfort Gel Blue

–6.0 (–35.9 to 23.9)96.2 (62.1)90.2 (53.1)Total

a€1 = US $1.17.
bEstimated costs supplied by the CPAP provider: 2G (GSM/GPRS) daily data transfer (€83 [US $97.32]/year); activation and maintenance (€16 [US
$18.76]/year).
cGSM: global systems for mobile.
dGPRS: general packet radio service.
eNot including the baseline, 3-month, and 6-month visits, as all patients did them regardless of study arm. Costs based on the Catalan Institute of Health
(CVE-DOGC-A-13051031-2013): sleep unit visits and consultations (€41 [US $48.07]/contact).
fCPAP: continuous positive airway pressure.
gCommercial costs supplied by the CPAP provider: CPAP provider visits and consultations (€10 [US $11.73]/contact).
hCommercial costs supplied by the CPAP provider: ResMed Mirage Quattro (€75 [US $87.94]/unit); ResMed Mirage FX (€24 [US $28.14]/unit);
ResMed Mirage Micro (€16 [US $18.76]/unit); ResMed Swift FX (€45 [US $52.76]/unit); ResMed Airfit P10 (without headgear) (€40 [US $46.90]/unit);
Philips Respironics Nuance gel (€73.5 [US $86.18]/unit); ResMed Airfit F10 (€75 [US $87.94]/unit); ResMed Airfit P10 (with head-gear) (€45 [US
$52.76]/unit); SleepNet IQ (€22 [US $25.80]/unit); SleepNet Ascend (€24 [US $28.14]/unit); Philips Respironics Amara View (€50 [US $58.63]/unit);
Philips Respironics Comfort Gel Blue (€30 [US $35.18]/unit).
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Figure 2. Cost-effectiveness analysis based on treatment compliance (CPAP hours/day) and total costs for each arm, performed using a bootstrap
probabilistic sensitivity analysis. CPAP: continuous positive airway pressure.

Discussion

Principal Findings
This study is the first randomized controlled clinical trial
assessing the effectiveness and cost-effectiveness of a machine
learning–based intelligent monitoring system aiming to improve
CPAP compliance in patients with OSA. The MiSAOS
intelligent monitoring system, based on early compliance
detection, compliance prediction, and rule-based
recommendations, was compared with usual care in the region
of Lleida, showing a mean increase of 1.14 hours in daily
compliance with no substantial differences in direct costs and
an excellent patient satisfaction. This novel management system
proved to be cost-effective and thus a viable option for the
management of patients with OSA treated with CPAP.

Strengths and Limitations
This study has several strengths, including the (1) use of the
same CPAP devices in both study arms; (2) use of an intelligent
monitoring system model, based on early compliance detection,
machine learning–based compliance prediction, and rule-based
recommendations; (3) inclusion of continuous patient feedback
through an app; (4) measurement of a broad range of effect
measures (ie, compliance, changes in symptoms, and changes
in quality of life); (5) assessment of patient comfort and
satisfaction; and (6) inclusion of cost and cost-effectiveness
analyses. Nevertheless, there are also some limitations to be
acknowledged: (1) the slight infraestimation of the required
number of study participants limited the statistical power of
some of the between-arm comparisons, although this did not
affect the results on the primary outcome and cost-effectiveness

analysis; (2) the assessment of patient satisfaction was
performed using a nonvalidated questionnaire; (3) the exclusion
of patients with severe chronic pathologies and other dyssomnias
or parasomnias could limit the generalizability of our results,
although the included patients would be the ideal target for
eHealth interventions as more complex patients could require
a close follow-up in the sleep units; (4) the results of cost
analyses are highly dependent on the characteristics of the health
care setting in which they are conducted and, thus, extrapolation
of the results to different settings should be done cautiously;
and (5) the follow-up period does not allow the extrapolation
of results to the long term.

Comparison With Existing Literature
Patients experiencing the MiSAOS intelligent monitoring system
showed a mean increase of 1.14 hours in daily CPAP compliance
when compared with patients in usual care. This result is more
positive than the mean (95% CI) increase of 0.54 (0.29-0.79)
hours reported by Aardoom et al [14] in a 2020 meta-analysis
including 18 studies with eHealth interventions. Other recent
studies exploring advanced monitoring systems have shown
similarly inferior results, for instance, Pépin et al [20] reported
a 0.53 hours’ increase in CPAP compliance in patients with
OSA with high cardiovascular risk using a multimodal
telemonitoring intervention. Interestingly, granting patients an
easy access to their compliance data has shown successful results
in terms of increasing patient compliance [21-23]. Therefore,
the combination of an intelligent machine learning–based
monitoring system with the empowerment of patients, based
on access to daily compliance and personalized feedback
through an app, could represent a significant step forward in
the promotion of CPAP compliance.
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The impact of the CPAP treatment on secondary outcomes in
the MiSAOS intervention was very similar to that achieved in
usual care and reports in previous literature [12,20]. Sleepiness,
overall quality of life, and BP improvements after 6 months of
follow-up were similar in both study arms. The only difference
between study arms was the significantly higher decrease in
systolic BP in patients having usual care, which could be easily
explained by the baseline differences in BP between study arms.

Patient’s comfort and satisfaction are key drivers of compliance
with CPAP treatment in the long term [9]. On the one hand,
regarding comfort, the number of side effects in both arms was
very similar. On the other hand, it must be noticed that in
telemedicine interventions patients’ satisfaction is usually
similar to or lower than that of usual care [12], with privacy
concerns being the main reported issue [24,25]. In this trial, all
patients reported excellent satisfaction with their management,
regardless of the study arm. Moreover, patients in the
intervention group considered the MiSAOS app as useful and
easy to use and reported their willingness to keep using it in the
future. These results are better than those obtained in
telemonitoring interventions in the same setting (Lleida, Spain)
but not providing any direct feedback to the patients [25] and
confirm that patient empowerment has a direct impact on patient
satisfaction. Finally, potential issues on data privacy had no
impact on the current trial results, in contrast to previous
research [25], and in line with other interventions providing the
patients with regular feedback on compliance [21].

A key aspect of any new management strategy is the cost of the
intervention and its cost-effectiveness. In this study, the analysis
of costs and cost-effectiveness showed that the MiSAOS
intervention had an overall cost similar to that of usual care
while providing better results in terms of treatment compliance,
thus demonstrating cost-effectiveness. This result is in contrast
to previous cost-effectiveness trials of telemonitoring
interventions for CPAP-treated patients in Spain, where
cost-effectiveness was demonstrated because of an overall
reduction in costs and no significant differences in effectiveness
were found [25,26]. Similarly, telemedicine platforms with
automated functions to provide education or accountability have

already shown cost-effectiveness in sleep medicine [23]. This
suggests that the addition of machine learning data–processing
functionalities together with the empowerment of patients by
means of direct feedback could tip the scales toward significant
increases in compliance and boost the cost-effectiveness of
already existing telemonitoring interventions. Moreover, it
should be noticed that a key factor of telemonitoring is the
reduction in the number or duration of follow-up visits, which
was quantified by Anttalainen et al [27], reporting a saving of
19 minutes in nursing time when comparing telemonitoring
with usual care in the habituation phase of CPAP treatment (4
weeks) [27], and should be sufficient to mitigate the costs of
telemonitoring.

Implications for Future Clinical Practice
As previously stated, the main barriers for the large-scale
implementation of a novel management intervention are its costs
and cost-effectiveness. In the optimal scenario, a novel
management strategy should be cheaper than usual care while
providing better results. The MiSAOS model has shown the
potential to generate better results than usual care in terms of
compliance. However, it was not cheaper than usual care. It is
worth mentioning that a big proportion of the intervention’s
cost corresponded to the use of a 2G (GSM/GPRS) system for
daily CPAP compliance data transfer. This technology could
be easily replaced by a secure wireless connection to the
patients’ home Wi-Fi network, which would represent a huge
saving and further boost cost-effectiveness. Even in rural areas
such as Lleida, this scenario is rapidly becoming a reality and
most homes have a suitable Wi-Fi network.

Conclusion
The use of a machine learning–based intelligent monitoring
system increased daily compliance, reported an excellent patient
satisfaction similar to that reported in usual care, and did not
incur in a substantial increase in costs, thus proving
cost-effectiveness. This study supports the implementation of
intelligent eHealth frameworks for the management of patients
with OSA treated by CPAP and confirms the value of patients’
empowerment in the management of chronic diseases.
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Multimedia Appendix 1
CONSORT-eHealth checklist (V 1.6.1).
[PDF File (Adobe PDF File), 1751 KB - jmir_v23i10e24072_app1.pdf ]

Multimedia Appendix 2
Screenshots of the MiSAOS app showing from left to right and top to bottom: (i) loading screen with the app’s name; (ii) last
week’s overall CPAP treatment performance summary, including an overall numeric score (0-10) together with a summary smiley,
average compliance in hours, average air leaks, average residual apnea-hypopnea index (AHI), specific compliances for the last
7 days, and a summary text including reinforcements and tips to improve the overall rating in upcoming weeks (in this case, a
positive reinforcement message for and a tip regarding air-leaks and hours of use); (iii) last week’s overall CPAP treatment
performance summary with focus on air-leaks, including last 14 days air-leak information and additional details; (iv) patient and
device’s summary information including technical details on the CPAP treatment characteristics; (v) main achievements summary,
including a ranking of the patient’s performance compared to other CPAP users in the region and challenges’ progression such
as good compliance streaks; and, (vi) sample information and training screen, in this case explaining the basics of obstructive
sleep apnea pathophysiology.
[DOCX File , 825 KB - jmir_v23i10e24072_app2.docx ]

Multimedia Appendix 3
Screenshots of the MiSAOS website showing from top to bottom: (i) registry of events and actions taken in relation to a given
patient, including date, action details and comments; (ii) example of data collection for the feed of the predictive algorithms; (iii)
sample prediction provided by MiSAOS intelligent algorithms, in this case predicting 6-month compliance based on early
compliance and information such as the one collected in the previous screenshot; and, (iv) example of available training material
tackling the most common issues and doubts of patients (in addition to videos there are also manuals, FAQs, and tips).
[DOCX File , 582 KB - jmir_v23i10e24072_app3.docx ]

Multimedia Appendix 4
Differences in primary and secondary outcomes of the trial according to a per-protocol analysis.
[DOCX File , 18 KB - jmir_v23i10e24072_app4.docx ]

References
1. Senaratna CV, Perret JL, Lodge CJ, Lowe AJ, Campbell BE, Matheson MC, et al. Prevalence of obstructive sleep apnea

in the general population: A systematic review. Sleep Medicine Reviews 2017 Aug;34:70-81. [doi:
10.1016/j.smrv.2016.07.002] [Medline: 27568340]

2. Sánchez-de-la-Torre M, Campos-Rodriguez F, Barbé F. Obstructive sleep apnoea and cardiovascular disease. The Lancet
Respiratory Medicine 2013 Mar;1(1):61-72. [doi: 10.1016/s2213-2600(12)70051-6]

3. Iftikhar IH, Bittencourt L, Youngstedt SD, Ayas N, Cistulli P, Schwab R, et al. Comparative efficacy of CPAP, MADs,
exercise-training, and dietary weight loss for sleep apnea: a network meta-analysis. Sleep Med 2017 Feb;30:7-14. [doi:
10.1016/j.sleep.2016.06.001] [Medline: 28215266]

4. Martínez-García MA, Capote F, Campos-Rodríguez F, Lloberes P, Díaz de Atauri MJ, Somoza M, Spanish Sleep Network.
Effect of CPAP on blood pressure in patients with obstructive sleep apnea and resistant hypertension: the HIPARCO
randomized clinical trial. JAMA 2013 Dec 11;310(22):2407-2415. [doi: 10.1001/jama.2013.281250] [Medline: 24327037]

5. Barbé F, Durán-Cantolla J, Sánchez-de-la-Torre M, Martínez-Alonso M, Carmona C, Barceló A, Spanish Sleep And
Breathing Network. Effect of continuous positive airway pressure on the incidence of hypertension and cardiovascular
events in nonsleepy patients with obstructive sleep apnea: a randomized controlled trial. JAMA 2012 May
23;307(20):2161-2168. [doi: 10.1001/jama.2012.4366] [Medline: 22618923]

6. Sawyer AM, Gooneratne NS, Marcus CL, Ofer D, Richards KC, Weaver TE. A systematic review of CPAP adherence
across age groups: clinical and empiric insights for developing CPAP adherence interventions. Sleep Med Rev 2011
Dec;15(6):343-356 [FREE Full text] [doi: 10.1016/j.smrv.2011.01.003] [Medline: 21652236]

7. Hussain SF, Irfan M, Waheed Z, Alam N, Mansoor S, Islam M. Compliance with continuous positive airway pressure
(CPAP) therapy for obstructive sleep apnea among privately paying patients- a cross sectional study. BMC Pulm Med 2014
Nov 29;14(1):188 [FREE Full text] [doi: 10.1186/1471-2466-14-188] [Medline: 25433468]

8. Campos-Rodriguez F, Martinez-Alonso M, Sanchez-de-la-Torre M, Barbe F. Long-term adherence to continuous positive
airway pressure therapy in non-sleepy sleep apnea patients. Sleep Medicine 2016 Jan;17:1-6. [doi:
10.1016/j.sleep.2015.07.038]

J Med Internet Res 2021 | vol. 23 | iss. 10 |e24072 | p.356https://www.jmir.org/2021/10/e24072
(page number not for citation purposes)

Turino et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=jmir_v23i10e24072_app1.pdf&filename=b6335886b4662b57826f826907efe57f.pdf
https://jmir.org/api/download?alt_name=jmir_v23i10e24072_app1.pdf&filename=b6335886b4662b57826f826907efe57f.pdf
https://jmir.org/api/download?alt_name=jmir_v23i10e24072_app2.docx&filename=8dd9427c86c6c6cae55de08a052f504b.docx
https://jmir.org/api/download?alt_name=jmir_v23i10e24072_app2.docx&filename=8dd9427c86c6c6cae55de08a052f504b.docx
https://jmir.org/api/download?alt_name=jmir_v23i10e24072_app3.docx&filename=593b181d895f59a3f0c0dcb24178964d.docx
https://jmir.org/api/download?alt_name=jmir_v23i10e24072_app3.docx&filename=593b181d895f59a3f0c0dcb24178964d.docx
https://jmir.org/api/download?alt_name=jmir_v23i10e24072_app4.docx&filename=39ae956aca8cb7a65ec3a7a49054d32c.docx
https://jmir.org/api/download?alt_name=jmir_v23i10e24072_app4.docx&filename=39ae956aca8cb7a65ec3a7a49054d32c.docx
http://dx.doi.org/10.1016/j.smrv.2016.07.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27568340&dopt=Abstract
http://dx.doi.org/10.1016/s2213-2600(12)70051-6
http://dx.doi.org/10.1016/j.sleep.2016.06.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28215266&dopt=Abstract
http://dx.doi.org/10.1001/jama.2013.281250
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24327037&dopt=Abstract
http://dx.doi.org/10.1001/jama.2012.4366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22618923&dopt=Abstract
http://europepmc.org/abstract/MED/21652236
http://dx.doi.org/10.1016/j.smrv.2011.01.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21652236&dopt=Abstract
https://bmcpulmmed.biomedcentral.com/articles/10.1186/1471-2466-14-188
http://dx.doi.org/10.1186/1471-2466-14-188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25433468&dopt=Abstract
http://dx.doi.org/10.1016/j.sleep.2015.07.038
http://www.w3.org/Style/XSL
http://www.renderx.com/


9. Rolfe I, Olson LG, Saunders NA. Long-term acceptance of continuous positive airway pressure in obstructive sleep apnea.
Am Rev Respir Dis 1991 Nov;144(5):1130-1133. [doi: 10.1164/ajrccm/144.5.1130] [Medline: 1952444]

10. McArdle N, Devereux G, Heidarnejad H, Engleman HM, Mackay TW, Douglas NJ. Long-term use of CPAP therapy for
sleep apnea/hypopnea syndrome. Am J Respir Crit Care Med 1999 Apr;159(4 Pt 1):1108-1114. [doi:
10.1164/ajrccm.159.4.9807111] [Medline: 10194153]

11. Wozniak D, Lasserson T, Smith I. Educational, supportive and behavioural interventions to improve usage of continuous
positive airway pressure machines in adults with obstructive sleep apnoea. Cochrane Database Syst Rev 2014 Jan
08(1):CD007736. [doi: 10.1002/14651858.CD007736.pub2] [Medline: 24399660]

12. Bruyneel M. Telemedicine in the diagnosis and treatment of sleep apnoea. Eur Respir Rev 2019 Mar 31;28(151):180093
[FREE Full text] [doi: 10.1183/16000617.0093-2018] [Medline: 30872397]

13. Pépin JL, Tamisier R, Hwang D, Mereddy S, Parthasarathy S. Does remote monitoring change OSA management and
CPAP adherence? Respirology 2017 Nov 12;22(8):1508-1517. [doi: 10.1111/resp.13183] [Medline: 29024308]

14. Aardoom JJ, Loheide-Niesmann L, Ossebaard HC, Riper H. Effectiveness of eHealth Interventions in Improving Treatment
Adherence for Adults With Obstructive Sleep Apnea: Meta-Analytic Review. J Med Internet Res 2020 Feb 18;22(2):e16972
[FREE Full text] [doi: 10.2196/16972] [Medline: 32130137]

15. Rafael-Palou X, Vargiu E, Turino C, Steblin A, Sánchez-de-la-Torre M, Barbe F. Towards an Intelligent Monitoring System
for Patients with Obstrusive Sleep Apnea. ICST Transactions on Ambient Systems 2017 Dec 19;4(16):153481. [doi:
10.4108/eai.19-12-2017.153481]

16. Lloberes P, Durán-Cantolla J, Martínez-García, Marín JM, Ferrer A, Corral J, et al. Diagnosis and treatment of sleep
apnea-hypopnea syndrome. Archivos de Bronconeumología ((English Edition)) 2011 Jan;47(3):143-156. [doi:
10.1016/s1579-2129(11)70034-9]

17. MiSAOS. URL: https://www.misaos.com [accessed 2021-09-19]
18. Rafael-Palou X, Turino C, Steblin A, Sánchez-de-la-Torre M, Barbé F, Vargiu E. Comparative analysis of predictive

methods for early assessment of compliance with continuous positive airway pressure therapy. BMC Med Inform Decis
Mak 2018 Sep 18;18(1):81 [FREE Full text] [doi: 10.1186/s12911-018-0657-z] [Medline: 30227856]

19. CVE-DOGC-A-13051031-2013: Resolution SLT/353/2013, of February 13, on the review of public prices for the services
provided by the Catalan Health Institute. URL: https://www.comb.cat/Upload/Documents/4635.pdf [accessed 2021-09-19]

20. Pépin JL, Jullian-Desayes I, Sapène M, Treptow E, Joyeux-Faure M, Benmerad M, et al. Multimodal Remote Monitoring
of High Cardiovascular Risk Patients With OSA Initiating CPAP: A Randomized Trial. Chest 2019 Apr;155(4):730-739.
[doi: 10.1016/j.chest.2018.11.007] [Medline: 30472022]

21. Stepnowsky C, Edwards C, Zamora T, Barker R, Agha Z. Patient perspective on use of an interactive website for sleep
apnea. Int J Telemed Appl 2013;2013:239382-239310 [FREE Full text] [doi: 10.1155/2013/239382] [Medline: 23573081]

22. Kuna ST, Shuttleworth D, Chi L, Schutte-Rodin S, Friedman E, Guo H, et al. Web-Based Access to Positive Airway
Pressure Usage with or without an Initial Financial Incentive Improves Treatment Use in Patients with Obstructive Sleep
Apnea. Sleep 2015 Aug 01;38(8):1229-1236 [FREE Full text] [doi: 10.5665/sleep.4898] [Medline: 25581921]

23. Hwang D, Chang JW, Benjafield AV, Crocker ME, Kelly C, Becker KA, et al. Effect of Telemedicine Education and
Telemonitoring on Continuous Positive Airway Pressure Adherence. The Tele-OSA Randomized Trial. Am J Respir Crit
Care Med 2018 Jan;197(1):117-126. [doi: 10.1164/rccm.201703-0582oc]

24. Frasnelli M, Baty F, Niedermann J, Brutsche MH, Schoch OD. Effect of telemetric monitoring in the first 30 days of
continuous positive airway pressure adaptation for obstructive sleep apnoea syndrome – a controlled pilot study. J Telemed
Telecare 2015 Aug 06;22(4):209-214. [doi: 10.1177/1357633x15598053]

25. Turino C, de Batlle J, Woehrle H, Mayoral A, Castro-Grattoni A, Gómez S, et al. Management of continuous positive
airway pressure treatment compliance using telemonitoring in obstructive sleep apnoea. Eur Respir J 2017 Feb
08;49(2):1601128 [FREE Full text] [doi: 10.1183/13993003.01128-2016] [Medline: 28179438]

26. Isetta V, Negrín MA, Monasterio C, Masa JF, Feu N, Álvarez A, Spanish Sleep Network. A Bayesian cost-effectiveness
analysis of a telemedicine-based strategy for the management of sleep apnoea: a multicentre randomised controlled trial.
Thorax 2015 Nov 26;70(11):1054-1061. [doi: 10.1136/thoraxjnl-2015-207032] [Medline: 26310452]

27. Anttalainen U, Melkko S, Hakko S, Laitinen T, Saaresranta T. Telemonitoring of CPAP therapy may save nursing time.
Sleep Breath 2016 Dec 4;20(4):1209-1215. [doi: 10.1007/s11325-016-1337-9] [Medline: 27043327]

Abbreviations
AHI: Apnea–Hypopnea Index
BP: blood pressure
CPAP: continuous positive airway pressure
ESS: Epworth Sleepiness Scale
ITT: intention-to-treat
OSA: obstructive sleep apnea
PP: per protocol

J Med Internet Res 2021 | vol. 23 | iss. 10 |e24072 | p.357https://www.jmir.org/2021/10/e24072
(page number not for citation purposes)

Turino et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://dx.doi.org/10.1164/ajrccm/144.5.1130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1952444&dopt=Abstract
http://dx.doi.org/10.1164/ajrccm.159.4.9807111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10194153&dopt=Abstract
http://dx.doi.org/10.1002/14651858.CD007736.pub2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24399660&dopt=Abstract
http://err.ersjournals.com/cgi/pmidlookup?view=long&pmid=30872397
http://dx.doi.org/10.1183/16000617.0093-2018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30872397&dopt=Abstract
http://dx.doi.org/10.1111/resp.13183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29024308&dopt=Abstract
https://www.jmir.org/2020/2/e16972/
http://dx.doi.org/10.2196/16972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32130137&dopt=Abstract
http://dx.doi.org/10.4108/eai.19-12-2017.153481
http://dx.doi.org/10.1016/s1579-2129(11)70034-9
https://www.misaos.com
https://bmcmedinformdecismak.biomedcentral.com/articles/10.1186/s12911-018-0657-z
http://dx.doi.org/10.1186/s12911-018-0657-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30227856&dopt=Abstract
https://www.comb.cat/Upload/Documents/4635.pdf
http://dx.doi.org/10.1016/j.chest.2018.11.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30472022&dopt=Abstract
https://doi.org/10.1155/2013/239382
http://dx.doi.org/10.1155/2013/239382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23573081&dopt=Abstract
http://europepmc.org/abstract/MED/25581921
http://dx.doi.org/10.5665/sleep.4898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25581921&dopt=Abstract
http://dx.doi.org/10.1164/rccm.201703-0582oc
http://dx.doi.org/10.1177/1357633x15598053
http://erj.ersjournals.com/cgi/pmidlookup?view=long&pmid=28179438
http://dx.doi.org/10.1183/13993003.01128-2016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28179438&dopt=Abstract
http://dx.doi.org/10.1136/thoraxjnl-2015-207032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26310452&dopt=Abstract
http://dx.doi.org/10.1007/s11325-016-1337-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27043327&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


SEPAR: Spanish Respiratory Society

Edited by R Kukafka; submitted 02.09.20; peer-reviewed by I Cano, R Halkes; comments to author 21.12.20; revised version received
02.03.21; accepted 12.08.21; published 18.10.21.

Please cite as:
Turino C, Benítez ID, Rafael-Palou X, Mayoral A, Lopera A, Pascual L, Vaca R, Cortijo A, Moncusí-Moix A, Dalmases M, Vargiu
E, Blanco J, Barbé F, de Batlle J
Management and Treatment of Patients With Obstructive Sleep Apnea Using an Intelligent Monitoring System Based on Machine
Learning Aiming to Improve Continuous Positive Airway Pressure Treatment Compliance: Randomized Controlled Trial
J Med Internet Res 2021;23(10):e24072
URL: https://www.jmir.org/2021/10/e24072 
doi:10.2196/24072
PMID:34661550

©Cecilia Turino, Ivan D Benítez, Xavier Rafael-Palou, Ana Mayoral, Alejandro Lopera, Lydia Pascual, Rafaela Vaca, Anunciación
Cortijo, Anna Moncusí-Moix, Mireia Dalmases, Eloisa Vargiu, Jordi Blanco, Ferran Barbé, Jordi de Batlle. Originally published
in the Journal of Medical Internet Research (https://www.jmir.org), 18.10.2021. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work, first published in the Journal of Medical Internet
Research, is properly cited. The complete bibliographic information, a link to the original publication on https://www.jmir.org/,
as well as this copyright and license information must be included.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e24072 | p.358https://www.jmir.org/2021/10/e24072
(page number not for citation purposes)

Turino et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://www.jmir.org/2021/10/e24072
http://dx.doi.org/10.2196/24072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34661550&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

A Wi-Fi–Based Mask-Type Laryngoscope for Telediagnosis During
the COVID-19 Pandemic: Instrument Validation Study

Youngjin Moon1,2*, PhD; Jaeho Hyun3*, MSc; Jeongmin Oh1*, BSc; Kwanhee Lee2, BSc; Yoon Se Lee4, MD, PhD;

Jun Ki Kim1,2, PhD
1Biomedical Engineering Research Center, Asan Institute for Life Sciences, Asan Medical Center, Seoul, Republic of Korea
2Department of Convergence Medicine, University of Ulsan College of Medicine, Seoul, Republic of Korea
3Department of Biomedical Engineering, University of Ulsan College of Medicine, Seoul, Republic of Korea
4Department of Otorhinolaryngology - Head and Neck Surgery, Asan Medical Center, Seoul, Republic of Korea
*these authors contributed equally

Corresponding Author:
Jun Ki Kim, PhD
Biomedical Engineering Research Center
Asan Institute for Life Sciences
Asan Medical Center
88, Olympic-ro 43-gil, Songpa-Gu
Seoul
Republic of Korea
Phone: 82 230108619
Email: kim@amc.seoul.kr

Abstract

Background: Owing to the COVID-19 pandemic, social distancing has become mandatory. Wireless endoscopy in contactless
examinations promises to protect health care workers and reduce viral spread.

Objective: This study aimed to introduce a contactless endoscopic diagnosis system using a wireless endoscope resembling a
mask.

Methods: The Wi-Fi–based contactless mask endoscopy system comprises a disposable endoscope and a controller. First, the
effective force applied by the tip during insertion was evaluated in a simple transoral model consisting of a force sensor on a
simulated oropharynx wall. Second, the delay in video streaming was evaluated by comparing the frame rate and delays between
a movement and its image over direct and Wi-Fi connections. Third, the system was applied to a detailed laryngopharyngeal tract
phantom.

Results: The smartphone-controlled wireless endoscopy system was successfully evaluated. The mean, maximum, and minimum
collision forces against the wall of the transoral model were 296 mN (30 gf), 363 mN (37 gf), and 235 mN (24 gf), respectively.
The delay resulting from the wireless connection was 0.72 seconds. Using the phantom, an inexperienced user took around 1
minute to orient the endoscope to a desired area via the app.

Conclusions: Device articulation does not pose a significant risk of laryngopharyngeal wall penetration, and latency does not
significantly impede its use. Contactless wireless video streaming was successful within the access point range regardless of the
presence of walls. The mask endoscope can be controlled and articulated wirelessly, minimizing contact between patients and
device operators. By minimizing contact, the device can protect health care workers from infectious viruses like the coronavirus.

(J Med Internet Res 2021;23(10):e31224)   doi:10.2196/31224

KEYWORDS

smartphone-based endoscope; mobile health; telediagnosis; continuum segment; articulable endoscope; COVID-19; point-of-care
diagnostics; validation; medical device; endoscope; sensor; innovation; video; transmission
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Introduction

With the recent outbreak of COVID-19, the importance of
quarantine and contact reduction has increased. Social distancing
has become mandatory to lessen the impact of the outbreak and
prevent the further spread of the virus, because increased contact
with infected individuals drastically increases the possibility of
infection. Those who work in the medical field are at particularly
high risk of exposure. According to Nguyen et al, front-line
health care workers are 4 to 10 times more likely to get the
disease in the United States and the United Kingdom [1].

To protect health care workers and prevent further spread of
the coronavirus, contactless examination has emerged. For
contactless examination and treatment, governments worldwide
have started implementing various contactless infrastructure
and devices. For example, South Korean health care service
workers use walk-through screening centers for examination
[2]. Separated by a box, respiratory splash is completely
prevented with a negative pressure applied inside the booth.
Experts speculate that even after the pandemic ends, with
COVID-19 being eradicated or neutralized like the common
cold, there will always be a possibility of another pandemic [3].
Therefore, requirements for contactless devices will persistently
rise after 2021 for all medical procedures that include the risk
of possible viral infection, and endoscopy will not be an
exception.

The endoscope is widely accepted as an examination device for
a wide range of diseases. Starting as a rigid bronchoscope, over
100 years of development have enabled endoscopes to become
flexible, therefore enhancing both patient experience and
accessibility to internal organs [4,5]. However, in a pandemic,
even a simple endoscopy can be a serious threat to patients.
According to Kovaleva et al, several microorganisms can be
transferred from one patient to another during endoscopy [6].
Most infections are via direct contact with incompletely
disinfected devices, but viruses and other microorganisms can
be transferred by not only an infected endoscope but also
aerosols generated during the procedure [7]. Especially for
highly infectious diseases like COVID-19, the entire facility
involved in endoscopy can be at risk. To minimize contact with
patients who undergo endoscopy, several prevention methods
have been suggested, from minimizing the practice of endoscopy
itself [8] to completely covering patients with protective sheets.
However, since endoscopy has to be performed right beside the
patient, it does not afford the same degree of safety to health
care workers.

Wireless endoscopy has been around for a while, but has never
been practically used. Most wireless endoscopes are capsule
endoscopes, whose purpose is to specifically record the
gastrointestinal tract, usually with control of the magnetic force
applied from the outer belt patients are asked to wear [9]. There
are several reasons wireless endoscopy is not favored over
traditional, wired endoscopy, such as battery depletion and a
low data transfer rate. If the endoscope is flexible, flexibility is
usually manifested by tension applied to the string attached to
a motor, transforming the position of individual segments of
the continuum robot. The endoscope can be controlled directly

using the controller attached to the motor. There is no reason
to split the flexible endoscope into 2 parts and, therefore, discard
the wired endoscope over the wireless endoscope, unless the
desired area is too deep for the cable to reach. However, in dire
situations when a contactless procedure should be the new norm,
a wireless endoscope with articulation can be a huge advantage
over a wired endoscope.

In this study, we introduced a novel, contactless endoscopic
diagnosis system resembling a mask, enabling users to put it
on easily themselves. The newly designed continuum part
comprises 2 articulating units rolled into the device and sliding
out when needed. While the distal tip unit freely articulates in
the direction the user desires, the proximal tip holds down the
user’s tongue, providing a better endoscopy experience. The
endoscope unit is controlled by a mobile app, over a Wi-Fi
connection. Once the patient wears the device, the system
enables the operator to perform endoscopy without direct contact
with the patient.

Methods

Development of a Wi-Fi–Based Contactless Mask
Endoscope
We built a Wi-Fi–based contactless mask endoscopic system.
Figure 1 depicts the overall scheme of how a Wi-Fi–based
contactless mask endoscope works in the field. The device
comprises 2 parts, a disposable endoscope and a controller. The
disposable endoscope captures and transmits digital visual data
to the controller. The controller comprises a continuum segment,
motors, and a microprocessor. The controller and the operator’s
Android mobile device are connected over a wireless network.
The controller is responsible for articulation of the disposable
endoscope and transmits visual data obtained from the
endoscope to the connected mobile device. On the operator’s
side, a specific app for the endoscope helps the operator interface
with the device using a wireless connection. The app receives
real-time visual data from the device, while it sends control data
to the device. The communication was based on the connection
between electrical components. Figure 2 describes the
connection and general flow of data and electricity in the
Wi-Fi–based contactless mask endoscope.

Being a portable device, the contactless mask endoscope draws
electricity from a rechargeable lithium battery. Raspberry Pi
Zero W, a microprocessor containing a Wi-Fi module and
memory sufficient enough to serve as a simple Wi-Fi server, is
the center of the device. The device is connected to 5 motors,
which also draw electricity from the battery. The endoscope
module is a separate pluggable module that can be unplugged
for maintenance and cleaning. Connected to the endoscope
control board, Raspberry Pi Zero W receives real-time video
signals from the endoscope module. To communicate with each
other, Raspberry Pi Zero W and the operator’s Android tablet
are connected within the same network. The touch-based input
of the app is converted into a directional signal in the app and
sent to Raspberry Pi Zero W to manipulate the continuum
segment.
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The detailed Wi-Fi communication flow is described in Figure
3. Both the smartphone app and the device are booted, and they
are manually connected to the same network. When the Wi-Fi
connection is secured, the server is automatically started in the
endoscope, while the app waits for the server connection. When
the server successfully starts, it immediately starts to stream
video information, while listening for directional button input
from the client app. The client app starts to receive the video

stream and readies to send a motor signal to the endoscope
server. At this point, the user can easily send a direction-steering
signal to the server by pressing the directional button on the
app user interface. The app saves a snapshot and the video
stream, without affecting the video stream. If the Wi-Fi
connection is severed, the app and server revert to the waiting
stage. If the user stops the session, the app is safe to turn off.

Figure 1. Overall scheme of the Wi-Fi–based contactless mask endoscopic system.

Figure 2. Electric wiring and key function of the Wi-Fi–based contactless mask endoscopic system. GND: ground; IDC: insulation-displacement
contact.
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Figure 3. Flowchart of the software part of the Wi-Fi–based contactless mask endoscopic system in action.

The mechanical parts of the mask endoscope are roughly divided
into a mask, a motor and controller box, and a continuum. The
mask is where crucial systemic components are present. The
lid of the mask can be removed to place a rechargeable battery
and perform maintenance of the Raspberry server. Figure 4
shows the internal and external structure of the 3D mask
endoscope in 3D space. The arrangement of the motor and
controller box, pulley, and controlling parts are shown on the

right of Figure 4A. The motors are separated from the controller
by a partition. As shown in Figure 4B, the controllers and the
battery are in the outermost side of the motor and controller
box, easily accessible by removing the lid. Figure 4C shows a
finished prototype in 3D space. In addition to the mask, a soft
support is added to improve patient experience by enhancing
texture.

Figure 4. Assembled hardware parts in 3D space. (A) Rendered 3D structure of the outside shell and internal articulating parts of the hardware. (B)
Position of the electronic parts of the hardware, rendered in 3D space. (C) Printed and assembled final product in real space.
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The endoscopic continuum consists of individual continuum
segments connected by stranded wires. As shown in Figure 5A,
each segment has 4 wire holes for the articulation wire and a
big central cable hole for the endoscope camera cable. The
tension of the wires is adjusted by winding, and rewinding
narrows the lateral gap between segments, therefore generating
2-degree-of-freedom (2DOF) omnidirectional motion [10], as
depicted in Figure 5B. Two opposite-sided wire holes in the
individual segments are paired to each other, making 4 wire
holes in total. Each wire hole pair is responsible for the
rotational steering movement between 2 segments. The
collectible movements of segments create the steering motion.

The tongue continuum is quite different. Only having a slope
on the front and the back side of the single continuum segment,
the tongue continuum has 2 wire holes for a supportive wire on
each wing of the individual segment, a central cable hole for
the endoscope cable, and 2 slits at the bottom for the articulating
wire, as shown in Figure 5C. The tongue continuum can bend
up and down (bidirectional), as shown in Figure 5D. In addition,
the wire connecting all the tongue continuum parts is not skewed
in a specific direction, let alone being connected to a separate
motor. Lacking an active driving force of motion, it can only
be passively rolled in and out. The tongue continuum flattens
the tongue to get the endoscope safely in position. Coordinated
with the motor movement, the tongue continuum module can
be retracted and extended by rolling it in and out of the mask,
as shown in Figure 6.

As shown in Figure 6, the 4 upper motors aligned in rectangular
corners are responsible for articulation of the endoscope

continuum. The motor positioned at the downmost location in
the mask is responsible for the extending and retracting motions
of the tongue continuum. The tongue continuum is directly
connected to the winder wheel, and the wheel itself serves as
the winder for the endoscope module and the tongue
continuum’s supporting wire inside the continuum. The wire
connected to the tongue continuum is flexible enough to be kept
rolled up in the mask when the endoscope is not in use. As the
motor turns clockwise, the tongue continuum unit unrolls from
the winder, extending forward. While the tongue continuum
extends forward, the other 4 motors also correspond to the
motion, unrolling the wires to match the length. This results in
only the tongue continuum extending forward, without any
bending of the endoscope continuum. This motion corresponds
with the GO button on the app controller.

When the tongue continuum is extended to the desired length,
the operator can manipulate buttons in the app to control the
endoscope continuum. Rolled out with the tongue continuum,
the endoscope continuum is connected to separate wires that
lead to the winder connected to the 4 upper motors. Each motor
is in charge of unidirectional bending of 2DOF motion, that is,
a pair of motors corresponds to bidirectional bending motion,
as shown in Figure 7.

After imaging, the operator can press the BACK button to turn
the motor counterclockwise to make the tongue continuum roll
back into the mask. For the pulling motion, while the winder
of the bottom motor rotates, like the device articulated in the
extending motion, the other 4 motors rotate to wind the wire
back up to match the retracting length of the endoscope.

Figure 5. Configuration of motions in the continuum. (A) Structure of the endoscope continuum. (B) Bending motion of the endoscope continuum in
action. (C) Structure of the tongue continuum. (D) Bending motion of the tongue continuum in action.
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Figure 6. Articulation principle of continuums. (A) Extending and retracting motion resulting from the rolling motion of the tongue continuum winder
motor. (B) Arrangement of the inner wire connection of the continuum. (C) Endoscope continuum in motion after extension.

Figure 7. Principle of the key-and-pulley parts, rendered in 3D simulation. (A) Assembly of the key-and-pulley parts. (B) Combining the pulley and
motor parts, and key and continuum parts, rendered in a 3D model.

Pulley and Key
Medical devices in contact with patients must be sterilized and
reprocessed by thorough cleaning. However, complex medical
devices, especially those with electronic parts, are difficult to
sterilize without damaging the electronic parts. The contactless
wireless mask endoscope is no exception. Many medical
electronic devices overcome this problem by separating the
parts in contact with the patient from the noncontact parts using
disposable covers like a medical drape. As shown in Figure 7,

our device is made of 2 detachable assemblies, a continuum
module and a motor assembly module.

For separation, the device needs to connect and convey the force
between parts. By employing a key on the pulley, the force from
the motors can be transmitted to the continuum module directly.
The pulley is designed as a simple disk with a slit that goes from
the center of the pulley to the outermost rim, which appears
U-shaped, as depicted in Figure 7A. The key is a small
rectangular metal rod-like part, which has a small cross on the
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disk attached to the tip of the long side of the rod. When fully
assembled, the key is inserted into the slit of the pulley. Figure
7B shows the key-and-pulley assembly in action. The pulley is
attached to the motor wheel by screws (4 holes). The pulley can
be easily disassembled from the motor wheel by unscrewing
the screws, but when it is screwed on, the pulley and the motor
wheel are securely attached. On the other hand, the key is
attached directly to the wire winder wheel, which is directly
connected to each wire that is responsible for articulation. By
sliding the assembled key into the slit of the pulley, the
assembled motor unit and the endoscope modules are safely
connected.

Results

Continuum Contact Force Experiment
The contactless mask endoscope is designed as a laryngoscope,
which means the endoscope part has to go over the patient’s
tongue, hard palate, and soft palate to finally arrive at the vocal
cord. If the flexible continuum is too rigid, it can injure
oropharyngeal tissues, resulting in secondary infection. A simple
transoral model was created to evaluate the end-effect force
when the continuum articulates.

Assuming the continuum always collides with the oral tract, a
force sensor (Honeywell International Inc) was placed where
the soft palate is present, since the continuum is most likely to
collide with the soft palate. The force against the surface was
measured 10 times. The overall experimental setup is presented
in Figure 8D. According to studies on oral anatomical structures,
the hard palate length is 46.65 to 51.89 mm for adult males and
females [11-16], and the soft palate length is 25.3 mm on
average. The radius of the esophagus at rest varies from 12.87
to 17 mm. The angle between the soft palate and the esophagus
is 130.1° to 137° [17].

Figures 8A and 8B present the oral structures and transoral
model constructed from the information about oral structures.
The length of the simulated oral part of the transoral model was
set to 90 mm, the angle between the oral part and the esophagus
was 130°, the cross-sectional area of the simulated esophagus
in the transoral model was 16 mm × 22 mm, and the height was
set to 83 mm. The contactless wireless mask endoscope was set
in the transoral model, as shown in Figure 8C. Without
articulating the endoscope continuum, the tip of the endoscope
was collided with the force sensor located on the simulated
oropharynx wall of the transoral model only using
back-and-forth articulation of the tongue continuum. The
collision was repeated 11 times with 10-second intervals.

Figure 8. Continuum contact force measurement experiment and structure of the transoral model for the experiment. (A) Comparison of human
oropharyngeal anatomy and the transoral model structure. (B) Dimension of the transoral model. (C) Wi-Fi–based contactless wireless mask endoscope
positioned with the transoral model for the continuum force measurement experiment. (D) Experimental setting of the continuum tip force measurement.

Wireless Video Transfer Rate Evaluation
The contactless wireless mask endoscope processes raw video
data in the controller and sends them to the Android tablet
through an access point. There is a small delay due to the limited
hardware specification and the nature of wireless
communication. To evaluate the delay in the video broadcast

from the endoscope, a comparison experiment was conducted.
Figure 9 shows the experimental setup of the wireless and wired
endoscope video delay test. From the same camera module, the
video was transferred directly from the camera and broadcast
from the Raspberry Pi module. Using forward articulating
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movement as a standard, we compared the frame rate and delays between the 2 videos.

Figure 9. Wireless video transfer rate evaluation experiment. (A) Wireless and (B) wired articulation and video transfer between a contactless wireless
mask endoscope and laptop computer. The transferred videos are displayed on the screens of both laptops.

Wireless Articulation Experiment Using a Phantom
Using a phantom resembling the real-life structure of a patient’s
laryngopharyngeal tract, a wireless articulation experiment was
conducted to evaluate the practicality of the contactless mask
endoscope.

The conjoined experiment involved a contactless mask
endoscope, 2 cameras, a phantom, and an operator with an
Android tablet. The abstract experimental setup is shown in
Figure 10 and Multimedia Appendix 1. The laryngopharyngeal
phantom was set at the center of the meeting room. The
contactless mask endoscope was applied to the phantom, and
the operator was outside the meeting room. The operator began
to control the endoscope with the tablet through a wireless
connection. The camera simultaneously recorded both sides as
the operator controlled the endoscope to take snapshots and
videos of stickers attached to the desired parts of the phantom.
The process was repeated after changing the operator’s location
as follows: in the front of the meeting room, in the corridor, and
in the laboratory right next to the meeting room.

The results of the continuum contact force experiment are shown
in Figure 11. The magnitude of the collision force varied from
a minimum of 235 mN (24 gf) to a maximum of 363 mN (37
gf). The average collision force was 296 mN (30.2 gf), which
is just 6.5% of that of a commercial endoscope.

The results of the wireless video transfer rate evaluation
experiment are summarized in Figure 12. Comparing wired
connection and wireless communication, wireless video
streaming was delayed by 0.72 seconds with the contactless
mask endoscope.

In the wireless articulation experiment, we placed marker
stickers in the desired areas as shown in Figure 10C and the
operator of the mask endoscope controlled the device and
examined the video data streamed from it while being spatially
separated completely from the patient. The measured time to
get the stickers in the video stream was around 1 minute in the
desired separated location. From the experiment, we tried to
evaluate the articulating range of the endoscope continuum and
the capability of the device’s wireless communication that
enables users to control the device from a different space.
Contactless wireless video streaming was successful within the
range of the access point regardless of the presence of any
material blocking the way.

In summary, the Wi-Fi–based contactless mask endoscope was
controlled and articulated wirelessly, minimizing or completely
avoiding possible contact between patients and device operators.
By minimizing contact, contactless medical devices can protect
health care workers from infectious diseases like COVID-19.
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Figure 10. Wireless articulation experiment. Compilation of videos resulting from the experiment conducted outside of the office (A) over a glass
partition and (B) behind a concrete wall. Each video is synced to the timestamp on the bottom right of the video. (C) Snapshot taken from each marked
position by articulating the endoscope continuum to deliver the tip to the desired position. (D) Position of the mask endoscope and operator for each
experiment.

Figure 11. Measured force of the endoscope continuum colliding against the wall of the transoral model.
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Figure 12. Time lapse of the wireless video transfer rate evaluation experiment.

Discussion

Principal Findings
In the current COVID-19 pandemic era, physicians run risks
when they evaluate a patient with fever of unknown origin or
with laryngeal symptoms, such as dyspnea, hoarseness, and
dysphagia. However, these symptoms are associated with
laryngeal obstruction and could be exacerbated when adequate
evaluation and treatment are lacking. The proposed wireless
device would help protect physicians from possible contagious
diseases while allowing them to promptly evaluate patients.

Previously, our team developed a mobile-based USB on-the-go
(OTG) endoscope that can be articulated using an Android
mobile app [10]. The Wi-Fi–based contactless mask endoscope
has several advantages over the USB OTG endoscope. First, it
can be controlled over a wireless network, enabling the operator
to position himself/herself freely, unlike the USB OTG

endoscope, for which the operator has to be close to the patient.
Second, the operator of the Wi-Fi–based mask endoscope can
attach the endoscope via a strap, unlike the USB OTG
endoscope, which has to be held with the cell phone. This has
the secondary benefit of decreasing the load on the operator’s
wrist and hand, providing a better user experience. Finally,
modulization of the Wi-Fi–based contactless mask endoscope
makes it easier to replace parts, simplifying maintenance.

As individual parts can be replaced rather than replacing the
whole module, maintenance costs are reduced. The price of the
USB OTG endoscope was US $473, which was one of the main
advantages of the device, as it was intended to be used in
underdeveloped countries. Table 1 shows the price of the
Wi-Fi–based contactless mask endoscope. Considering that the
cost of the 3D-printed modules can be reduced with mass
production, in addition to the reduced maintenance costs, the
price may be better than that of the USB OTG endoscope [10].

Table 1. Prices of hardware parts of the Wi-Fi–based contactless wireless mask endoscope.

Price (US $)Hardware

97.8XL320 * 5ea

1703.9-mm camera module

68.963D print of the case

152.883D print of the tongue and endoscope continuum

60.02Controller

49.27Wires, etc

598.93Total

A snake-like continuum is commonly used in flexible endoscope
articulation, enabling multiple degrees of motion for clinical
needs. However, complex articulation was historically reserved
for larger endoscopes. Endoscopes with multiple kinds of
articulating units for flexible parts have some advantages. First,
they can perform different functions, such as adjusting the
mechanical force applied to the articulating units to ensure
patient safety [18]. Second, the multiple kinds of articulating
units can exert different kinds of motion for each kind of unit,
enabling users to control dynamic motions [19]. While the
endoscope continuum of this contactless wireless mask
endoscope serves as the conventional endoscope articulating
unit, the tongue continuum has 2 other functions. First, its broad
shape and stiff mechanical property flattens the tongue. During

endoscopy, especially of the stomach and upper respiratory
organs, the tongue gets in the way of the endoscope, hindering
its movement. Therefore, it is recommended that the examiner
use anesthesia before endoscopy to keep the tongue out of the
way. A mouthpiece with a tongue presser can be used [20]. The
tongue continuum of the contactless wireless mask endoscope
also serves as a tongue presser, making it easier to enter the
desired area. Second, the tongue continuum itself works as a
support for the regular continuum. If the snake-like continuum
is too long, due to capstan friction, forces on the end point
cannot drive the end point as intended [18]. Adding a tongue
continuum shortens the length of the snake-like continuum,
making it easier to relay force to the tip of the endoscope and
enabling precise control. In conclusion, having a semirigid
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tongue continuum has the advantage of articulation control and
safe delivery of the endoscope tip to the desired area.

The system’s modularity also reduces contamination concerns.
Endoscopes are more prone to cross-infection than other
noninvasive examination devices because endoscopy involves
mucosal contact. The endoscope module cannot be sterilized
by autoclaving because the electronics within it are sensitive to
heat, pressure, and moisture. Given that autoclaving is one of
the easiest and most reliable methods of disinfection, the
endoscope module must be changed regularly regardless of the
cost.

To solve the contamination problem, 2 major innovations were
incorporated. First, a detachable endoscope module was used.
With the key-and-pulley part inside the mask, the endoscope
module is fixed to the motor. When the operator decides to
separate the mask and the endoscope, the 2 parts can be
separated by disassembling the key-and-pulley part. The inner
space of the mask can be easily accessed by opening the outer
lid. Separation of parts also creates a gap between the parts,
where an anticontaminant cover sheet can be applied. Therefore,
by replacing the wheel, the possibly contaminated continuum
and endoscope modules can be separated from the mask module,
and the mask can be kept clean. The second innovation is that
of a simplified inner structure. For a larger endoscope, the sheath
has to have some kind of contact point because of the channel
in the endoscope. However, the contactless wireless mask
endoscopic system does not have such a channel, and therefore,
the sheath can be simple, like a condom. Without a channel, it
is much easier to sterilize the smooth surface, and there is much
less chance of contamination because of the small contact point.

For conventional endoscopes, portable devices with a wireless
connection are not preferred for multiple reasons. First, a
wireless connection has a limited data transfer rate. The
Bluetooth 5.0 connection has a 1 Mbps data transfer rate for
low-energy Bluetooth [21]. The 1 Mbps rate of Bluetooth 5.0
can barely cover a standard-frame-rate 360p video stream [22].
A Wi-Fi connection is more generous in terms of the bit rate,
and 802.11n families can go up to 200 Mbps, enough to stream
4K videos [22,23]. Second, since endoscopy is a medical
procedure for which many trained health care experts are needed,
there is less need to separate the endoscope and the operating
system. However, due to the COVID-19 pandemic, there is a
possibility of infecting entire medical facilities during
endoscopy. Therefore, the need for separation of the operator
and patient has emerged.

The current focus mainly revolves around contactless endoscopy
that is performed in close proximity but remains in the clinic.

While the practitioner is in a separate room, a patient can follow
instructions to wear the mask. When the mask is properly worn,
endoscopy can be performed remotely using the smartphone
app. Should an emergency occur, practitioners waiting outside
the room can interrupt the procedure and ensure the patient’s
safety. Otherwise, the practitioner can utilize the internet to
extend the range of communication. The endoscope streams the
video from the patient to the practitioner. Theoretically, by
setting up a public IP address and encrypted data transfer, users
can safely control the endoscope over the internet from many
kilometers away. Subsequent research will involve safety and
clinical trials performed at Asan Medical Center using an
improved version of the articulating endoscope system.

The designed laryngoscope goes over soft areas that can trigger
a gag reflex. The oropharyngeal area is sensitive, so it can detect
down to 2.07 mmHg of pressure [24,25]. A gag reflex can be
triggered by a slight touch of the triggering area [25]. Generally,
laryngoscopy involves carefully avoiding the areas that would
trigger a gag reflex [26] or using local anesthesia [27-29]. In
particular, noninvasive local anesthesia can be applied easily
with fewer side effects and fewer tissue injuries. Therefore, in
practice, the device can be accompanied with local anesthetic
application by hand or machine. Lidocaine nebulizer, spray, or
ingestion would help ameliorate the gag reflex.

Limitations
While making the Wi-Fi–based contactless mask endoscope,
we faced a few problems mainly due to hardware limitations.
The 3D-printed parts did not achieve a tight seal and allowed
air to flow through the motor box. For clinical application,
improved seals combined with a filtered ventilation port would
reduce the risk of aerosol transmission. Further hardware
limitations mandated a tradeoff between device size and
capabilities. Because the mask needs to be worn like a
conventional respiratory mask, the dimensions of the attached
controller and motor parts were minimized to enhance the
patient’s experience (Table 2). The lack of space and need to
downsize the controller also lowered the performance of the
control system, resulting in delays and reduced video-processing
performance, which led to a 0.72-second delay in wireless video
streaming.

For future research, we will compensate the space limitation in
hardware with better performance, while maintaining the
portable point of care–like nature of the device. In particular,
the device may be widened to incorporate an additional channel
for biopsy or to increase patient comfort.
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Table 2. Dimensions of the Wi-Fi–based contactless mask endoscope.

Value (mm)Part and dimension

Mask

99Width (with cushion part)

120Height (with cushion part)

47Depth (with cushion part)

90Width (without cushion part)

118Height (without cushion part)

26Depth (without cushion part)

Controller and motor box

97Width

114Height

77Depth

Hardware

99Width

122Height

123Depth

Conclusions
We developed a contactless wireless mask endoscopy and
diagnosis system to be used during the COVID-19 pandemic.
Using Wi-Fi and an Android mobile device, we successfully
articulated the endoscope and took snapshots and videos of the

patient’s vocal cord. The device can separate health care workers
from patients, while enabling diagnosis of internal parts of the
body that cannot be reached without endoscopy. In conclusion,
the contactless wireless mask endoscope can help minimize
chances of contamination, further minimizing the impact of the
pandemic in the medical field.
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Multimedia Appendix 1
Contactless wireless endoscope mask in action. Left: operation of the endoscope from an adjacent hallway. Right top: close-up
view of endoscope articulation in the laryngopharyngeal phantom. Right bottom left: screen capture of the mobile app in action.
Right bottom right: view of the endoscope mask installed on the phantom.
[MP4 File (MP4 Video), 114697 KB - jmir_v23i10e31224_app1.mp4 ]
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Abstract

Background: Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death and is characterized by a
progressive loss of pulmonary function over time with intermittent episodes of exacerbations. Rapid and proactive interventions
may reduce the burden of the condition for the patients. Telehealth solutions involving self-tracking of vital parameters such as
pulmonary function, oxygen saturation, heart rate, and temperature with synchronous communication of health data may become
a powerful solution as they enable health care professionals to react with a proactive and adequate response. We have taken this
idea to the next level in the Epital Care Model and organized a person-centered technology-assisted ecosystem to provide health
services to COPD patients.

Objective: The objective is to reveal the nature of COPD by combining technology with a person-centered design aimed to
benefit from interactions based on patient-reported outcome data and to assess the needed kind of contacts to best treat exacerbations.
We wanted to know the following: (1) What are the incidences of mild, moderate, and severe exacerbations in a mixed population
of COPD patients? (2) What are the courses of mild, moderate, and severe exacerbations? And (3) How is the activity and pattern
of contacts with health professionals related to the participant conditions?

Methods: Participants were recruited by convenience sampling from November 2013 to December 2015. The participants’ sex,
age, forced expiratory volume during the first second, pulse rate, and oxygen saturation were registered at entry. During the study,
we registered number of days, number of exacerbations, and number of contact notes coded into care and treatment notes. Each
participant was classified according to GOLD I-IV and risk factor group A-D. Participants reported their clinical status using a
tablet by answering 4 questions and sending 3 semiautomated measurements.

Results: Of the 87 participants, 11 were in risk factor group A, 24 in B, 13 in C, and 39 in D. The number of observed days
was 31,801 days with 12,470 measurements, 1397 care notes, and 1704 treatment notes. A total of 254 exacerbations were treated
and only 18 caused hospitalization. Those in risk factor group D had the highest number of hospitalizations (16), exacerbations
(151), and contacts (1910). The initial contacts during the first month declined within 3 months to one-third for care contacts and
one-half for treatment contacts and reached a plateau after 4 months.

Conclusions: The majority of COPD patients in risk factor group D can be managed virtually, and only 13% of those with
severe exacerbations required hospitalization. Contact to the health care professionals decreases markedly within the first months
after enrollment. These results provide a new and detailed insight into the course of COPD. We propose a resilience index for
virtual clinical management making it easier to compare results across settings.

(J Med Internet Res 2021;23(10):e22567)   doi:10.2196/22567
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Introduction

Chronic disease poses one of the biggest challenges facing
Western health care systems, and with its increasing prevalence
in the population, it is a major driver of health care utilization
and the leading cause of death [1]. Chronic obstructive
pulmonary disease (COPD) is one of the chronic diseases that
weighs heavily in this scenario. Currently the fourth leading
cause of death in the world, COPD is projected to be the third
leading cause of death by 2020 [2] with an increasing
socioeconomic burden and growing strain on health care budgets
[3]. COPD is characterized by a progressive loss of pulmonary
function over time with intermittent episodes of exacerbations
as part of its natural history [2,4]. The long-term course of the
disease depends on how well individuals can understand,
manage, and act upon risk factors such as smoking, nutritional
state, exercise activity, and compliance to medical treatment
plans [5]. In the short-term, the prevention and treatment of
exacerbations are key elements in the management of COPD
according to the Global Initiative on Chronic Obstructive Lung
Disease (GOLD) as the number of exacerbation is closely
associated with an increased rate of hospitalization, increased
mortality, decline in lung function, increased use of health care
resources, and decrease in quality of life [2,4]. According to the
GOLD guidelines, COPD exacerbation is defined as “an acute
worsening of respiratory symptoms that results in additional
therapy.” These events are classified as mild, moderate, or
severe, of which the first 2 categories are characterized by the
type of medication given and the latter characterized by the
patient’s need for hospitalization or visits to the emergency
room [2].

Early detection of exacerbations and prompt interventions with
antibiotics and corticosteroids can reduce hospital admissions,
decrease use of health care services, and increase and improve
quality of life [6,7]. Sixteen years ago, Wilkinson et al [8]
showed that early recognition of exacerbations using
symptom-based diaries completed by the patient followed by
prompt treatment by a physician is beneficial to the recovery
of the exacerbation and can improve the burden of
exacerbation-related morbidity and mortality. The authors
concluded a need for initiatives to encourage reporting of early
presentation of exacerbations and enhanced symptom
recognition tools that are easy to use and promptly managed by
health professionals.

Telehealth solutions involving self-tracking of vital parameters
such as pulmonary function, oxygen saturation, heart rate, and
temperature with synchronous communication of health data
may become a powerful solution in this context as it enables
health care professionals to react with a proactive and adequate
response. Over the last decade, data from several randomized
controlled trials examining the effect of telehealth and how it
may assist self-monitoring and management in COPD have
been reported [9-12]. Some studies suggest a potential beneficial
effect with a reduction of exacerbations [13], acute hospital
admissions, and mortality [14] and increased health-related

quality of life [15] whereas others have not been able to verify
these results [16-18]. In COPD, no studies have yet
demonstrated conclusively that telehealth is neither superior
nor inferior to usual care; it is noteworthy that telehealth
interventions have not caused any harm to COPD patients and
the technology has been welcomed by the users [10,19,20].

One of the fundamental elements of a person-centered and
value-based health care provision of services is the inclusion
of the patients’ self-reported data including their experiences
as patients. These data are often termed patient-reported
outcomes (PROs) [21]. PROs are a natural component of
telehealth as they can be used to report the condition
dynamically over distance to service providers. PROs may also
engage the patients and increase self-management due to a better
insight into their own condition [21]. In the context of COPD,
PROs are a key element for patients to communicate with their
health providers, enabling them to understand their condition
and proactively act upon potential deteriorations [22].

Telehealth and PROs may contribute to the fulfillment of the
World Health Organization framework for integrated
people-centered health services as they facilitate the engagement
and empowerment of patients and the reorientation of how
health care can be delivered [23].

In an attempt to demonstrate how these ideas and potentials can
be realized, we have developed a new person-centered service
model: the Epital Care Model (ECM). We have tested the ECM
in a living lab [24] and evaluated potential candidates for PROs
gathered by psychometric validated instruments focusing on
self-management, health literacy, and physical and mental
well-being as well as clinical parameters [25]. In this study, we
report on the second part, in which we, based on a newly
developed algorithm and setting (to be reported elsewhere), are
able to evaluate how PROs relating to the clinical condition can
be used to understand the actual needs of the patient and needs
of resources required from the ECM living lab to help the patient
return to their habitual condition.

For this purpose, we have followed the self-tracking activities
of 87 patients with COPD and the corresponding standardized
responses from health care professionals when responding to
signs of deteriorations of the patients’ clinical condition or if
the patients need support to manage their condition.

To understand the activities and required resources, we have
addressed the following research questions:

• What is the incidence of mild, moderate, and severe
exacerbations in a mixed population of COPD patients?

• What is the course of the mild, moderate, and severe
exacerbations?

• How is the activity and pattern of contacts with health
professionals related to the participant condition?
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Methods

The setup and initial data of this study has been described
previously by Phanareth [24]. In short, the data for this study
was collected as part of the Epital living lab project which was
established in a Danish municipality in 2012 [24].

Setting
The Epital Care Model is a model designed to help organize
health care services both virtually and physically with a
personalized health-centered approach and with the objective
of enhancing empowerment and self-management. Services and
interactions are organized according to 6 levels that can be
divided into three 3 settings depending on the resources
allocated. In the ECM1 level, participants live an independent
and active life with their condition supported by technology.
When participants need medical support in relation to their
condition, they are classified as being at the ECM2 level. Both
ECM1 and ECM2 interactions and services can be provided at
any location and are performed virtually (setting 1). If the
participant’s condition deteriorates and a physical visit is
necessary, nurses will go to the participant’s physical location
and assess the condition thereby placing the participant at the
ECM3 level. If regular follow-ups by nurses and medical doctors
are needed, this will be offered as a patient at home service
termed “outmission” at the ECM4 level (setting 2). The
outmission is equivalent to services offered when admitted to
a hospital but in this case, they are provided at home by a virtual
medical doctor (eDoctor) and a nurse (setting 3). The eDoctor
performs virtual ward rounds but the patients can receive visits
from community nurses at the participant’s physical location if
necessary. At the ECM5 and ECM6 levels, the participant is
now considered a patient and is referred to a community or
hospital bed depending on the need of care and monitoring.

Population
The study period took place from November 1, 2013, to
December 31, 2015, and in this period, we consecutively
enrolled participants recruited by a snowball-like method based
on convenience sampling. This resulted in a random sampling
over seasons and an uneven period for observations defined by
either the time from enrollment to the planned end of the study
or a period defined as the time from enrollment to the
participant’s death or choice to withdraw from the study.

A total of 93 participants with COPD were enrolled into the
ECM living lab, of these 27 were transferred directly from the
prior pilot study and 66 were recruited throughout the period
of the study. For this analysis, 5 were excluded due to not having
provided any measurements after the inclusion and one due to
insufficient inclusion data, resulting in a total of 87 participants.

During the study, 29 patients dropped out: 9 of whom because
they died, 8 for reasons not associated to the tracked
exacerbations, and 12 for other reasons. In addition, 5% (4/87)
of participants dropped out within 14 days, but data from these
participants are included as an objective of this study was to
assess the overall activity and event of the participants.

At entry, all participants were registered with baseline data
including age, sex, heart rate, oxygen saturation, forced

expiratory volume for 1 second (FEV1), and a clinical
examination [25]. Based on these data, participants were
classified according to the previous GOLD guidelines from
2011 [26], as the study was planned in 2013. They were
classified according to the air flow limitation severity in COPD
(GOLD classes I-IV) and their risk factor group (GOLD risk
factor groups A-D) assessed by the number of exacerbations
per year and their Medical Research Council breathless test
score. We recognize that these recommendations have changed
in new edition of the GOLD guidelines and our data may
therefore not be directly comparable to newer data sets [26].

Context and Data Collection
The ECM is a unique, personalized health-centered living lab
project that consists of an environment and service ecosystem
where it is possible to investigate everyday fluctuations when
living with COPD. Simultaneously, the ECM makes it possible
to estimate how many resources are needed to meet the needs
of the participants both when the participants live an active and
independent life in ECM1 and when their condition deteriorates
and they are allocated resources as described in ECM2 to ECM6.

The ECM living lab provides the participants with 24/7 access
to assistance from the response and coordination center (RCC)
manned by nurses supported by eDoctors. The self-tracking
activities are completely regulated by the participants, driven
by either curiosity or needs in relation to the ongoing changes
of their condition. As the participants register their data, they
are simultaneously reported to the RCC. The participants are
informed that their data will be visible for the RCC staff, they
can expect the RCC to respond if their condition deteriorates,
and self-tracking is digital assistance helping them to manage
their condition. The participants are also able to contact the
RCC through their tablet using video or voice communication
if they feel insecure or have any questions [24].

A third kind of communication may be initiated by the RCC
staff: when they register a deterioration, they will contact the
participant to investigate whether there is any need of assistance.
For the participants, this data-driven approach should result in
a structured and less intrusive way to live with their COPD as
they only need to report their PRO data when they feel like it
and only contact the RCC if they need advice, care, or treatment.

The information technology (IT) support for processes and
activities in the ECM living lab constitutes 2 IT systems
specially tailored for this purpose [24]: a citizen-oriented
monitoring system (Appinux Care, Appinux A/S) and a medical
documentation system (EpiProcess, OCEAN Process A/S).

The COPD monitoring module in the Appinux platform allows
participants to deliver real-time data to health care providers.
Participants used a Samsung tablet with an app to report their
data used to assess their condition. The participants themselves
reported a measured body temperature, increased breathlessness,
increased coughing, and changed color of sputum. These data
were reported together with a guided semiautomatic
measurement of heart rate, oxygen saturation, and FEV1. The
initial assessment of the data is performed by the system, and
an algorithm presents this assessment to the participant as a
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color (red, yellow, green) along with advice on the appropriate
action to take.

Based on these data, the health care professionals can, together
with the participant, make informed decisions on how to best
manage the change in condition. This will be based on the
previous measures evaluated with graphs, including plotted
trends, which enable the health professionals to better predict
the course of the participant. All participants were equipped
with an acute medicine box at home, to be used only when
exacerbations occurred to avoid delays in the initiation of a
medical treatment. The content was prescribed by the eDoctor,
provided by a local pharmacy, and used only in agreement with
the RCC staff. The acute medicine box contained

bronchodilators (short-acting β2-agonist and long-acting
β2-agonist), inhaled corticosteroids, prednisolone tablets, and
broad-spectrum antibiotic tablets.

The medical treatment was standardized to match 3 categories
of exacerbations (mild, moderate, and severe) using a stepwise
approach with increasing intensity of the medication to match
the severity (Table 1). The initiation of medical treatment is
based on symptoms and the algorithm system using the PRO
data. Based on these and the history, the participant was treated
with drugs according to Table 1. The pattern of used drugs was
used afterward to classify the participant’s severity of
exacerbation for the purpose of this study.

Table 1. Description of severity based on medical prescription.

Exacerbation typeCorresponding medical treatment

MildIncrease of ICSa and LABAb + SABAc

ModerateIncrease of ICS and LABA + SABA + oral prednisoloned

SevereIncrease of ICS and LABA + SABA + oral prednisolone + antibioticse

aICS: inhaled corticosteroid.
bLABA: long-acting β2-agonist.
cSABA: short-acting β2-agonist.
dCourse of 37.5 mg daily for 5 to 10 days.
eAmoxcillin 500 mg × 3 daily for 10 days.

Our definition of severe exacerbation differs from the one
purposed in the GOLD guidelines, as GOLD classifies this as
a condition requiring hospitalization or emergency room visits.
In our setting, we defined a severe exacerbation as a condition
where an increase of inhaled corticosteroid, long-acting
β2-agonist, short-acting β2-agonist, oral prednisolone, and
antibiotic was needed (Table 1); this resembled more a moderate
exacerbation compared to GOLD. In our case, however, if a
severe exacerbation treatment was initiated it triggered a series
of standardized health services including a follow-up program
with daily virtual ward rounds, close monitoring of the
condition, and medical adjustments if needed (ECM3 and
ECM4).

We therefore argue that our approach in a combined virtual and
physical setting is comparable to the procedures performed
during a hospitalization or in the emergency room, and therefore
may be covered by the definition of severe exacerbation as
proposed in the GOLD guidelines.

Statistical Analysis
At entry, we registered sex, age, FEV1, pulse rate, and oxygen
saturation for each participant. During the study, we registered
participant observation period, number of exacerbations, and
number of contact notes, which were coded into care and
treatment notes. Each participant was at entry classified
according to the GOLD classes I through IV and placed in a
risk factor group A through D. Categorical data were reported
as numbers and percentages and continuous data were reported
as mean values with standard deviations.

Age at entry; participant days; number of mild, moderate, severe,
and total exacerbations; and number of measurements per
participant year were compared between the risk factor groups
using 1-way analysis of variance. All statistics were performed
using Excel (version 2016, Microsoft Corp).

Ethics and Data Protection
As previously reported, the study was assessed and found not
to need specific approval by the regional office of the National
Danish Ethics Committee (H-3-2012-FSP31). The program was
also registered with the National Danish Data Agency by first
the University of Copenhagen (2012-41-0384) and since January
2014 by the municipality of Lyngby-Taarbæk, Denmark
(20150910229). All participants were told about the study orally
and with written material and informed that they could withdraw
from the services at any time. Each participant signed a consent
with a copy of this information. All data were handled according
to Danish legislation and regulations.

Results

The study population consisted of 58 females and 29 males.
The average age was 73.7 (range 47-91) years. The accumulated
number of self-tracked measurements was 12,470. The
accumulated number of days with self-tracking was 31,714, and
the average of self-tracking days per participant was 368.8 (SD
248.7) with a range from 1 to 791 days per participant. As seen
in Figure 1, only 7% (6/87) of the participants dropped out
within the first month and 85% (74/87) participated for more
than 3 months.
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Figure 1. Observation period for the participants.

The number of participants classified both according to risk
factor groups and severity is shown in Table 2. More than half
of all patients were characterized with severe or very severe

COPD. The mean FEV1 and standard deviation at entry served
as baseline for the evaluation of the participants during the
observation period (also shown in Table 2).

Table 2. Forced expiratory volume during the first second at baseline of the study by participants’ GOLD class and risk group.

TotalD: MRC score ≥2; ≥2 exac-
erbations per year, mean
(SD)

C: MRC score 0-1; ≥2 ex-
acerbations per year, mean
(SD)

B: MRC score ≥2; 0-1 exac-
erbations per year, mean
(SD)

A: MRCb score <2; 0-1 exac-
erbations per year, mean
(SD)

GOLDa

11.46, n=1———dI: FEV1
c≥80% pre-

dicted

410.86 (0.26), n=41.49 (0.05), n=31.52 (0.46), n=231.47 (0.46), n=11II: 50%≤FEV1<80%
predicted

250.74 (0.22), n=161.10 (0.08), n=81.28, n=1—III:
30%≤FEV1<50%
predicted

200.67 (0.3), n=180.97 (0.05), n=2——IV: FEV1<30% pre-
dicted

8739132411Total

aGOLD: Global Initiative on Chronic Obstructive Lung Disease.
bMRC: Medical Research Council.
cFEV1: Forced expiratory volume during the first second.
dNot applicable.

The number of participants were unevenly distributed across
the severity classes and risk factor groups (Table 2). Therefore,
we adjusted for observation period by normalizing data into
participant years or days of observation (Table 3).

The mean number of measurements per participant days did not
differ between the risk factor groups, although risk factor group
D tended to have higher activity. The numbers are less than one
per day and equivalent to a measurement every second to fifth
day but with a wide range from 0.01 and up to 3.8 measurements
per day.

The number of exacerbations divided into mild, moderate, and
severe did not differ significantly among the groups, although
the annual rate per patient tended to be higher in risk factor
group D with risk factor group B having the second highest
mean value. The mean numbers of care notes and treatment
notes were similarly higher in risk factor group D, and risk
factor group B had the second highest mean of care notes per
participant year. The mean for treatment notes per participant
year deviated from this pattern as risk factor group C had almost
the same number as risk factor group B. This was primarily due
to one participant in group C who had 93 treatment notes over
a period of 219 days.
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A total of 21 of the contact notes were related to other issues
than living with COPD, 2 related to treatment of urinary tract
infection, 2 to peripheral edema treated with diuretics, and 2 to
acute need of hospitalization for other reasons. None of the

contact notes was related to treatment or care of other somatic
long-term conditions such as ischemic heart failure or diabetes.

In Table 3, the characteristics of exacerbations and contact notes
distributed within risk groups are provided.

Table 3. Distribution of exacerbations and contacts within risk groups.

Risk factorCharacteristic

Total (n=87)D (n=39)C (n=13)B (n=24)A (n=11)

1.00 (0.67)0.94 (0.66)1.16 (0.72)1.12 (0.68)0.77 (0.57)Participant years, mean (SD)

0.45 (0.46)0.57 (0.55)0.35 (0.27)0.43 (0.36)0.28 (0.18)Measurements per participant day, mean (SD)

254150237011Total number of exacerbations

2.93 (3.89)3.87 (4.76)1.77 (2.35)2.92 (3.36)1 (1.49)Exacerbations/year, mean (SD)

76349294Mild exacerbations

0.99 (1.81)1.06 (1.71)0.52 (1.02)1.07 (1.77)1.11 (2.91)Mild exacerbation/year (SD)

57377112Moderate exacerbations

0.70 (1.61)1.06 (1.96)0.64 (1.84)0.38 (0.97)0.18 (0.45)Moderate exacerbation/year, mean (SD)

121797305Severe exacerbations

1.39 (2.41)1.85 (2.17)0.37 (0.58)1.74 (3.50)0.28 (0.53)Severe exacerbations/year, mean (SD)

1397789124382102Care notes

24.80 (28.52)31.13 (33.55)12.33 (11.78)21.94 (23.90)23.33 (29.06)Care notes/year, mean (SD), (n=84)

1704112116636453Treatment notes

20.28 (30.60)29.01 (32.27)14.85 (42.40)14.20 (22.00)5.29 (6.90)Treatment notes/year, mean (SD)

45.31 (45.41)57.71 (44.74)27.18 (50.18)37.43 (34.75)28.62 (33.41)Total contact notes/year mean (SD)

The participants’ total number of contacts were primarily related
to ECM2 with the virtual clinical management. Less than 5.36%
(165/3081) of the contact notes related to more
resource-demanding activities such as evaluation in the
participants’ home by a mobile acute team (ECM3 and 4),
referral to community bed care (ECM5) or hospitalization
(ECM6). As seen with the number of exacerbations, the highest
number of contacts were in risk factor group B and D (Table

4). This is partly due to the higher number of participants in
these 2 groups, as the adjustment for participant years (Table
3) reduces the difference between group A and C versus group
B and D. The differences, particularly in group C, may also be
explained by a lower need for contacts not related to treatment
as these contacts contribute to the largest difference between
group C versus group B and group D (Table 3).

Table 4. Number of contact notes (%) within risk factor distributed at ECM levels.

TotalDischarge
notes

ECM6fECM5eECM4dECM3cECM2bECM1aRisk factor

156 (5.1)—g002 (0.1)1 (0.0)129 (4.2)24 (0.8)A

746 (24.2)6 (0.2)6 (0.2)3 (0.1)10 (0.3)6 (0.2)629 (20.4)86 (2.8)B

288 (9.6)1 (0.0)2 (0.1)07 (0.2)5 (0.2)242 (7.9)31 (1.0)C

1891 (61.3)14 (0.5)25 (0.8)28 (0.9)35 (1.1)35 (1.1)1615 (52.4)139 (4.5)D

3081 (100)21 (0.7)33 (1.1)31 (1.0)54 (1.8)47 (1.5)2615 (84.9)280 (9.1)Total

aECM1: Epital Care Model 1—Digitally facilitated active and independent living.
bECM2: Epital Care Model 2—Virtual clinical management.
cECM3: Epital Care Model 3—Clinical management @home, digitally assisted.
dECM4: Epital Care Model 4—Outmitted @home.
eECM5: Epital Care Model 5—Admitted to local community care facility.
fECM6: Epital Care Model 6—Admitted to hospital.
gNot applicable.

The numbers of care and treatment notes are highest in the first
month after enrollment in the ECM (Figure 2). The care notes

decline over time with a plateau after 3 months at approximately
one-third of the initial number of care notes. The number of
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treatment notes were initially lower than the care notes and
reach a plateau after 4 months at approximately half of the initial
number of treatment notes. Most of the care and treatment notes

(2111/3060, 68.99%) were conducted in the daytime hours
between 8:00 AM and 5:00 PM.

Figure 2. Number of care contact notes and treatment contact notes per person over the first 6 months after enrollment/on-boarding, reported in intervals
of 30 days.

Most of the exacerbations were managed virtually in the context
of the RCC (ECM2), and 69.4% (84/121) of the severe
exacerbations were mitigated virtually (Table 5). Only 21.3%
(54/254) of all exacerbations required more intensive diagnostics

and follow-up with the majority of these belonging to the severe
exacerbations. Only 7.1% (18/254) of the exacerbations required
hospitalization and an equivalent number of exacerbations
required hospitalization at home (ECM4).

Table 5. Number of exacerbations (%) in relation to severity of the exacerbations and the allocated resources (ECM level).

TotalECM6eECM5dECM4cECM3bECM2aExacerbation type

76 (100)——f2 (2.6)2 (2.6)72 (94.7)Mild

57 (100)2 (3.5)—5 (8.8)6 (10.5)44 (77.2)Moderate

121 (100)16 (13.2)4 (3.3)13 (10.7)4 (3.3)84 (69.4)Severe

254 (100)18 (7.1)4 (1.6)20 (7.9)12 (4.7)200 (78.7)Total

aECM2: Epital Care Model 2—Virtual clinical management.
bECM3: Epital Care Model 3—Clinical management @home, digitally assisted.
cECM4: Epital Care Model 4—Outmitted @home.
dECM5: Epital Care Model 5—Admitted to local community care facility.
eECM6: Epital Care Model 6—Admitted to hospital.
fNot applicable.

Discussion

Principal Findings
This study is, to the best of our knowledge, the first to describe
the activities and interactions that take place in an environment
based on telehealth and a systematic use of PRO data. An
environment was designed to meet the needs of patients and
provide an active and independent living in accordance with
the person-centered health service model, the ECM [24].

The ECM environment with its service ecosystem offers a
unique opportunity to more thoroughly explore the nature of
COPD in relation to the severity described as GOLD classes
and risk factor groups and the required resources to assist the
participants to adequately manage their own condition.

In our study, we detected a total of 254 exacerbations in 87
patients based on PRO measures with a subsequent clinical
assessment that resulted in medical treatment corresponding to
either mild, moderate, or severe exacerbation (Table 1). Overall,
we found 59% (150/254) of the exacerbations occurred in the
high-risk group (risk factor group D) with an annual rate of 3.9
exacerbations per participant year, and we found that
approximately half of these were categorized as severe
exacerbations with 1.86 severe exacerbations per participant
year. These results are in the higher end compared to other
studies that have also examined annual rates of exacerbations.
Comparison of our data with other studies is difficult as it
requires a standardization of the severity of the COPD condition
and a classification of severity of exacerbations across studies.
Our study design builds on the 2011 GOLD guidelines and a
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pragmatic approach to classification of severity taking the
strength of telehealth into consideration, as described in the
methods section. Wilkinson et al [8] found, in accordance with
our study, a mean of 2.5 exacerbations per patient year, but
40.1% of these were not detected by the clinicians and covered
a broad spectrum of patients with respect to severity.

In a review by Seemungal et al [27], the authors found an
estimated annual rate of COPD exacerbations as low as 0.5 to
a high of 3.5 exacerbations per patient year and hospitalization
rates with a range from 0.09 to 2.4 per patient year, the latter
being categorized as severe exacerbation according to the GOLD
definition [26].

It is surprising that the annual rate of exacerbations in risk factor
group C tends to be lower, although not significantly, than in
risk factor groups B and D. This may be due to the low number
of participants in risk factor group C and is thereby a statistical
coincidence and not real finding. In Denmark, patients with
COPD will be referred to pulmonary specialists when they move
from risk factor group B to C and this may also be a factor that
can explain why group C has a lower annual rate of
exacerbations than group B.

Our data, which build on a 24/7 self-tracking setup with
immediate response from RCC staff, provide us with a detailed
insight into the nature of the COPD condition and reports of
deteriorations, which may have been missed in other settings.
This may explain the higher number of total exacerbations (3.9
per participant year), whereas the number of severe
exacerbations is closer to the other studies. Had we used a
classification of severity similar to the GOLD guidelines by
only including those in need of physical contact to health
professionals in a setting equivalent to an emergency room or
hospitalization, the number would only have been 37 of the
detected 254 exacerbations, which is 31% of the 121 considered
to be severe exacerbations based on our criteria or only 15% of
all 254 exacerbations. It is also noteworthy that 2 of those
initially classified as moderate exacerbations resulted in
hospitalization and 16 of the 121 classified as severe
exacerbations resulted in hospitalization. If the stricter approach
was followed, by only classifying those in ECM3 to ECM6 as
severe, 21 of 37 were not hospitalized but mitigated before
hospitalization.

The number of exacerbations leading to hospitalizations is
similar to the 6.4% found by Wilkinson et al [8]. Whether this
is a result of a lack of effect of our setting or due to our inclusion
of a higher number of participants in risk factor group D remains
to be explored. In a study by Pinnock et al [19] comparing
telehealth with conventional care they found an annual rate of
number of hospitalizations per patient to be 1.2. This is
considerably higher than our 18 hospitalizations out of 87
participants with 0.21 hospitalizations per participant year.

When comparing exacerbation rates, one must therefore be
careful and very aware of the lack of consensus of clear
definitions of exacerbations, grading systems for the severity
of the disease, the high heterogeneity among studies, and the
different treatment culture among clinicians which also have
an influence.

The higher overall exacerbation rates in this study may be
explained by the voluntary self-tracking setup with an easy way
to report PRO data, which provides far more data than one
would normally get in a traditional health system. This may
provide a higher sensitivity for detecting exacerbations but may
also decrease the specificity in comparison to traditional systems
as the threshold for acting on changes in the pulmonary
condition may be lowered. The higher occurrence of
exacerbations in our study compared to others, may be explained
by the notion that exacerbations go unreported [8,28,29].

Whether a lower threshold for detection and an apparent
increased administration of drugs will be reasonable and be
considered proactive by being able to prevent a deterioration
of the COPD over time by a more aggressive handling of the
acute exacerbations needs further studies.

Association Between Clinical Condition and
RCC-Mediated Activities
When organizing a 24/7 service available for all individuals
with COPD in a geographical area, it is important to understand
whom will need which services and how these needs will evolve
over time. As expected, most of the severe exacerbations and
hospitalizations were associated with the participants in risk
factor group D. This group also had the highest number of
contacts, both related to care and treatment. Most of contacts
were handled at the virtual clinical management level with
84.1% taken place in relation to ECM2 and with an additional
9.1% only 6% of all contacts were in relation to the more
resource demanding activities in ECM3-ECM6.

We find that the activities as estimated by contact notes were
more than twice as high during the first month of enrollment
into the living lab than after 3 to 4 months. Even the number of
treatments notes declined, indicating that the participants learned
to better manage their condition or became less distressed. This
is in accordance with Kargiannakis et al [30] who, in a service
ecosystem comparable to ours, found that the initial contacts
per participant dropped from 7 per day to 4 within the first week.
The total number of contacts over a period of 42 days with 23
participants were considerable higher with a total of 451 or
approximately 14 per participant within the first month [30].

Our results are in accordance with our previous finding that the
participants’ emotional distress decreases over time [25]. The
reduced number of contacts to the RCC may also reflect the
finding that the participants reported a perception of being less
active in managing their condition [25]. Based on both the
previous findings and the number of contacts, will we
hypothesize that the ECM living lab environment and service
ecosystem contributes to the participants ability to better manage
the COPD and related challenges. It should also be noted that
the majority of contacts were in the daytime, which indicates a
relatively low need for urgent and often more costly contacts
in the evening and at night.

Another important finding is that when an exacerbation is mild
when detected, the likelihood of needing physical contact to the
health professionals in the course is low (< 5%) and with
moderate exacerbations this increases to approximately 23%
whereas approximately 31% with severe exacerbations require

J Med Internet Res 2021 | vol. 23 | iss. 10 |e22567 | p.380https://www.jmir.org/2021/10/e22567
(page number not for citation purposes)

Phanareth et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


physical evaluation and approximately half of these needs to
be hospitalized.

Virtual Clinical Management Resilience Index
The increasing digitalization and virtualization of clinical care
and the integration of services across providers call for an
indicator of the resilience of the ecosystem of services that can
be provided by the circles of care to individuals in a way that
supports an active and independent living assisted by technology
and with assistance when their condition periodically
deteriorates. The ECM1 and ECM2 is an example of such
ecosystem, which is supported by the blended physical and
virtual services provided in the participant’s own home (ECM3
and ECM4) or referral to a bed outside the participant’s home
(ECM5 or ECM6) in case of severe deterioration. The capacity
to manage the individual in ECM1 and ECM2 relates to the
competence of the health professionals to manage acute episodes
remotely, their access to technology that supports their decisions,
equipment in the participants’ homes that enables the handing
of even more complex situations, and finally the participant’s
and their relatives’ understanding of and ability to manage the
fluctuations of their condition.

As our data points to not only the classification of COPD with
respect to severity and type of exacerbations, the context and
resources also need to be reported in comparable manners.
Instead of comparing technology and capacity of all the involved
persons, we suggest an index that describes the resilience of the
ecosystem of health services provided virtually as an indicator
of maturity and capacity to manage participants most efficiently
with focus on their well-being.

We propose a Virtual Clinical Management Resilience Index
(VCMRI) that reports on the success of keeping patients within
the setting of the virtual clinical environment. The ratio should
be calculated as the number of cases that can be managed in a
virtual clinical environment divided by the total number of
patients.

In the context of ECM, a VCMRI will be a ratio of the number
of exacerbations that can be reversed at ECM2. We found 121
severe exacerbations among the participants in our study and
by using the formula on VCMRI with ECM2 in the denominator,
we calculated a VCMRI of 0.694 for ECM2 meaning that almost
70% of severe exacerbations mitigated in ECM2. This is of
interest as all services in ECM2 are performed virtually without
any physical contact to the surrounding health care system. The
VCMRI may be an important tool for the development of future
integrated systems as it can enable the documentation and
comparison of the health care services’ability to keep the patient
at home, which is a service goal for most patients, who prefer
receiving treatment and care in their own home [31,32].
Therefore, the VCMRI may contribute to the development of
more integrated and personalized health care services fulfilling
the patient’s wish to be at home.

With its model for describing activities, roles, contexts, and
technologies, the ECM can be used to allocate resources both
within the virtual ecosystem and in the physical activities from
ECM3 to ECM6. In reporting the resilience index, the efforts
and resources can be reported in accordance with the structure

of the ECM with respect to roles of the actors, their activities,
the technology involved, and geographical locations as well as
roles and certification of the involved actors. Future studies
reporting in this context may map themselves into this model
and compare with our results.

Strengths and Limitations
The strength of our study is the close contact to the participants
in the period they are connected to the living lab. This provides
our RCC staff with an insight into the everyday life of
participants and how they manage their condition. The use of
technology to document all the events for this study imposes a
limitation as we cannot be entirely sure that all communications
and actions are documented. Also, we do not have access to
other health care IT systems at the individual level, which may
result in an underestimation of hospital admissions relating to
other conditions.

Another limitation is the recruitment of participants as it is a
convenience sampling from the local community and without
direct referral from hospitals or general practitioners. We may
therefore miss those who were not able to use technology or
were disengaged from the services where we recruited. With a
more vigorous inclusion, we might be able to include more
COPD patients, who have difficulties in managing their health.
This could result in more severe courses including a higher rate
of hospitalization as Wilkinson et al [8] demonstrated that those
not seeking their GP or hospital specialists are in a higher risk
of deterioration.

The observation period varied from 1 day to more than 2 years,
and the lack of exclusion of the 4.6% who participated for less
than a 14-day period may contribute to a lack of statistical
differences between the risk factor groups with respect to the
number of exacerbations and contact notes, as normalization of
these data to patient year may have increased the variance of
the data set. We have kept all the participants regardless of days
spent in the study to conform to our research protocol, and we
also find it important to keep these data as information about
how early withdrawal contributes to the full picture of the
population. It should be noted that all participants have been
through 2 visits in their home by both a medical doctor and a
member of the service team who introduced them to the
equipment for self-tracking. Thus, withdrawal after only a few
days signifies that despite of the enrolled participants being well
informed, there is still a small group of participants who find it
too difficult when left to self-monitoring. Unfortunately, for
ethical reasons, we were not permitted to ask for a reason for
the withdrawal.

Our study is an observational study without any controls. We
are therefore not able to document the effect of the ECM
intervention compared to how the participants would behave in
relation to their contact pattern to conventional health services.

Perspective
We recommend future studies focus on participants who have
been enrolled at least 90 days prior to observations for 2 reasons.
The first is to be able to obtain a steady state situation before
activities and outcomes of the intervention are observed. The
second is from a resource perspective, as our data indicate that
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the resources and efforts during enrollment and the first 30 days
can only be justified if the COPD patients are using the services
for a longer period, as their need for resources declines after 90
days (Figure 2).

Future studies should also be more focused on a more
appropriate number of participants in each of the GOLD classes
and risk factor groups, and they should also include matched
controls or include a randomized control group.

Conclusion
The establishment of a person- and health-centered and digitally
supported environment to assist people living with COPD has
offered us a unique opportunity to learn about the nature of
COPD over a period of up to 2 years. We find a large variation
in both to what extent the participants engage themselves in
self-monitoring activities and their need for contact with health
professionals. The participants who are in most need of

interaction with the health professionals (both virtual and
nonvirtual) and have with the highest number of exacerbations
belong to risk factor group D. The participants’ interactions
with the RCC staff were highest during the first month of
enrollment as also seen in other studies, indicating that the
participants develop their capability to manage their own
condition over time. Our results are difficult to compare to other
technology-assisted settings and we therefore suggest a
resilience index, the VCMRI. Together with the ECM, the
resilience index could be used as a scaffold to report on the
success with mitigating participants at the virtual clinical
management level and at the same time report on involved
capacity. We also find a need for a classification of severe
exacerbation which can translate the current GOLD
recommendation of hospitalization as a criterion with resources
and efforts comparable to these in a telehealth care setting
including the practice of referral to hospitalization at home or
community care.
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Abstract

Background: The COVID-19 pandemic has boosted the use of forced expiratory volume in 1 second (FEV1) telemonitoring
in pediatric asthma, but a consensus on its most efficient and effective implementation is still lacking. To find answers, it is
important to study how such an intervention is perceived, experienced, and used by both patients and health care professionals
(HCPs).

Objective: The aim of this study was to provide perspectives on how FEV1 home monitoring should be used in pediatric asthma.

Methods: This is a qualitative, multicenter, prospective, observational study which included patients with asthma aged 6-16
and HCPs. Primary outcomes were results of 2 surveys that were sent to all participants at study start and after 3-4 months.
Secondary outcomes consisted of FEV1 device usage during 4 months after receiving the FEV1 device.

Results: A total of 39 participants (26 patients and 13 HCPs) were included in this study. Survey response rates were 97%
(38/39) at the start and 87% (34/39) at the end of the study. Both patients and HCPs were receptive toward online FEV1 home
monitoring and found it contributive to asthma control, self-management, and disease perception. The main concerns were about
reliability of the FEV1 device and validity of home-performed lung function maneuvers. FEV1 devices were used with a median
frequency of 7.5 (IQR 3.3-25.5) during the 4-month study period.

Conclusions: Patients and HCPs are receptive toward online FEV1 home monitoring. Frequency of measurements varied largely
among individuals, yet perceived benefits remained similar. This emphasizes that online FEV1 home monitoring strategies should
be used as a means to reach individual goals, rather than being a goal on their own.

(J Med Internet Res 2021;23(10):e29218)   doi:10.2196/29218

KEYWORDS

eHealth; asthma; pediatrics; telemonitoring; lung function tests; lung function; spirometry; home monitoring; mHealth; app;
smartphone; asthma control; child; outpatients; remote consultations; quality improvement; patient care management; telemetry;
application; FEV1; pulmonary care
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Introduction

The primary aim of asthma care is to reach and maintain asthma
control by early recognition and treatment of pulmonary
exacerbations (PEx) [1]. In children with asthma, objective
measures to aid patients, caregivers, and health care
professionals (HCPs) in detecting pulmonary deterioration are
crucial [1-3]. Many objective measures have been studied and
proposed, but the forced expiratory volume in 1 second (FEV1)
measured by spirometry remains undefeated as both an objective
measure of pulmonary deterioration and a criterion for defining
PEx [4-6]. The limitation of FEV1 is that it is usually only
measured during scheduled outpatient clinic visits and not
preceding asthma exacerbations. As a response to the COVID-19
lockdowns, many hospitals have reduced their outpatient clinic
capacities which further decreased our ability to timely
recognize PEx. Additional unplanned outpatient visits during
symptoms were also harder to schedule because of COVID-19
measures in hospitals. It is therefore no surprise that
telemonitoring, including FEV1 home measurements, has
become more popular during the COVID-19 pandemic [7-9].

The value of FEV1 telemonitoring has been a subject of debate
since portable spirometers became available. Although generally
accepted as a feasible intervention in children with limited
disease perception, concerns regarding the reliability of the
measurements persist, and studies have failed to convincingly
show an added value of FEV1 home monitoring in general
asthma care [1,4,10-15]. Most of these studies used strict
monitoring regimes in which patients measure their FEV1 daily
in order to reduce PEx and health care consumption. As a result,
monitoring adherence declined, and HCPs were left with mounts
of—mostly irrelevant—FEV1 data and eventually the primary
objectives were not reached [1,12-15]. This raises the question
of what role FEV1 telemonitoring should play in pediatric
asthma. With the currently rapidly accelerating interests in FEV1

telemonitoring, it is even more important to develop perspectives
on this topic.

This study aimed to develop new perspectives on how to use
FEV1 telemonitoring in the future of pediatric asthma care. To
achieve this we combined FEV1 home monitoring with an online
eHealth platform [16-18]. Our main research question was “How
do patients, their parents, and HCPs want to make use of FEV1

home monitoring?” Patients who already used the eHealth
platform in regular pediatric asthma care to monitor asthma
control with questionnaires received FEV1 monitoring devices

which were integrated in the platform. To realistically reflect a
regular pediatric care setting, no fixed measurement schedules
were used and patients themselves kept responsibility on how
often they measured their lung function. Expectations and
experiences of both patients and HCP were studied, as well as
FEV1 device usage.

Methods

This was a qualitative, multicenter, prospective, observational
study on FEV1 home monitoring combined with an online
eHealth platform for 4 months. The eHealth platform is used
in regular pediatric asthma care to monitor asthma control using
the validated (childhood) Asthma Control Test ([C]-ACT), and
to support self-management with personalized online asthma
action plans [19,20]. Details of the eHealth platform have been
published previously [16-18]. For this study the platform was
expanded with a module for FEV1 home measurements. FEV1

measurements were performed with the Spirobank Smart and
automatically uploaded to the online eHealth platform with a
smartphone app [21]. The smartphone app was available on
both Google Play and the Apple App Store. Participants could
log in to the smartphone app with the same credentials as used
for the online eHealth platform. After pairing with the FEV1

device once, participants could use the app to perform
measurements. Measured values were automatically sent to the
app via Bluetooth and could be uploaded directly to the online
eHealth platform (Figure 1). In addition to FEV1, the Spirobank
Smart devices measured the forced vital capacity (FVC),
FEV1-to-FVC ratio (FEV1/FVC), peak expiratory flow (PEF),
and forced expiratory flow at 25%-75% (FEF25-75). Automated
feedback was given for each measurement. A green, orange, or
red tag was provided based on individual thresholds depending
on the personal best value of FEV1 of that patient. A green tag
prompted encouraging feedback and required no intervention,
while an orange or red tag (ie, usually below 80% of the
patient’s best value) prompted an intervention based on the
personal online asthma action plan of the patient. A red tag also
sent an automatic email notification to the treating HCPs which
they could follow-up on if deemed necessary. FEV1 values were
plotted over time in the online eHealth platform (Figure 2). The
FEV1 is the main lung function outcome on the eHealth
platform, but additional values were visible when selecting
specific measurements on the platform. During this study
patients kept the responsibility on how often they used their
devices, and no instructions were given on how often they
needed to measure their FEV1.
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Figure 1. Screenshots of the instruction screen (left panel), measurement screen (middle panel) and feedback screen (right panel) of the smartphone
app. The text in the instruction screen provides a short description on how to use the FEV1 device appropriately. The measurement screen shows a
successfully performed measurement with buttons to upload (upper) or repeat (lower) the measurement. The feedback in the feedback screen is based
on individual thresholds. Language is in Dutch.

Figure 2. Screenshot of the graphical presentation of FEV1 measurements on the online eHealth platform of one of the participants. Language is in
Dutch. Colors represent individual color zones (green, orange, red).

Participants were recruited during outpatient visits in specialized
asthma clinics from a university hospital (Radboudumc,
Nijmegen, the Netherlands) and 2 general hospital (Canisius
Wilhelmina Hospital, Nijmegen, the Netherlands and Spaarne
Gasthuis, Haarlem, the Netherlands). Participants were eligible
for inclusion if they had a doctor’s diagnosis of asthma based
on the Global Initiative for Asthma (GINA) criteria, were aged

6-18 years, and already used the online eHealth platform for
regular pediatric asthma care [1]. All parents and participants
aged ≥12 years had documented verbal consent for the
anonymized use of their data. The local ethical committee
waived approval of the Medical Research Involving Human
Subjects Act (WMO) considering the negligible burden of this
study and the absence of imposed risks.
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The primary outcome included survey results of patients (or
their parents in case of young patients) and HCPs before and
3-4 months after the introduction of FEV1 devices. We used
modified validated research questionnaires originally designed
by Grol et al [22] to gather information from 5 perspectives:
the receptiveness for using innovations in health care, the
perceived contribution of online FEV1 home monitoring to
asthma care, the perceived contribution of online FEV1 home
monitoring to patient self-management, the user-friendliness of
the service, and the possible undesired effects. The surveys
consisted of 21-25 questions of which most were to be answered
with a 5-item Likert scale (strongly disagree to strongly agree).
The online survey also asked participants to comment on
experienced benefits and disadvantages, and to provide
suggestions to improve the service. Survey outcomes were
described and analyzed on intergroup differences at both time
points and intragroup differences over time.

The secondary outcome was FEV1 device usage over the
4-month study period. All statistical analyses were performed

using Statistical Package for the Social Sciences (SPSS version
25; IBM).

Results

A total of 39 participants (26 patients and 13 HCPs) were
included in this study. Patient characteristics at baseline are
summarized in Table 1. HCPs were employed as pediatric
pulmonologists (5/13, 38%), general pediatricians (1/13, 8%),
residents (2/13, 15%), specialist nurses (4/13, 31%), or doctor’s
assistants (1/13, 8%). The median (IQR) age of HCP was 54
years (38.5-58). Baseline lung function was defined as a
measurement recorded within 31 days of FEV1 device reception.
Two patients did not record any lung function measurements
and 1 patient did not record a lung function measurement within
the 31-day baseline window. One patient quit the study due to
loss of interest. During this study none of the patients
experienced a PEx nor were hospitalized.
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Table 1. Baselinea patient characteristics (N=26).

ValueCharacteristics

13.4 (11.4-14.6)Age (years), median (IQR)

Age group, n (%)

8 (31)6-11 years

18 (69)12-18 years

12 (46)Male, n (%)

488.5 (353.6)Initial ICSb dose µg/dayc, mean (SD)

20 (15-23)(C-)ACTd score (n=7), median (IQR)

22 (18-27)ACTd score (n=17), median (IQR)

8 (38.1)(C-)ACT <20 points (n=21), mean (SD)

6-11 years (n=6)

–0.30 (0.80)z-FEV1
e, mean (SD)

0.26 (0.50)z-FVCf, mean (SD)

84.08 (73.19-92.00)Tiff (%), median (IQR)

–0.22 (1.49)z-FEF25-75g, mean (SD)

0 (0)Color zone not green, n (%)

12-18 years (n=17)

–1.53 (1.47)z-FEV1, mean (SD)

–0.65 (2.47)z-FVC, mean (SD)

81.87 (77.84-89.20)Tiff (%), median (IQR)

–1.37 (1.07)z-FEF25-75, mean (SD)

6 (35)Color zone not green, n (%)

aBaseline lung function outcomes were defined as the first measurement within 31 days of receiving the FEV1 measurement device. Three of the included
participants did not perform a baseline lung function measurement.
bICS: inhaled corticosteroids
cBeclomethasone or equivalent dose.
d(C-)ACT: (Childhood) Asthma Control Test.
eFEV1: forced expiratory volume in 1 second.
fFVC: forced vital capacity.
gFEF: forced expiratory flow.

Survey response rates at start were 96% (25/26) for patients and
100% (13/13) for HCPs, whereas those at the end were 85%
(22/26) and 92% (12/13), respectively. Survey results and
intragroup comparisons over time are summarized in Tables 2
and 3.

A total of 18 (69%) patients used their FEV1 device more than
3 times during the study period. FEV1 devices were used with
a median frequency of 7.5 (IQR 3.3-25.5) distributed over 5.5
unique days (IQR 2.3-19.0). Two patients did not use their FEV1

device at all, because one quit the study and another experienced

technical difficulties. Most measurements were performed in
the morning (154/421, 36.6%) or evening (156/421, 37.1%).
30.6% (129/421) of measurements were not in the personalized
green zones, and 11.6% (49/421) of measurements were in the
personalized red zone, leading to closer inspection by HCPs.

Seven patients reported that they did not want to decide
themselves how often they measured their lung function (Table
2, Q12). Only 2 of these patients used their device with a
frequency within the IQR of all participants. The others used
their device as follows: not at all, once or twice, or very often
(33 or 41 times).
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Table 2. Patient survey outcomes.

Significance (P
value)

End, median
(IQR)

Start, median
(IQR)

Statementa

—N/Ac5 (4-5)Q1. I am experienced with using smartphones.

—N/A4 (3-5)Q2. Using innovations in health care is normal.

—4 (3-5)N/AQ3. The FEV1
b measurement device looks nice.

—4 (2-4)N/AQ4. The FEV1 measurement device is easy to use.

—4 (3-4)N/AQ5. The manual of the FEV1 measurement device was clear.

—N/A4 (4-5)Q6. Measuring my FEV1 at home is new for me (innovative).

—N/A4 (4-5)Q7. I should be able to measure my FEV1 for a longer period of time.

.834 (4-5)4 (4-5)Q8. Measuring my FEV1 at home is a good addition to my daily asthma care.

.204 (3.75-4)4 (4-5)Q9. The FEV1 measurements will provide me with more insights into my disease.

.232 (2-3)2 (2-2.5)Q10. Measuring my FEV1 at home will cost a lot of time.

.344 (3-4.25)4 (4-5)Q11. I am glad that I am able to check my FEV1 by myself.

.333 (2-4)2 (2-3)Q12. I would only measure my FEV1 when I experience symptoms.

.134 (3-4)4 (3-5)Q13. Measuring my FEV1 regularly will help me to better handle my disease.

.491.5 (1-2)2 (1-2)Q14. The home measurements of FEV1 will make me insecure.

.422 (1-2.25)2 (1-2)Q15. The home measurements of FEV1 will give me stress.

.272 (1-3)2 (1.5-2.5)Q16. I only want to know my FEV1 when it’s not going well.

.863 (2.75-4)3 (3-4)Q17. I want to decide myself how often I measure my lung function.

>.994 (3-4.25)4 (3-4)Q18. I want to receive feedback on my home measurements.

>.994 (4-4)4 (4-5)Q19. I wouldn’t mind to fill out a short symptom survey if my FEV1 is lower than expected.

.374 (4-5)4 (3.5-4.5)Q20. I would like to receive reminders in the online asthma clinic to measure my FEV1.

—4 (3-4)N/AQ21. The graphical presentation of my FEV1 measurements is useful.

—4 (4-5)N/AQ22. If I don’t succeed to measure my FEV1 at home, I know whom to contact.

—3 (3-4)N/AQ23. I don’t worry as long as I feel good, even if my FEV1 is lower than expected.

.484 (4-5)4 (4-5)Q24. I wouldn’t mind if my health care professionals can see my home measurements.

.212 (1-2.25)2 (1-3)Q25. I would feel controlled by my health care professionals if they can see my home measure-
ments.

aResponses were collected on a 5-point Likert scale, where 1=strongly disagree; 2=disagree; 3=neutral; 4=agree; and 5=strongly agree.
bFEV1: forced expiratory volume in 1 second.
cN/A: not applicable.
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Table 3. Health care professional survey outcomes.

Significance (P
value)

End, median (IQR)Start, median
(IQR)

Statementa

>.994 (4-4.75)4 (3.5-4.5)Q1. I am experienced with using smartphones.

>.994 (4-5)4 (4-5)Q2. Using innovations in health care is normal.

—4 (4-4.75)N/AcQ3. The FEV1
b measurement device looks nice.

—4 (3-4)N/AQ4. The FEV1 measurement device is easy to use.

—4 (4-4)N/AQ5. The manual of the FEV1 measurement device was clear.

—N/A4 (4-5)Q6. Letting patients measure their FEV1 at home is innovative.

—N/A4 (4-5)Q7. Patients should be able to measure their FEV1 at home for a long period of time.

.774 (4-5)4 (4-5)Q8. Home monitoring of FEV1 is a good addition to patients’ daily asthma care.

—4 (4-5)N/AQ9. The graphical presentation of the FEV1 measurements is useful.

.484 (4-4)4 (4-4.5)Q10. The FEV1 measurements will provide me with more insights into my patients’
disease.

>.992 (2-2.75)2 (2-3)Q11. I only want patients to measure their FEV1 when they experience symptoms.

.744 (4-4.75)4 (4-4.5)Q12. Possible deteriorations will be detected earlier thanks to the home measurements.

.484 (3.25-4.75)4 (3.5-4)Q13. If technical problems arise with the measurements, I know whom to contact.

.02d3 (2-3)3 (3-4)Q14. The FEV1 measurements will pose an additional time burden for me.

.414 (2.25-4)4 (2.5-4)Q15. I only want to know the FEV1 measurements when they are lower than expected.

.843.5 (3-4)3 (2-3.5)Q16. Patients themselves should be responsible about how often they measure their
FEV1.

.104 (3.25-4)3 (3-4)Q17. If FEV1 measurements are lower than expected, a short symptom survey will
provide sufficient information for me.

.104 (2.25-4)4 (3-4)Q18. Patients should receive reminders in the online asthma clinic to measure their
FEV1.

.324 (3.25-4.75)4 (4-4)Q19. I know which patients are eligible for home monitoring of FEV1.

aResponses were collected on a 5-point Likert scale, where 1=strongly disagree; 2=disagree; 3=neutral; 4=agree; 5=strongly agree.
bFEV1: forced expiratory volume in 1 second.
cN/A: not applicable.
dStatistically significant change between survey outcomes at end and start.

Patients were interested in knowing all of their measured FEV1

values. By contrast, HCPs at both start and study end were more
interested in only knowing their patients’FEV1 outcomes when
they were lower than expected (P=.006 and .001, respectively).
At the start, HCPs were significantly more likely to expect an
increased time burden compared with patients (P<.001).

However their expectations were not matched by their
experiences because at study end HCPs had significantly
improved opinions on time burden compared with study start
(P=.021; Table 3, Q14). Reported benefits, disadvantages, and
suggestions by HCPs and patients are summarized in Textboxes
1 and 2.
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Textbox 1. Patients reported benefits, disadvantages, and suggestions at the end of the study. FEV1: forced expiratory volume in 1 second.

Benefits

• More insights into my/my child’s asthma

• Improved asthma control

• Less frequent hospital visits

• Always being able to know how I am/my child is doing

• It helps me with my/my child’s disease perception

• More insights into my/my child’s lung function

• Facilitates easy and quick adjustment of treatment

• Signaling of low lung function

Disadvantages

• Wrong values when the measurement is performed incorrectly

• The device does not always work

• It is easy to lose the device

• It is easy to forget to perform measurements

• The FEV1 device is less reliable than the device in the hospital

• Performing the FEV1 measurements is time consuming

• The mouthpiece is too large for small children

Suggestions

• Reminders should be sent to perform an FEV1 measurement

• The FEV1 device should be easier to use

• Instructions on how to clean the device

• Smaller mouthpiece for smaller children
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Textbox 2. Health care professionals’ reported benefits, disadvantages, and suggestions at the end of the study. FEV1: forced expiratory volume in 1
second.

Benefits

• Provision of objective measures of asthma control

• Aids patients with disease perception

• Continuity of monitoring

• Earlier recognition of pulmonary exacerbations

• Taking a simple and quick lung function test is possible when needed

• Facilitates easy and quick adjustment of treatment

Disadvantages

• More stress for both patients and caregivers

• More emphasis on patients’ asthma

• FEV1 measurements might be performed incorrectly which can falsely comfort or alarm patients

• Compulsive FEV1 testing and less attention for perceived symptoms

• Decreased motivation when FEV1 remains low while symptoms are barely present

• Time consuming for both patients and health care professionals

• Technological difficulties of FEV1 devices

Suggestions

• Good instructions at baseline

• FEV1 devices should be calibrated at every outpatient visit

• FEV1 home measurements should be used as a means to aid patients in achieving their individual goals. FEV1 home measurements should not
be a goal on their own

• Better instructions for patients on what to do when their FEV1 is lower than expected

• Less notifications for health care professionals during pulmonary exacerbations

• A notification when patients are back in their green zone

• Protective case for a fragile FEV1 device

Discussion

Our findings show that both patients/their parents and HCPs
are receptive toward online FEV1 telemonitoring in pediatric
asthma care. The participants in this study agreed that FEV1

telemonitoring in pediatric asthma care is innovative and
improves asthma care, self-management, and disease perception.
Most of the expectations patients and HCPs had about FEV1

telemonitoring matched their experiences. Initially, HCPs had
concerns regarding the additional time burden and increased
stress and insecurities of patients. However, HCPs’experienced
time burden was eventually lower than expected and increased
stress and insecurities of patients were not reflected in the
patients’ own experiences.

In our self-paced monitoring protocol, 69% (18/26) of patients
used their FEV1 device regularly, which affirms survey-reported
receptiveness of patients. However, the large interindividual
range in the frequency of use between patients emphasizes the
different approaches of individuals. Only 11.6% (49/421) of
measurements were in the “red zone.” The vast majority of

measurements required no intervention or could be resolved
with automatic feedback prompts using patients’ personalized
online asthma action plans.

To our knowledge, this is the first study on patients’ and HCPs’
receptiveness of FEV1 home monitoring combined with an
online eHealth platform in pediatric asthma care. The existing
body of literature often reports acceptance of FEV1 home
monitoring, but it is rarely quantified [12-15]. Because of the
COVID-19 pandemic, there is an increased call for research
into user satisfaction and receptiveness of eHealth interventions
[8,9]. Before the COVID-19 pandemic, Simpson et al [23]
surveyed 187 patients with asthma and 63 HCPs on eHealth
interventions and found that both groups supported the use of
eHealth and preferred eHealth over paper diaries and paper
asthma action plans. They also found that in both groups lung
function measurements were expected to be the most
contributive additional measurement for asthma control in an
eHealth program [23]. This highlights the increasing demand
for home monitoring of lung function among patients. In our
small population, expectations of both patients and HCPs were
matched by their experiences, underlining that patients and their
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parents can assess for themselves whether FEV1 telemonitoring
will aid them. Therefore, we argue that patients interested in
the ability of online FEV1 monitoring should receive this
opportunity to assess personal benefits.

How patients achieve personal benefits should be a result of
shared decision making between patients and their HCPs. We
now know that standalone FEV1 monitoring with strict
monitoring regimes in most patients does not work out [12-15].
By contrast, we believe that in the future FEV1 devices should
be used to reach personalized goals, such as reassurance, as an
aid to improve symptom perception or to quantify lung function
during episodes with increased symptoms. When integrated into
an eHealth platform, these devices can be used at the patient’s
convenience and provide immediate feedback. It is our opinion
that these set ups can facilitate these goals more easily and
quickly than standalone FEV1 monitoring. The results of our
study support this opinion. In this study most patients wanted
to keep their own responsibility on how often they measured
their lung function. Subsequently, we found a large variation
in frequency of use between participants, but there was a
consensus nonetheless on the perceived benefits of asthma
control and disease perception by both patients and HCPs. Some
patients did not want to keep the responsibility on how often
they measured their lung function and as a result most of these
patients either rarely used the devices or overused them. This
also shows that for some patients a structured monitoring regime
could be indicated. Self-management depends on several factors
such as individual health skills, disease perception, beliefs, and
the interaction between patients and their HCP, and thus one
size does not fit all. To ensure longevity and efficiency of FEV1

telemonitoring, a personalized approach should be used: patients
who want to keep the responsibility to themselves should be
offered this chance, whereas those who do not want to should
be offered a schedule. To better understand this personalized
approach, it is important that both the clinical and perceived
benefits of the different approaches are studied experimentally
in more detail. It is important to identify which patients benefit
most from which intervention and how we define personal
benefits.

Recurring concerns of FEV1 telemonitoring are toward the
reliability of the measurements. These were also present in our
population and are generally shared among the scientific
community [1,4,24,25]. Although perfect correlation of FEV1

home measurements with hospital measurements is desirable,
one can argue that FEV1 monitoring will primarily be used to
ascertain an FEV1 above a certain threshold. In that case a
somewhat lower FEV1 may not be of any clinical relevance. By
contrast, invalidly low FEV1 values at home may lead to
excessive health care consumption, medication use, and
disease-related stress. Online FEV1 home monitoring should
function as an aid for symptom perception and a quick objective

measure during symptoms. In our opinion these aims do not
require an FEV1 outcome as sensitive as that measured by a
spirometer operated by a specialist nurse. Nevertheless,
reliability should be studied in more detail to rule out
counterproductive measurements.

This study was limited by its small study population and short
study duration, which were chosen due to the nature of this
viewpoint study. Only including patients and HCPs from
specialized asthma clinics who also had experience using our
eHealth platform would have introduced selection bias. In our
opinion this does not invalidate our findings; by selecting
patients and HCPs who already have experience with the eHealth
platform we avoid confounding of our qualitative outcomes by
the introduction of the eHealth platform. We also still observed
a large interindividual variation in FEV1 device usage. Finally
we believe that home monitoring strategies like this will be
reliant on some form of selection bias as they should primarily
be applied in patients that are receptive. This might imply that
our results are not extrapolatable to settings without previous
eHealth experience, general practitioner services, or to
low-resource settings. Furthermore, we performed no post
measurement quality control of the FEV1 measurements, which
may have led to technically incorrect measurements being
recorded. However, the software of the FEV1 device performs
a quality check based on the American Thoracic Society
(ATS)/European Respiratory Society (ERS) consensus statement
[26,27].

Viewpoint
Our findings show that patients and HCPs are receptive toward
online FEV1 home monitoring combined with an online eHealth
platform. Frequency of measurements varies largely among
individuals, yet perceived benefits remain similar. This
emphasizes that online FEV1 home monitoring strategies should
be used as a means to reach individual goals, rather than being
a goal on their own. During the COVID-19 pandemic we have
seen eHealth being integrated more into daily medical practice
and this will undoubtedly increase even more in the near future.
With this increasing use of eHealth, we will see an equal surge
of different ways to monitor our patients. In this data tangle it
is easy to lose sight of what really matters: patient quality of
life and needs. If we want to continuously monitor our patients,
we should not only study the clinical relevance, but also the
experienced benefits, invasiveness, and perceptions of our
patients, while keeping in mind that one size does not fit all.
Even after implementation we should repeatedly monitor patient
satisfaction. eHealth is a dynamic entity and strongly bound to
technologic advances. Patients should have a say in how these
advances will be utilized and in which way they add value to
their lives. HCPs have to remember that the goal should not be
to gather outcomes, but to use these outcomes to reach personal
goals in a personalized way.
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Abstract

Background: Continuous physiological monitoring technologies are important for strengthening hospital care for neonates,
particularly in resource-constrained settings, and understanding user perspectives is critical for informing medical technology
design, development, and optimization.

Objective: This study aims to assess the feasibility, usability, and acceptability of 2 noninvasive, multiparameter, continuous
physiological monitoring technologies for use in neonates in an African health care setting.

Methods: We assessed 2 investigational technologies from EarlySense and Sibel, compared with the reference Masimo Rad-97
technology through in-depth interviews and direct observations. A purposive sample of health care administrators, health care
providers, and caregivers at Aga Khan University Hospital, a tertiary, private hospital in Nairobi, Kenya, were included. Data
were analyzed using a thematic approach in NVivo 12 software.

Results: Between July and August 2020, we interviewed 12 health care providers, 5 health care administrators, and 10 caregivers
and observed the monitoring of 12 neonates. Staffing and maintenance of training in neonatal units are important feasibility
considerations, and simple training requirements support the feasibility of the investigational technologies. Key usability
characteristics included ease of use, wireless features, and reduced number of attachments connecting the neonate to the monitoring
technology, which health care providers considered to increase the efficiency of care. The main factors supporting acceptability
included caregiver-highlighted perceptions of neonate comfort and health care respondent technology familiarity. Concerns about
the side effects of wireless connections, electromagnetic fields, and mistrust of unfamiliar technologies have emerged as possible
acceptability barriers to investigational technologies.

Conclusions: Overall, respondents considered the investigational technologies feasible, usable, and acceptable for the care of
neonates at this health care facility. Our findings highlight the potential of different multiparameter continuous physiological
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monitoring technologies for use in different neonatal care settings. Simple and user-friendly technologies may help to bridge gaps
in current care where there are many neonates; however, challenges in maintaining training and ensuring feasibility within
resource-constrained health care settings warrant further research.
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(J Med Internet Res 2021;23(10):e29755)   doi:10.2196/29755
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Introduction

Globally, neonatal mortality remains persistently high, with a
disproportionate burden in Sub-Saharan Africa [1]. Technologies
that allow for early detection of neonatal physiological
instability and help guide appropriate interventions have the
potential to reduce morbidity and mortality [2]. In
resource-constrained health care settings where staffing
shortages of trained health care providers (HCPs) may
compromise capacities for adequate monitoring and
management, such technologies may prove life-saving [2].

The Evaluation of Technologies for Neonates in Africa (ETNA)
project was conceived with the goal of advancing and supporting
development, as well as evaluation of technologies for use in
neonates in resource-constrained settings. The project seeks to
boost the development and optimization of promising neonatal
diagnostic and care technologies that could be applied in
resource-constrained settings by establishing an Africa-based
evaluation platform. This is achieved through global
collaboration with partners with expertise in medical technology
development and evaluation, as well as neonatal and child
health. Critical to medical technology design, development,
deployment, and eventual uptake and acceptability is
understanding user perspectives in the intended setting. Evidence
of the feasibility, appropriateness, and acceptability of
innovative approaches for improving maternal and neonatal
health has not been adequately investigated, which has
implications for scale-up [3]. We assessed the feasibility,

usability, and acceptability of 2 existing noninvasive,
multiparameter, continuous physiological monitoring (MCPM)
technologies developed by technology developers EarlySense
and Sibel for use in neonates in an African health care setting.

Methods

Study Design
We conducted a qualitative study comprising in-depth interviews
and direct observations using a cross-sectional design. This
substudy was part of the larger ETNA project to evaluate the
accuracy, reliability, and performance of 2 investigational
noninvasive MCPM technologies in neonates when compared
with verified reference technologies (Figure 1) [4]. The
qualitative component used a descriptive and interpretive
approach to understand the meanings respondents ascribed to
feasibility, usability, and acceptability [5]. Feasibility comprises
systemic factors, including hospital infrastructure and
operational capacities, as well as functional capacities of the
HCP available [6]. Usability comprises design factors affecting
user experience, including features that support or hinder the
operation of the technology for its intended purpose, such as
ease of and efficiency in use and frequency of errors,
memorability to a casual user, and user satisfaction with the
system [6,7]. Acceptability comprises 2 dimensions: the
willingness of HCPs to use the technology during patient
interactions and the willingness of caregivers to have the
technology used with their neonates [6].
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Figure 1. Overview of the 3 multiparameter continuous physiological monitoring technologies.

The study is reported based on the Consolidated Criteria for
Reporting Qualitative Research (COREQ; Multimedia Appendix
1) [8]. Ethics approvals were obtained from Western Institutional
Review Board 20 191 102 (Puyallup, Washington), and the Aga
Khan University Nairobi Research Ethics Committee
2019/REC-02 (v2; Nairobi, Kenya).

Study Setting
The study was conducted at the Aga Khan University Hospital,
Nairobi, a tertiary teaching and referral hospital with neonatal
intensive care and high dependency units. The Aga Khan
University Hospital is the busiest private hospital maternity unit
in Nairobi, delivering approximately 4,500 neonates a year, and
serves as a tertiary referral center for Kenya as well as the East
Africa region. The neonatal high dependency unit has an 8-bed
capacity and admits, on average, 5 to 10 neonates per week,
with an approximate nurse-to-neonate ratio of 1:3. The ETNA
project worked within the neonatal high-dependency unit and
employed 2 research nurses to support the study.

Recruitment and Selection
A purposive study sample was drawn to include a wide variety
of perspectives on the feasibility, usability, and acceptability
of the 3 MCPM technologies. The sample consisted of health
care administrators, including hospital leadership and
administrative staff involved in the procurement of neonatal
hospital equipment, HCPs who were direct users of the MCPM
technologies (health care provider—direct [HCP-Ds]), indirect
HCPs involved in neonatal care (HCP-Is), and caregivers. A
sample size of 12 HCPs and 5 health care administrators was
estimated to cover perspectives from the staffing positions
available and selected from a predefined list of current hospital
staff generated by the ETNA team. HCP-D were recruited from
ETNA nursing staff. HCP-D was trained for the study and had
experience working with the technologies, whereas HCP-I
(facility-based neonatal consultants, pediatric residents, and
nurses) were oriented to the technologies during the interviews.
A sample size of 10 caregivers, including mothers and fathers
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of neonates enrolled in the ETNA study, was estimated to reach
data saturation because multiple technologies were used with
each neonate during their hospital stay.

Study recruitment was publicized using flyers, and study
participants were approached in person by a member of the
qualitative study team, who were hired as part of the substudy
and did not know the participants before the study. Interviewers
first introduced themselves as members of the ETNA study
team and explained the study in detail.

Data Collection
In-depth interviews with health care administrators, HCPs, and
caregivers and direct observations were conducted between July
and August 2020. A Kenyan research consultant (VN, PhD in
sociology, female) and a research assistant (Diploma in health
sciences, female) were hired by the ETNA substudy to collect
data. The research assistant underwent a 3-day intensive training
in qualitative research methods led by VN before conducting
the interviews.

The semistructured interview guide and observation guide
(Multimedia Appendices 2 and 3) were piloted within the
Kenyan data collection team during training to refine the
questions. Face-to-face interviews were conducted in a private
place within the hospital after the study participants provided
written informed consent. The 30- to 45-minute interview was
conducted in English or Kiswahili, the major local language in
Kenya, depending on participant preference. One participant
opted for a mix of Kiswahili and English, whereas the rest of
the participants opted for English. Observations were conducted
after obtaining written informed consent from HCP-D and
followed a structured guide covering preparation and initial
technology application, ongoing monitoring or troubleshooting,
and technology disconnect, removal, and cleaning. Interviews
were audio-recorded with permission, and data collectors took
field notes while conducting the interviews. No repeat interviews
were conducted.

Data Analysis
Interviews were transcribed verbatim, translated into English
as needed, and managed using NVivo 12 software (QSR
International). We used a thematic approach to analyze the data
following the methods described by Braun and Clarke to become
familiar with the data, generating initial codes, collating
identified codes into themes, and describing themes using
illustrative quotes [9]. A coding framework was developed
deductively from the study objectives to cover feasibility,
usability, acceptability, and emergent themes from the
transcripts. The coding framework was developed in consensus
between the ETNA study team (ASG, MWK, VN, JR, DC, JC,
and WMM), and VN conducted the primary coding with review
by MWK (Multimedia Appendix 4). Confidentiality was
maintained by limiting access of study materials to authorized
personnel and ensuring that no identifying information was
included in the analysis.

Results

Overview
Overall, the use of the relevant technologies was observed with
12 neonates, and observations took between 2 and 10 minutes
per technology. In addition, 27 interviews were conducted,
including 10 caregivers (9 mothers, 1 father), 2 HCP-D (study
nurses), 10 HCP-I (4 medical doctors, 6 nurses), and 5 health
care administrators (nurse managers, program administrators,
and hospital unit supervisors). One HCP-I and no caregiver
declined to participate. All health care administrators and HCPs
had a postsecondary education. There were 2 HCPs with
diplomas in nursing (1 HCP-D and 1 HCP-I), and all other health
professionals had bachelor’s or master’s degrees. Health
professionals had a median of 9 (<1-29) years of work
experience in the medical field. In addition, all but 1 caregiver
had a postsecondary education. The median age of caregivers
was 33 (range 28-38) years, and they had a median of 2 (range
1-3) children. Caregivers were largely employed in professional
occupations, including nursing, banking, human resource
services, travel consultancy, business, sales, civil service, and
farming.

Feasibility Factors for the Investigational Technologies
Health care administrators described challenges in staffing and
maintenance of training in neonatal units as a key feasibility
consideration for the development of neonatal MCPM
technologies. A health care administrator described:

I am finding it difficult to get the expertise that we
require because...we don’t have many institutions
who are training for critical care...neonatal
nursing...[P]eople are learning on the job.

Another health care administrator highlighted:

There has been a lot of turnover in the newborn unit.
So...you need to now make sure that you are
training...on a continuous basis. It is not just about
the equipment; the staff also need to have a very good
understanding of how that equipment function.

Within the context of high staff turnover and on-the-job training,
simple MCPM technologies were valued for the minimal
training required and ease of application.

The minimal training required was a major facilitator reported
for feasibility by the participants. Most HCPs and health care
administrators (11/17, 65%) reported that the investigational
technologies appeared to be easy to train for use and built on
existing clinical skills. Referencing the EarlySense technology,
an HCP-D nurse highlighted:

You only need very minimal training… just [place]
it under the mattress and it monitors the baby,
monitors the pressure. Very easy to use.

An HCP-I nurse noted that the Sibel technology could be easily
learned within a few hours mentored by a current user:

[it requires] like an on-job training, like maybe a few
hours, because...it is not...totally new from what is
being used.
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Feasibility challenges reported included the requirement of
ancillary equipment, Wi-Fi requirements, and concerns about
integration with existing facility equipment.

A minority of HCP and health care administrators expressed
concerns about the requirements for external screens (2/17,
12%) and Wi-Fi (6/ 17, 35%). Equipment integration concerns
were expressed particularly among health care administrators
(3/5, 60%). A health care administrator said:

...we would want all the information in one place, and
not this one here and the other on the other side...so
that clinicians are not looking for information in two
or three different places...

Affordability has also been raised as an important issue for
feasibility. An HCP-I nurse said of the EarlySense technology:

Number one thing will be the cost...If the cost is
higher, then [the hospital administrators] will have
to weigh which is a cheaper option that will give more
or less the same results.

Because the investigational MCPM technologies were perceived
as simple, there was an expectation that costs would be
affordable. A health care administrator said of the Sibel
technology:

They should be about 10,000 shillings (approximately
90 USD) and not more than that. They are basic
equipment.

Usability Factors for the Investigational Technologies
Ease of use and efficiency of the technologies for neonatal care
were major usability facilitators reported by most HCPs (9/12,
75%), health care administrators (4/5, 80%), and caregivers
(7/10, 70%). An HCP-I nurse noted the EarlySense technology
“is quite simple than our normal standard monitoring device
here...it looks easier to use.” Speaking about the Sibel
technology, an HCP-D nurse said:

It even [has] more functions than our current cardiac
monitor so that’s a plus that we are having less
manipulation to the baby in terms of attachment, but
we are having much results. You can see more...heart
rate, respirations, we can see movement, we can see
temperature...

Ease of use was also reflected in observations; trained HCP-D
nurses were able to prepare and initiate the technologies,
monitor, and disconnect smoothly without many errors or
assistance from other HCPs. Caregivers shared that they found
the investigational technologies easy to understand and
memorable even as casual users while monitoring their neonate
at the hospital. Regarding the EarlySense technology, a mother
said:

At a glance, you're able to know all your
readings...You're actually able to monitor at a glance;
you don't need to worry.

Another mother said of the Sibel technology:

......on her iPad, I could see the oxygen [levels]. It
was on the right levels.

The potential for wireless features to improve work efficiency
was another major usability factor reported by the participants.
Approximately half of the caregivers, HCPs, and health care
administrators (13/27, 48%) commented that the potential of
the wireless or noncontact features of the investigational
technologies to transmit information to an external screen and
remotely monitor multiple neonates could increase the speed
of HCP detection and reaction to changes in vital signs. An
HCP-D nurse commented on the EarlySense technology:

The screen that you are using to display the results,
you can put it at the nursing station...So you can
monitor many babies at the same time. It will reduce
workload...

Speaking of the Sibel technology, a mother said:

You could be in a facility where babies are so many,
so the service provider, they're overwhelmed. But if
there are such devices that they're able to relay
information faster, that means so many babies at least
can be observed comfortably, so you save lives.

Fewer attachments have also been reported to increase efficiency
in care by reducing the need to disconnect and reconnect the
neonate during HCP examinations and caregiving needs, such
as breastfeeding. Speaking of the EarlySense technology, a
health care administrator said:

...the coding is remote. It doesn't interfere with routine
care...Like sometimes, I have to remove certain wires
to be able to examine a baby properly. So, the fact
that it leaves the baby unencumbered with all those
things I think is a huge advantage

However, with the EarlySense technology specifically, there
were concerns from HCP and health care administrators (5/17,
29%) of monitoring during disruptions when the neonate was
off the mattress during breastfeeding or otherwise being carried
by caregivers.

Small size and portability were reported by some HCPs and
health care administrators (8/17, 47%) as potential facilitators
and challenges to usability. Although portability and
convenience are linked, there was also concern about
misplacement and theft because of their small size and
portability. For example, a health care administrator said that
it would be critical for the Sibel technology:

...to make sure that these things aren’t lost by
staff...We might buy them, but at the end of the year,
they might all be lost. Because, you know something
which is attached and something which is a little bit
big might be better.

Other usability challenges included concerns about infection
control, shared by 41% (7/17) of the HCPs and health care
administrators. In addition, 26% (7/27) of overall participants
expressed concerns that equipment may be too large for preterm
and low-birth-weight neonates. The plastic material of the Sibel
technology was deemed easy to clean, but there was a preference
for disposable items to streamline infection control processes
at the hospital. Equipment that is too large for preterm and
low-birth-weight neonates may lead to potentially poor
application and inaccurate readings. For example, regarding

J Med Internet Res 2021 | vol. 23 | iss. 10 |e29755 | p.401https://www.jmir.org/2021/10/e29755
(page number not for citation purposes)

Ginsburg et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


concerns that the sensors for the Sibel technology would not fit
a preterm neonate, a health care administrator shared:

For the baby’s chest, some of them like the
preterms...I don’t know whether it would be so big,
and then if it is big, then it is not connecting well.

Acceptability Factors for the Investigational
Technologies
Perceptions of neonate comfort were a major acceptability
facilitator reported by many of the HCPs (6/ 12, 50%), health
care administrators (4/5, 80%), and caregivers (610, 60%). The
investigational technologies were seen as more comfortable and
did not interfere with the neonates’ movements and sleep.
Speaking about the EarlySense technology, one mother said:

It doesn’t interfere in any way with the baby. The
baby is sleeping; they can just sleep, you know?...It’s
painless while it’s measuring.

Another mother said, of the Sibel technology:

...the baby didn’t seem uncomfortable...it didn’t cause
the baby any discomfort.

Half of the caregivers interviewed also mentioned that the
investigational technologies were simpler, less intimidating,
and more acceptable than conventional monitoring technologies.

Concern about potential harm around electrical fields and
wireless connectivity was a major acceptability challenge
mentioned by caregivers (8/10, 80%) and HCPs (7/12, 58%).
For example, as one mother said, about the EarlySense
technology:

...okay, they’re not using wires, so what are they
using? Is there radiation, you know, that can harm
my child?...of course, we asked about that, and we
were told no, they’re safe...The concerns...were put
to rest.

Speaking about the Sibel technology, an HCP-I nurse
highlighted concerns shared by both caregivers and herself:

Now, you are not seeing any...wires moving from that
device to...the screen next to the baby, so they
[parents] want to know how that information is being
passed...I am also wondering how it is working with
that Bluetooth thing...so...personally I will go with
the old version.

Comparisons With the Reference Technology
A few HCPs and health care administrators (3/17, 18%) shared
that in comparison with the investigational technologies, the
complexity of the Masimo Rad-97 reference technology may
require longer training. However, in contrast to the requirement
of external screens or Wi-Fi with the investigational
technologies, some HCPs and health care administrators shared
that the reference technology is feasible within the Kenyan

context because it is a stand-alone unit (3/17, 18%) and does
not require Wi-Fi (2/17, 12%). For example, a health care
administrator said:

...you don’t necessarily need another device to
monitor, unlike Sibel where you need a [tablet]...In
terms of feasibility, I would go for the implementation
of Rad-97 first...

In addition, an HCP-I nurse said:

Aah, what I like about it is that...I don’t think it
requires those WiFi things...so it can be used
anywhere, any part of the country.

Of the 27 respondents, 4 (15%) mentioned that similar to the
investigational technologies, the Masimo Rad-97 technology
would be useful for care; 35% (6/17) of HCP and health care
administrators shared that the Masimo Rad-97 technology
seemed to have most of the features of the larger, wall-mounted
conventional monitoring technology, but in a small and portable
design.

In contrast to the investigational technologies, perceptions of
neonate discomfort negatively impacted the acceptability of the
reference technology, particularly with the nasal prong for
capnography (12/ 27, 44%). Respondents (11/27, 41%) stated
that wires and other attachments represent critical care and
embody the seriousness of the health condition. A father shared:

Sometimes too many wires tend to shock...You might
feel that the baby is in danger...Because the wires
reflect the baby is, uh, is in dire need of help.

The nasal prong was seen as part of oxygen delivery, which
was especially stressful for caregivers with neonates previously
in intensive care. A mother shared:

I freaked out because having been in the same
situation for the past one week...the first question that
came into my mind is the baby going to struggle again
breathing using those tubing on the nose.

An HCP-D nurse shared that caregivers were sometimes
reluctant to accept the reference technology, as they perceived
the nasal prong as invasive.

The facilitator of acceptability for the reference technology was
brand familiarity, shared by HCPs (5/12, 42%) and health care
administrators (3/ 5, 60%). An HCP-I physician described:

It is a device that has been used in the past, and its
still being used all over the world. It’s a no brainer.
It’s like going and asking someone “should you drive
a Mercedes” it’s a known brand.

Feasibility, usability, and acceptability factors for the
investigational and reference technologies included a myriad
of facilitators and barriers (Table 1; Multimedia Appendices 5
and 6). Some factors have been reported to be potential
facilitators and barriers.
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Table 1. Feasibility, usability, and acceptability factors.

Reference technologyInvestigational technologiesFactors

BarriersFacilitatorsBarriersFacilitators

Feasibility •••• Longer training because
of complexity

Stand-alone unitRequirement of ancillary
equipment

Easy to train for use
• Does not require Wi-Fi

• Wireless connectivity re-
quirements (Sibel Blue-
tooth or EarlySense Wi-
Fi)

• Integration capacities with
existing equipment

Usability •••• Small size and portabilityUseful for careMonitoring disruptions;
such as when neonates are
restless neonates or off
mattress (EarlySense)

Ease of use and useful for
care • Small size and portability

• Wireless features improve
work efficiency

•• Need for appropriate
preterm and low birth-
weight sizing

Ability for infection control
• Small size and portability

• Ability for infection con-
trol

• Small size and portability

Acceptability •••• Perceptions of neonate
discomfort because of
nasal capnography

Brand familiarityConcerns about side ef-
fects from wireless connec-
tions

Perceptions of neonate
comfort

• Simple and less intimidat-
ing • Wiring and tubing linked

to critical care

Use Cases
HCPs and health care administrators shared that the
investigational and reference technologies would be useful in
different components of neonatal care at the hospital. As one
health care administrator said, “I think in their own different
capacity, they all have potential.”

Investigational technologies were especially recommended in
the postnatal ward or nursery where healthy preterm and
low-birth-weight neonates were being monitored. In these areas,
there may be many neonates, largely under the care of their
mothers and in stable health. Respondents suggested that the
EarlySense technology would be useful “for babies who are
being monitored [but] who are not so badly off” (HCP-I nurse),
for “the postnatal babies...[where] there are many babies being
continuously monitored” (HCP-D nurse), and for “a baby who
we didn’t expect any sepsis or any challenges, and from this,
we [would] be able to capture early signs of infection” (health
care administrator). A health care administrator recommended
the Sibel technology for the postnatal ward:

A mother who has delivered and has her baby needs
to rest, and yet we have to monitor that baby. I would
want that baby to be put on this. She can breastfeed
and whatever she is doing, I can still be able to see
the patterns and trends.

The reference technology was described as more suitable for
neonates requiring more critical care, where neonates may be
largely under the care of an HCP rather than caregivers.
“Especially with capnography in place,” an HCP-D nurse said
that the reference technology is not appropriate “for the postnatal

babies because it makes [parents] feel like their baby is very
sick or maybe on oxygen.” She also said:

I don’t think it is appropriate for postnatal, the wiring
and the limited space that is there...and...because the
baby has to be unplugged from the wires for
breastfeeding or bathing, so it is not exactly feasible
where neonate is under almost complete care of the
mother.

However, she said that:

for babies in HDU or newborn ICU, it is very much
feasible, as...it is familiar to what we are using.

Discussion

Principal Findings
The purpose of this qualitative study was to assess the feasibility,
usability, and acceptability of 2 noninvasive MCPM
technologies for neonates in an African health care setting.
Study participants reported that the investigational technologies
were feasible and useful in the care of neonates at the Aga Khan
University Hospital in Nairobi. Feasibility facilitators included
simple training requirements, whereas infrastructural
requirements such as Wi-Fi, external display screens, and limited
integration with existing equipment were reported as potential
barriers. Usability facilitators included ease of use and wireless
features, and concerns of possible harm from wireless
connections and mistrust of unfamiliar technologies emerged
as potential barriers to acceptability. Appropriate sizing for
preterm and low-birth-weight infants, portability, human
resource requirements and training, and perceptions of wireless
technologies were identified as key issues to consider during

J Med Internet Res 2021 | vol. 23 | iss. 10 |e29755 | p.403https://www.jmir.org/2021/10/e29755
(page number not for citation purposes)

Ginsburg et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


the development and implementation of neonatal MCPM
technologies.

Implications for Practice
Our experience with MCPM technologies highlights the
potential of different technologies for different neonatal care
settings. The EarlySense technology was recommended for the
postnatal ward where neonates were largely in stable health
conditions and there were more neonates than nurses who could
regularly monitor. Because the EarlySense technology only
monitored while the neonate was resting on the mattress, the
Sibel technology may be more appropriate during kangaroo
mother care when the neonate spends most of their time on the
caregiver’s chest. The investigational technologies’ ease of use
supported their function within less critical areas of neonatal
care, where the neonate is largely under the care of family
members. In contrast, the reference technology used in this
study was valued as a more compact and portable version of
the larger, wall-mounted existing monitoring systems in
intensive care units. Contextually appropriate MCPM
technologies are particularly needed for the management of
clinically unstable neonates to support early and safe initiation
of evidence-based interventions such as kangaroo mother care
and to monitor emerging complications such as hypothermia
during bubble continuous positive airway pressure for
respiratory distress [10,11]. This is important because immediate
kangaroo mother care of low-birth-weight infants in critical
condition has been shown to reduce infant mortality rates
compared with conventional kangaroo mother care initiated
after stabilization [12].

Although wireless features of the investigational technologies
supported usability and acceptability in certain dimensions,
including the potential for remote monitoring, simple design,
less interference with care, increased comfort, and concern for
potential health risks with wireless connectivity emerged as an
unexpected theme. A study evaluating the acceptability of a
wireless fetal heart rate monitoring device among pregnant
women in rural Uganda also reported concerns among mothers
about possible negative effects of electromagnetic radiation
[13]. An improved understanding of barriers to and enablers of
innovative neonatal health technologies for resource-constrained
settings is a recognized gap in the literature [3]. Two reviews
of wearable continuous monitoring sensors for neonates
compiled products and key features but did not investigate
acceptability or implementation factors [14,15]. Concerns about
potential side effects from wireless connections and
electromagnetic fields emphasize the importance of caregiver
engagement and the need to work with HCPs to address clients’
mistrust of and fear of novel technologies. Caregivers expressed
fear because of a lack of understanding of these technologies,
but the fear appeared to be alleviated with HCP explanation for
some.

Study findings such as identifying use case scenarios for
different neonatal MCPM technologies and fears that wireless
technologies may have adverse health effects highlight the
importance of evaluating feasibility, usability, and acceptability
during the development of medical technologies. Although
medical technologies may demonstrate efficacy, their adoption,

uptake, and use may be limited if implementation factors are
not considered and incorporated during technology development.
The potential impact of innovative neonatal MCPM technologies
is substantial, particularly in resource-constrained settings.
Frequently, there may be little to no neonatal continuous
monitoring available in these settings, despite being routine in
high-income settings for those who require it. This lack of
monitoring may contribute to the higher rates of neonatal
morbidity and mortality in resource-constrained settings [16-18].
An observational study at Kenyatta National Hospital in Nairobi
reported that very few neonates had their vital signs recorded
in the first hour of life, and more than half did not receive a
temperature recording (54%), heart rate recording (56%), or
respiratory rate recording (56%) on the first day of hospital
admission [16]. Observations at 6 hospitals in Nairobi County
found that missed vital sign monitoring and other nursing tasks
were associated with nursing shortages and high patient
workloads [17]. MCPM technologies are valuable for improving
the quality of neonatal care by expanding nurses’ capacities to
monitor more neonates regularly and efficiently.

Strengths and Limitations
Of note, this qualitative study was conducted at a private, tertiary
hospital where the study participants were highly educated, and
almost all of the caregivers interviewed had university education
and professional employment. In addition, limiting the
generalizability of our study findings is that private and public
hospitals in Kenya have dramatically different nursing
workloads and infrastructure, with median ratios of 3 infants to
1 nurse at private hospitals around Nairobi and 19 infants to 1
nurse at public hospitals [17]. With a reliable back-up electrical
system and maintenance team on staff at Aga Khan University
Hospital, Nairobi, electrical outages, technology malfunction,
and maintenance were not highlighted as feasibility concerns
by our study participants. The feasibility of these investigational
MCPM technologies for neonates has important implications
for the sustainability and prevention of technology graveyards
of nonfunctional or locally inappropriate technologies. Future
research can explore whether feasibility, usability, and
acceptability issues shift in a public hospital setting where
resources may be more constrained. Another limitation of the
study is that usability was not directly assessed among
nontrained (HCP-I) users. The strengths of the study include
the use of direct observations to support interview findings, as
well as conducting in-depth interviews with caregivers, HCPs,
and health care administrators to understand a diversity of
perspectives.

Conclusions
MCPM for neonates is a critical component of comprehensive
care that supports the effectiveness of other neonatal
interventions. Our study examined the feasibility, usability, and
acceptability of 2 investigational MCPM technologies for
neonates compared with a reference MCPM technology and
found that the different technologies fit different areas within
the continuum of neonatal care at the hospital. Although each
technology presented advantages suited for different neonatal
care domains, challenges in maintaining training and ensuring
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feasibility within resource-constrained health care settings warrant further research.
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Abstract

Background: Worldwide obesity rates have prompted 16 countries to enact policies to reduce children’s exposure to unhealthy
food marketing, but few policies address online advertising practices or protect adolescents from being targeted. Given adolescents
spend so much time online, it is critical to understand how persuasive Instagram food advertisements (ads) are compared with
traditional food ads. To strengthen online food marketing policies, more evidence is needed on whether social media ads are more
persuasive than other types of ads in shaping adolescents’ preferences.

Objective: This study examined whether adolescents could identify food companies’ Instagram posts as ads, and the extent to
which Instagram versus traditional food ads shape adolescents’ preferences.

Methods: In Part 1, participants aged 13-17 years (N=832) viewed 8 pairs of ads and were asked to identify which ads originated
from Instagram. One ad in each pair was selected from traditional sources (eg, print; online banner ad), and the other ad was
selected from Instagram, but we removed the Instagram frame—which includes the logo, comments, and “likes.” In Part 2,
participants were randomized to rate food ads that ostensibly originated from (1) Instagram (ie, we photoshopped the Instagram
frame onto ads); or (2) traditional sources. Unbeknownst to participants, half of the ads in their condition originated from Instagram
and half originated from traditional sources.

Results: In Part 1, adolescents performed worse than chance when asked to identify Instagram ads (P<.001). In Part 2, there
were no differences on 4 of 5 outcomes in the “labeled ad condition.” In the “unlabeled ad condition,” however, they preferred
Instagram ads to traditional ads on 3 of 5 outcomes (ie, trendiness, P=.001; artistic appeal, P=.001; likeability, P=.001).

Conclusions: Adolescents incorrectly identified traditional ads as Instagram posts, suggesting the artistic appearance of social
media ads may not be perceived as marketing. Further, the mere presence of Instagram features caused adolescents to rate food
ads more positively than ads without Instagram features.

(J Med Internet Res 2021;23(10):e28689)   doi:10.2196/28689

KEYWORDS

food marketing; traditional media; social media; adolescents; Instagram

Introduction

The high prevalence of childhood obesity persists in the United
States, and the National Academy of Medicine identifies food
marketing as a major contributing factor [1]. Despite both
national and international efforts to restrict child-targeted food

marketing, most policies do not protect adolescents aged 13-17
years, nor do they address social media advertising [2]. Yet
adolescents spend an increasingly high number of hours online
each day.

Recognizing social media’s growing popularity, food companies
have dramatically increased their advertising presence on social
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media platforms in ways that appeal to young audiences.
Coca-Cola, for example, dedicates 20% of their US $4 billion
annual advertising budget to social media [3]. One descriptive
study reported that 6.2 million adolescents followed a sample
of 27 food and beverage brands on Instagram and Twitter [4].
This shift in marketing and exposure concerns public health
experts [5] because studies have shown that food companies’
official social media accounts promote mostly unhealthy
products [6-8], and increase brand recognition among youth
[9,10].

Adolescents’ unique developmental stage may compound their
vulnerability to social media food advertisements (ads). Social
Norms Theory [11-13] suggests social media may capitalize on
adolescents’ exquisite sensitivity to peer behavior—“likes,” for
example, represent social norms that may signal to adolescents
which social media accounts they should follow [14-16]. Experts
have expressed concern that the ability to “like” posts also
makes social media advertising uniquely interactive and may
lead adolescents to perceive brands as friends more than
companies [10]. Ads posted by companies may look similar to
posts by friends because of context (ie, they appear interspersed
with posts shared by friends) and content (ie, companies’ posts
mimic the aesthetic of everyday consumers’ posts), and it is
unclear whether these marketing strategies cloud adolescents’
ability to identify company posts as advertising. A neuroimaging
study showed heightened activity in the nucleus accumbens—a
reward hub of the brain—among adolescents who viewed their
own posts with high numbers of “likes” versus few “likes” [17].
Given the nucleus accumbens is more sensitive to reward among
adolescents compared with adults and children [18], those
findings reinforce adolescents’ unique susceptibility to social
media ads.

Despite the emerging research on adolescents’engagement with
food marketing on social media, no studies have compared the
power of unhealthy food ads on social media versus more
traditional ads (eg, print ads; noninteractive website banner
ads). It is not known whether adolescents are skilled at
identifying social media ads. Besides, no studies have examined
whether social media advertising is more powerful than
traditional ads in its ability to affect adolescents’ preferences.
Finally, the combined effects of showing adolescents food ads
and Instagram frames that include the Instagram logo, “likes,”

and comments have not been explored. Instagram frames that
include the Instagram logo, “likes,” and comments may have
their own brand power and make ads highly appealing to
adolescents.

The objective of this study is to address those gaps by examining
whether adolescents could distinguish between food companies’
Instagram ads and their more traditional ads, and the extent to
which Instagram food ads generate more appeal compared with
traditional ads. Given adolescents’ frequent social media use
[19], we hypothesized that participants would correctly identify
Instagram ads, and that they would prefer Instagram ads more
than traditional ads regardless of whether ads were
photoshopped to appear as though they had originated from
Instagram.

Methods

Study Population
We recruited 1044 adolescents aged 13-17 years who identified
as either Black/African American or non-Latino White through
Dynata, a firm that recruits research participants using online
panels, digital networks, websites, SMS text messaging, and
telephone alerts. The Institutional Review Board at New York
University School of Medicine approved our study.

Of the 1044 adolescents who started the survey, 976 completed
it, and 884 correctly answered our data integrity question (ie,
“Type ‘Facebook’ in the box below.”). A total of 52 adolescents
identified as a race/ethnicity other than Black/African American
or non-Latino White and were excluded from the analyses. We
included only Black and non-Latino White adolescents in our
sample because companies disproportionately target Black
adolescents with their least healthy products [20,21], and White
adolescents are featured in the majority of food ads [22].
Because of these differences in targeted marketing, we designed
stimuli that featured either Black or non-Latino White
individuals. Secondary analyses that examine a subset of racially
targeted ads are under review elsewhere. Among the final
sample (N=832), 387 (46.5%) adolescents identified as Black
or African American and 445 (53.5%) adolescents identified as
non-Latino White. Table 1 presents adolescents’ self-reported
demographic characteristics and social media usage.
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Table 1. Demographic characteristics and social media usage of sample: January–June 2018.

Part 2: Unlabeled advertisement
condition (n=451)

Part 2: Labeled advertisement
condition (n=381)

Total sample (N=832)Demographic characteristics

14.71 (1.69)14.75 (1.64)14.73 (1.67)Age, years, mean, (SD)

Gender, n (%)

229 (50.8)197 (51.7)426 (51.2)Male

222 (49.2)184 (48.3)406 (48.8)Female

Race, n (%)

234 (51.9)211 (55.4)445 (53.5)Non-Latino White

217 (48.1)170 (44.6)387 (46.5)Black/African American

When do you use social media?, n (%)

174 (38.6)131 (34.4)305 (36.7)Right when you wake up

234 (51.9)173 (45.4)407 (48.9)Before school

166 (36.8)143 (37.5)309 (37.1)On the way to school

143 (31.7)115 (30.2)258 (31.0)At school

208 (46.1)173 (45.4)381 (45.8)During lunch

172 (38.1)151 (39.6)323 (38.8)On the way home from school

307 (68.1)257 (67.5)381 (45.8)After school

145 (32.2)119 (31.2)264 (31.7)While doing homework

210 (46.6)180 (47.2)390 (46.9)After doing homework

84 (18.6)74 (19.4)158 (19.0)During dinner

265 (58.8)232 (60.9)497 (59.7)Before bed

132 (29.3)102 (26.8)234 (28.1)Right before going to sleep

Social media account history, n (%)

Do you have...[check all that apply]

303 (67.2)279 (73.2)582 (70.0)Instagram?

389 (86.3)321 (84.3)710 (85.3)Facebook?

221 (49.0)189 (49.6)410 (49.3)Snapchat?

31 (6.9)40 (10.5)71 (8.5)Tumblr?

200 (44.3)194 (50.9)394 (47.4)Twitter?

2.54 (1.20)2.69 (1.15)2.60 (1.20)Average number of social accounts per participant
based on responses to question above, mean (SD)

84 (18.6)83 (21.8)167 (20.1)Have you made a purchase through social media
before?, n (%)

Advertisement Development
We identified the 10 most advertised food and beverage brands
in the United States [23] and then identified 10 analogous brands
originating outside of the United States (eg, Lay’s Potato Chips
from the United States vs. Walker’s Crisps from the UK). We
identified those analogous brands because consumers’
familiarity with brands could potentially affect their survey
responses [24]. We then aimed to select from those brands (1)
200 unhealthy food and beverage ads on Instagram; and (2) 200
traditional ads to serve as potential stimuli. To select the 200
Instagram ads for unhealthy food and beverages, we asked 10
research assistants to screen capture 10 Instagram ads from the
official accounts of the most advertised brands and their

analogous brands. Research assistants screen captured a random
sample of 10 ads for unhealthy products from each brand (ie,
10 ads from 10 US brands + 10 ads from 10 analogous brands
= 200 Instagram ads as potential stimuli). To select a random
sample of 10 ads from each brand’s Instagram account, research
assistants were instructed to use a random number generator
and then select the ad corresponding to the generated number
by counting from the most recently posted ad. For example, if
the number “10” was randomly generated, the research assistant
would select the tenth most recent ad posted to the brand’s
Instagram feed. To identify traditional ads, we asked those same
research assistants to capture 10 traditional ads for the same 10
most advertised and 10 analogous brands by searching on
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Google and AdScope, a repository of all ads from television,
print, radio, and the internet [25].

To assess the pairings of traditional and Instagram ads, we
generated a codebook of ad themes using an iterative process.
Researchers identified ad themes by assessing the ad image and
text (eg, snowflakes or references to the cold for a “winter”
theme). They then searched for traditional and Instagram ads
with matching themes. In our first review of the matched ad
pairs, we met 90% agreement. Discrepancies were resolved by
consensus. The final ad themes included the following: features
a human actor, features a nonhuman character, race of actor
product visibility, product handling (eg, whether a person or
character in the image holds the promoted product), seasonal
(eg, fall, winter, spring, and summer themes), and number of
actors or characters.

Researchers came to unanimous consensus on all matched pairs
between traditional and Instagram ads based on demographic
characteristics of the people in the ad and ad theme. We asked
the researchers to identify 10 of the final 16 ad pairs from brands
originating outside of the United States. By using ads from
brands based in the United States we could evaluate reactions
to ads that the participants would be most likely to see in their
day-to-day life. By including some brands based outside of the
United States, we could isolate reactions to the ad-specific
effects of interest from potential confounding factors of
preformed attitudes toward brands. As intended, this search
process generated a final set of 32 unhealthy food and beverage
ads, which included 16 ad pairs that were matched on brand
name, demographics, and ad theme (Figure 1).

Figure 1. Advertisement development process and study procedure.

Survey Procedures
After parents provided informed consent, adolescents assented
their participation and completed the online survey with a
median completion time of 19 minutes. Qualtrics hosted the
online survey. Data were collected in 2018 and analyzed in
2019.

In Part 1 of the survey, adolescents viewed 8 pairs of unhealthy
food and beverage ads presented in random order (eg, a
Starbucks magazine ad alongside a Starbucks Instagram ad).
To remove cues indicating which ads originated from Instagram,
we used Photoshop to compare advertising images with and
without an “Instagram frame” which includes the Instagram
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logo, “likes,” and comments. We also cropped images to make
ads the same shape because Instagram images are often square,
which would have made it easier for adolescents to identify the
Instagram ad. See Figure 2 for an example of our ad stimuli.
We randomized the ad presentation so that half the pairs showed
the Instagram ad on the left and the traditional ad on the right
(Figure 1).

After viewing each pair, adolescents answered the following
question, “Which of these photos do you think [brand name]
would be most likely to post on their Instagram account?” See
Figure 2 for an example of survey questions and images from
Part 1.

Figure 2. Sample Question from Part 1: Identify the Instagram ad. In this question, the Instagram ad is on the right.

Adolescents were then randomly assigned to 1 of 2 conditions
(Part 2) where ads ostensibly originated from (1) Instagram (ie,
“labeled ad condition” in which advertising images have
Instagram frames); or (2) traditional sources (ie, “unlabeled ad
condition” in which advertising images do not have Instagram
frames; Figure 1). Unbeknownst to participants, half of the ads
in their condition originated from Instagram and half originated
from traditional sources. Ads were presented in random order.
The survey questions asked participants to rate the ad on how
much they liked the image, trendiness, artistic appeal, how
delicious they thought the featured product might be, and how

likely they were to purchase the product (Table 2). We included
the ratings of trendiness and artistic appeal because previous
commentaries have noted that social media food ads are subtle
and blend into the social media environment [10,26]. See Figures
3 and 4 for examples of survey questions and images from Part
2. Finally, participants responded to demographic questions.
We included an attention check question (ie, “Type Facebook
in the box”) to ensure participants were carefully reading
directions and questions. Those who did not type “Facebook”
were excluded from analysis.
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Table 2. Instagram and traditional advertisement ratings and differences by study condition, means, and SEs.

P valuesbDifference in
ratings (SE)

Average rating of
traditional advertise-
ment (SE)

Average rating of
Instagram advertise-

ment (SE)a

Participant advertisement ratings

Unlabeled advertisement condition, rating out of 0-100c (SE)

.001d2.85 (0.49)65.72 (0.93)68.56 (0.93)How much do you like this image?

.001d1.97 (0.47)66.86 (0.93)68.83 (0.93)How artistic is this image?

.001d1.14 (0.54)66.28 (0.90)69.60 (0.90)How trendy is this image?

.071.14 (0.54)65.66 (0.94)66.80 (0.94)How delicious do you think this product is?

.100.97 (0.58)55.27 (1.23)56.25 (1.23)How likely are you to purchase this product in the next 4 weeks?

Labeled advertisement condition, rating out of 0-100c (SE)

>.990.32 (0.50)67.11 (1.04)67.43 (1.04)How much do you like this image?

>.990.04 (0.50)66.84 (1.07)66.80 (1.07)How artistic is this image?

.05d1.24 (0.48)66.92 (1.02)68.16 (1.02)How trendy is this image?

.400.88 (0.53)67.51 (1.02)66.62 (1.02)How delicious do you think this product is?

>.990.27 (0.60)56.30 (1.38)56.03 (1.38)How likely are you to purchase this product in the next 4 weeks?

aSE: standard error.
bAll P values are corrected for multiple comparisons using the Bonferroni–Holm procedure.
cRatings were based on a scale from 0 (not at all) to 100 (very much).
dStatistical significance (P<.05).
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Figure 3. Sample images from “Labeled Ad Condition.” The traditional ad (top) and the Instagram ad (bottom) both feature the Instagram panel.
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Figure 4. Sample images from “Unlabeled Ad Condition.” The traditional ad (top) and the Instagram ad (bottom) do not feature the Instagram panel.

Statistical Analyses
Analyses were conducted in SAS 9.4 (SAS Institute). We used
a score test to assess whether the proportion of correct responses
was significantly different from 0.5, which is the percentage of
correct responses we would expect if adolescents were guessing
at random. We also used linear regression to compare
adolescents’ad preferences between the unlabeled ad condition
and the labeled ad condition. Ad preferences were scored from

0 to 100. Because each adolescent rated multiple ads, the model
included a random effect for the participant to account for the
repeated measures. Given adolescents spend approximately 7
hours per day using screens [27], it is critical to understand the
extent to which heavy use of social media is associated with
higher preferences for social media food ads compared with
traditional food ads. To examine differences based on time spent
on social media, we analyzed data according to time spent on
social media. Specifically, analyses that adjusted for time spent
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on social media used a median split at 3 hours, such that
adolescents who reported spending more than 3 hours per day
on social media were labeled “heavy social media users” and
those who reported spending less than 3 hours per day on social
media were labeled “light social media users.” Analyses were
then stratified by whether the ad had the “Instagram panel.” We
conducted chi-square tests and t tests to determine whether the
randomization was successful and to verify that demographic
characteristics did not differ between conditions. Because all
tests were not significant, demographic characteristics were not
included in the models. The Bonferroni–Holm procedure was
used to correct for multiple comparisons.

Results

Part 1: Adolescents Were Asked to Identify Which
Advertisements Originated from Instagram
Adolescents correctly identified the Instagram ad 39.1% of the
time (z=17.293, P<.001). They correctly selected the Instagram
ad significantly more often for international brands (42.8% of
the time) than US brands (35.3% of the time; z=36.55, P<.001).
We did not find a significant association between the likelihood
of adolescents following the US brands on social media and
their ability to accurately identify the Instagram ads for
unhealthy food and beverages (z=.0022, P=.96), suggesting that
the association was not confounded by brand familiarity.

In an analysis stratified by time spent using social media, we
found that both light and heavy social media users performed
worse than chance (z=15.79, P<.001 and z=8.4387, P<.001).
However, heavy social media users correctly identified the
Instagram ad more often (42.2%) than light users (36.3%;
z=22.69, P<.001).

Part 2: Adolescents Rated Preferences for Instagram
Advertisements and Traditional Advertisements
In the “unlabeled ad condition” where all ads for unhealthy
products were presented without any Instagram features (Figure
4), analyses revealed adolescents reported higher preferences
for Instagram ads than traditional ads on 3 of 5 measures after
correcting for multiple comparisons (Table 2). Specifically,
adolescents rated Instagram ads for unhealthy food and
beverages as significantly trendier (P=.001) and more artistic
(P=.001) than the traditional ads. They also reported liking the
Instagram ads more than the traditional ads for unhealthy
products (P=.001). There were no significant differences in how
delicious they thought the featured products might be (P=.08)
or how likely they would be to purchase them (P=.10).

Within the “labeled ad condition,” we found significant
differences on 1 of the 5 outcomes (Figure 3). Specifically,
adolescents were more likely to rate the unhealthy food and
beverage ads on Instagram as trendy compared with the
traditional ads (P=.05), but they rated the ads similarly on the
other 4 dimensions.

Heavy social media users responded more positively to social
media ads for unhealthy food and beverages than light users
across all 5 outcomes in both the “labeled ad condition” and
the “unlabeled ad condition.” In the “ labeled ad condition,”

heavy social media users rated ads as significantly more artistic
(9.46 points; standard error [SE] 2.02, P<.001), trendier (9.30
points; SE 1.93, P<.001), and delicious (7.69 points; SE 1.94,
P<.001); they also reported liking ads more (9.37 points; SE
1.98, P<.001) and being more likely to purchase the featured
products (15.84 points; SE 2.57, P<.001). In the “unlabeled ad
condition,” heavy social media users rated unhealthy food and
beverage ads as more artistic (8.01 points; SE 1.76, P<.001),
trendy (8.20 points; SE 1.70, P<.001), and delicious (7.92 points;
SE 1.77, P<.001). They also reported liking them more (7.73
points; SE 1.76, P<.001) and being more likely to purchase the
products pictured (13.68 points; SE 2.31, P<.001).

Discussion

Principal Findings
Our findings demonstrate that Instagram food ads were highly
appealing to adolescents relative to traditional food ads. This
is concerning given adolescents spend 7 hours online each day
[27], and companies now spend US $41.5 billion on social media
marketing each year [28]. Coca-Cola alone spends US $800
million—20% of their US $4 billion budget—on social media
marketing [3], suggesting that companies may be increasingly
able to place more ads in front of adolescents in digital spaces.
Adolescents incorrectly identified traditional ads as Instagram
ads, consistently, suggesting that the artistic quality of Instagram
ads may not be perceived as marketing. The subtlety of these
Instagram ads may create a public health challenge because
adolescents might be more vulnerable to the persuasive influence
of these visually artistic and entertaining ads. Additionally,
when rating unlabeled, unhealthy food and beverage ads in Part
2, adolescents reported higher preferences for Instagram ads
compared with traditional ads on 3 of 5 outcomes. This finding
suggests that there is something uniquely appealing about the
visual appearance of Instagram ads compared with traditional
ads that piques adolescents’ interests. But, when we
photoshopped the Instagram frame onto those same ads,
adolescents preferred the Instagram ads on just 1 of 5 outcomes.
This suggests that the “Instagram frame” exerts a powerful
influence on adolescents’ perceptions by equalizing the appeal
of traditional and Instagram ads for unhealthy products. In 2019,
2 bipartisan US Senators proposed expanding the Children’s
Online Privacy and Protection Act to reduce companies’ ability
to target youth in online advertising—their proposal would also
extend the protected age range to include adolescents aged 13-16
years [29]. Providing policy protections for adolescents in digital
spaces is critical given Instagram food ads are highly appealing
to adolescents compared with traditional ads.

Contrary to our hypothesis that adolescents would be skilled at
identifying which of 2 ads originated from Instagram in Part 1,
adolescents performed significantly worse than chance by
incorrectly choosing the traditional ad. One possibility is that
adolescents could not discern between ads that originate on
Instagram and traditional outlets—but adolescents’ responses
were worse than 50-50 chance, meaning they consistently
thought the traditional ad was an Instagram ad. One explanation
for the recurring misattribution is that companies mimic social
media trends that are highly appealing to adolescents (eg, photo
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filters or aerial photos of foods arranged in artistic ways), and
such mimicry is not readily perceived as marketing [30-32].
These findings support that ads promoted on Instagram are
highly appealing to adolescents compared with ads presented
in a more traditional form.

The findings that “heavy users” reported higher ad preferences
across all outcomes—and were more likely to “guess correctly”
in Part 1 relative to “light users”—may be concerning because
of the potential additive effect of social media: when users “like”
posts, Instagram’s algorithms place similar posts in their feed,
thereby increasing ad exposure [33]. It is possible, however,
that “heavy users” merely have more Instagram fluency, which
may have accounted for their ability to correctly identify the
Instagram ads. And it is possible that their heavy use of media
makes them more inclined to like any type of image that stems
from Instagram or other outlets.

This study contributes to the literature on food marketing in
several ways. It is the first study, to our knowledge, to compare
unhealthy food ads on social media with traditional ads. The
power of the Instagram “halo” is concerning given adolescents’
exposure to food ads on social media—one study found that
72% (n=101) of adolescents were exposed to social media food
ads during a 5-minute data collection period [34], and another
survey of 1564 adolescents in the United States found that 75%
of adolescents followed, “liked,” or shared food and beverage
brands on social media [35]. This “halo” effect has also been
shown to impact children and adolescents’ eating behaviors. In
a laboratory study, children who viewed influencers holding
unhealthy snacks ate significantly more food than children who
saw influencers holding nonfood products [36]. Another
laboratory study randomized 132 adolescents aged 13-16 years
to view a social media influencer who promoted unhealthy food,
vegetables, or a nonfood item and found that adolescents
exposed to the healthy food posts did not consume more
vegetables [37]. Finally, one study of 72 adolescents (mean age
13 years) found that adolescents who viewed unhealthy food

brand posts were more willing to share the post and report a
positive attitude toward the product compared with adolescents
who viewed healthy foods [38]. But one limitation of existing
social media food ad studies is the absence of nonsocial media
ads. Our study, therefore, builds upon previous research by
demonstrating that the mere presence of the Instagram logo,
“likes,” and comments causes adolescents to rate ads more
favorably than adolescents who see the same ads without those
Instagram features.

Limitations
This study has several limitations. We did not ask participants
about their rationale for choosing the traditional ad or the
Instagram ad in Part 1, and additional research is needed to
determine whether differences between heavy and light users’
ratings translate into increased susceptibility to advertising. We
did not collect data on self-reported height and weight, and it
is possible that BMI could moderate the observed effects [39].
But studies suggest that BMI does not always predict higher
preferences for ads [40,41]. Our study may not generalize to all
adolescents given this was not a nationally representative
sample. Despite these limitations, our study has several
strengths. The randomized design and the within-subjects
comparisons provide clear evidence of preferences for unhealthy
food and beverage ads on Instagram relative to traditional ads.
Further, “likes” are an ecologically valid signal of preferences,
as most adolescents use social media regularly and are familiar
with “liking” social media content [42]. Future research should
examine how social media food ads affect food purchases.

Conclusion
This study provides the first evidence regarding adolescents’
preferences for unhealthy food and beverage ads on social media
relative to traditional food ads, sheds light on potential
mechanisms that influence adolescents’ behavior on social
media, and can inform the extent to which self-regulatory food
marketing pledges and food marketing policies should expand
to include social media–based food marketing.
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Abstract

Background: Internet access is increasingly critical for adolescents with regard to obtaining health information and resources,
participating in web-based health promotion, and communicating with health practitioners. However, past work demonstrates
that access is not uniform among youth in the United States, with lower access found among groups with higher health-related
needs. Population-level data yield important insights about access and internet use in the United States.

Objective: The aim of this study is to examine internet access and mode of access by social class and race and ethnicity among
youth (aged 14-17 years) in the United States.

Methods: Using the Current Population Survey, we examined internet access, cell phone or smartphone access, and modes of
connecting to the internet for adolescents in 2015 (unweighted N=6950; expanded weights N=17,103,547) and 2017 (unweighted
N=6761; expanded weights N=17,379,728).

Results: Internet access increased from 2015 to 2017, but socioeconomic status (SES) and racial and ethnic disparities remained.
In 2017, the greatest disparities were found for youth in low-income households (no home access=23%) and for Black youth (no
home access=18%) and Hispanic youth (no home access=14%). Low-income Black and Hispanic youth were the most likely to
lack home internet access (no home access, low SES Black youth=29%; low SES Hispanic youth=21%). The mode of access
(eg, from home and smartphone) and smartphone-only analyses also revealed disparities.

Conclusions: Without internet access, web-based dissemination of information, health promotion, and health care will not reach
a significant segment of youth. Currently, SES and racial and ethnic disparities in access prolong health inequalities. Moreover,
the economic impact of COVID-19 on Black, Hispanic, and low-income communities may lead to losses in internet access for
youth that will further exacerbate disparities.

(J Med Internet Res 2021;23(10):e27723)   doi:10.2196/27723

KEYWORDS

internet access; smartphone use; Black youth; Hispanic youth; low-income youth; disparities; mobile phone

Introduction

Access to the internet is increasingly critical for adolescents
with regard to health, employment, and education [1-7].

Furthermore, the COVID-19 pandemic has highlighted the
fundamental importance of web-based access when in-person
channels of communication are blocked [2,8]. Youth may use
the internet to find health-related information, find resources,
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or participate in web-based interventions addressing a variety
of physical and mental health topics [3,9-11] and for
communicating with health providers [12,13]. Given that
health-related conditions (eg, obesity, diabetes, and sexually
transmitted infections) disproportionately impact low-income
and racial and ethnic minority youth [14-16], access may be
particularly important for these groups. Those with intermittent,
limited, or no access to the internet will be disadvantaged
because their ability to benefit from web-based health-related
resources and programs, job searches, and educational activities
will be lower than among those who have stable internet access
[17-21].

Rapid increases in internet access have been attained over the
past decade; however, US national household data from the
American Community Survey (ACS) and the Current Population
Survey (CPS) have demonstrated that we have yet to achieve
the goal of universal access to the internet [22]. Furthermore,
they also document continued disparities in access for Black
and Hispanic people, low-income households, and those in rural
areas [23]. Although the CPS and ACS found that internet access
is higher in households with members ≤18 years of age,
published analyses of national probability household surveys
infrequently focus on internet access for adolescents.

Valuable data on internet access among adolescents can be
obtained from probability-based national surveys conducted by
the US Census, including the CPS. Prior analyses of the CPS
(2012 data) showed that youth aged 14-17 years living in
low-income households had lower internet access than youth
in moderate- and high-income households (household income
<US $25,000=63%, US $25,000-$49,999=80%, and ≥US
$50,000=95%) [4]. In addition, Black and Hispanic youth had
lower in-home access than Asian and White youth (White=89%,
Black=73%, Asian=93%, and Hispanic=76%). This research,
which focused primarily on Black youth, also revealed
disparities within racial and ethnic groups. That is, Black youth
living in low-income households had lower access than Black
youth living in households with middle or high incomes
(household income <US $25,000=52%, US
$25,000-$49,999=77%, and ≥US $50,000=93%) [4]. Cell phone
access was lowest among both low- and high-income Black
youth. Furthermore, Black youth have limited access to the
internet in the community (schools=60%, libraries=27%, and
community centers=5%), highlighting the importance of home
access [4]. Given the broadscale uptick in internet access
observed in the population at large, we anticipate that youth
access will also have increased in recent years.

Other national studies on youth suggest substantial increases in
access over time and a more even distribution of internet access
across subgroups of youth [1,24,25]. A recent Pew Research
Center report showed nearly universal internet access among
youth in the United States (99%), with 95% reporting access to
a smartphone (White=94%, Black=94%, and Hispanic=95%).
Furthermore, relatively small differences in access by household
income were reported (<US $30,000=93%, US
$30,000-$74,999=93%, and ≥US $75,000=97%) [1]. However,
these point estimates may conceal true differences. When CIs
are taken into consideration, the Pew Research Center study
shows that access for Black youth may range from 82.1% to

100%, and for Hispanic youth, the estimated range is
85.5%-100% (ie, margin of error by race and ethnicity:
White=–7.2 to +7.2 points, Black=–11.9 to +11.9 points, and
Hispanic=–9.5 to + 9.5 points). Similarly, CIs for income
categories are wide (ie, margin of error by income: <US
$30,000=–9.6 to +9.6 points, US $30,000-$74,999=–8.3 to +8.3
points, and ≥US $75,000=–8.1 to +8.1 points), suggesting that
access by income may also be more variable. In light of this, it
is critical that other sources, such as census data (eg, CPS and
population studies with reduced error) are used to provide a
sharper picture of access [22].

This research examines changes in access and use of the internet
among those aged 14-17 years using the 2015 and 2017 CPS.
We focus specifically on 2 racial and ethnic groups that have
previously had lower access, Black and Hispanic youth, to
determine whether disparities in access for racial and ethnic
minorities and low-income youth have decreased over time. In
light of recent research on adults, which suggests that the
number of smartphone-only internet users in the United States
is increasing [26], we also examined smartphone-only use
among youth.

Methods

Data Source: The CPS
The CPS periodically collects data on computer and internet
use, which provides national-level estimates of these topics.
This household probability study conducted by the US Census
Bureau is the primary source of labor force statistics [27,28].
Data for this study were obtained from the CPS Computer and
Internet Use supplement conducted in July 2015 and November
2017. The supplement is sponsored by the National
Telecommunications and Information Administration.

We used the 2 most recent surveys for which data are available
to examine internet use inside and outside the home and
additional modes (eg, devices) used to access the internet. Given
our focus on youth, we limited our examination to household
members aged 14-17 years in 2015 (total sample unweighted:
N=6950; Black: n=917; Hispanic: n=1412) and 2017 (total
sample unweighted: N=6761; Black: n=800; Hispanic: n=1377).
This age group represents minors most likely to be in high
school and living at home and corresponds to the age range
examined in prior analyses of CPS 2012 data [4].

Measures and Analyses
All analyses were conducted for a subsample of the CPS
representing youth aged 14-17 years. Data on youth were
collected from an adolescent aged ≥15 years or from a proxy.
We examined four primary questions (yes or no responses) that
were assessed in 2015 and 2017. Three items were identical in
both waves: “Do you/Does anyone in this household, including
you, use the internet at home?” “Who uses the internet at
home?” “Who uses a cellular phone or smartphone?” The item
regarding smartphone use was asked slightly differently across
the two waves (2015: “Do you/Does anyone in this household
use a cellular phone or smartphone?” 2017: “What about a
smartphone or a cell phone that connects to the internet? Do
you/Does anyone in this household use a smartphone?”). In
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addition, we constructed a variable to identify smartphone-only
use, which was defined as accessing the internet from
smartphone but not accessing the internet from home.

Analyses were conducted for all racial and ethnic groups,
followed by analyses for Black and Hispanic youth separately.
Cross tabulations are weighted using the final person weight
[29]. Data analyses were generated using SAS software, version
9.3 of the SAS System (SAS Institute Inc; SAS and all other
SAS Institute Inc product or service names are registered
trademarks or trademarks of SAS Institute Inc). Standard survey
weights adjusted with expansion weights provide estimates of
the size of the population to which data are generalized
(expanded weights for total sample: N=17,103,547 [2015] and
17,379,728 [2017]; Black: N=2,626,139 [2015] and 2,560,101
[2017]; Hispanic: N=3,867,713 [2015] and 3,981,899 [2017]).
Owing to the population sizes, the CIs around the point estimates
are very tight (ie, for proportions, –1% to +1% on either side)
and can be interpreted as population parameters. For illustration
purposes, we calculated the 95% CI for access by income for
Black households with those aged 14-17 years and found that
the CIs for all 3 categories of income were less than 1% (eg,
<US $25,000=27.37% (95% CI 27.32-27.42), US
$25,000-$50,000=27.7% (95% CI 27.65-27.67), and >US
$50,000=44.93% (95% CI 44.87-44.99). Finally, we do not
conduct statistical hypothesis testing for differences between
groups because very large population sizes will invariably
produce statistically significant differences [30-32].

Results

Overview
The results examine 2 major elements: internet access and the
mode of internet access. To report on internet access, we
examined the proportion of youth residing in households that
have internet connection and the proportion of youth residing
in households in which an adolescent, aged 14-17 years, has a
cell phone or smartphone. The mode of internet access is
reflected in data on (1) the proportion of adolescents accessing
the internet through home internet connections, (2) cell phone
or smartphone internet connections, and (3) those who have
accessed the internet only through smartphones (ie, smartphone
only). We examined internet access and mode of internet access
for 2015 and 2017 with a focus on racial and ethnic minority
and social class differences for the population as a whole and
social class differences within Black and Hispanic populations.

Table 1 presents the percentage of those aged 14-17 years (1)
living in a household with internet, (2) who have a cell phone
or smartphone, and (3) with modes of accessing the internet
(eg, home and smartphone) for 2015 and 2017 by racial and
ethnic group and household income for the total population of
households with an adolescent resident. Table 2 presents data
separately by household income for Black and Hispanic youth,
the 2 racial and ethnic groups that evidence the lowest access.
In the text, we highlight the disparities in access and use by
discussing the proportion of youth who lack access overall and
through specific modalities (Figures 1-3 present data on lack
of access; parallel data on modalities are not included in figures).
Our disparity analysis assumes the ideal goal of universal
internet access (ie, 100%).

Table 1. Reported internet use in the United States: youth aged 14-17 years by selected characteristics (Current Population Survey 2015 and 2017)a.

Mode of internet access, n (%)Individual uses a cell phone or
smartphone, n (%)

Individual lives in household with

internet useb, n (%)

Characteristic

SmartphoneHomeYear, 2017Year, 2015Year, 2017Year, 2015

Year,
2017

Year,
2015

Year,
2017

Year,
2015

Race and Hispanic originc

6.5 (70)6.5 (70)7.3 (78)7.3 (79)8.1 (87)8.2 (89)8.2 (88)7.9 (86)White non-Hispanic

1.5 (59)1.6 (61)1.8 (70)1.7 (67)2.1 (82)2.2 (85)2.1 (82)2.0 (77)Black

0.6 (71)0.7 (68)0.7 (78)0.6 (75)0.8 (88)0.8 (88)0.8 (89)0.7 (85)Asian

2.5 (63)2.3 (59)3.0 (75)2.5 (66)3.4 (85)3.2 (84)3.4 (86)2.9 (74)Hispanic (of any
race)

Household incomec (US $)

1.6 (56)1.5 (49)1.8 (66)1.6 (52)2.2 (79)2.4 (78)2.1 (77)1.9 (63)<25,000

2.3 (61)2.4 (62)2.6 (71)2.7 (70)3.1 (82)3.3 (85)3.0 (81)3.0 (78)25,000-49,999

7.8 (72)7.4 (73)8.8 (80)8.3 (81)9.7 (89)9.2 (90)9.9 (91)9.0 (88)≥50,000

aData derived from the CPS 2015 [33] and 2017 [34]. Percentages are rounded to whole numbers. Counts are presented in the millions and rounded to
the nearest tenth of a million or nearest one-hundredth of a million if less than 1 million. Thus, 7.9 represents 7.9 million.
bAt least 1 member of the individual’s household reported using the internet from home, even if that individual did not report use themselves.
cData collected from respondents aged 14-17 years. Standard survey weights were adjusted with expansion weights to estimate the size of the population
to which the data are generalized. Expanded weights N=17,103,547 (2015) and N=17,379,728 (2017). Unweighted N=6950 (2015) and N=6761 (2017).
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Table 2. Reported internet usage in the United States by income: Black and Hispanic youth aged 14-17 years by selected characteristics (Current

Population Survey 2015 and 2017)a.

Mode of internet access, n (%)Individual uses a cell phone
or smart phone, n (%)

Individual lives in house-

hold with internet useb, n
(%)

Race and household income

SmartphoneHomeYear, 2017Year, 2015Year, 2017Year, 2015

Year, 2017Year, 2015Year, 2017Year, 2015

Blackc

Household incomec (US $)

0.4 (57)0.3 (47)0.4 (61)0.3 (48)0.5 (78)0.6 (79)0.5 (71)0.4 (61)<25,000

0.4 (54)0.4 (66)0.5 (66)0.5 (70)0.6 (79)0.5 (83)0.6 (82)0.5 (78)25,000-49,999

0.7 (65)0.8 (67)0.9 (78)0.9 (76)1.0 (86)1.1 (89)1.0 (88)1.1 (86)≥50,000

Hispanic originc

Household incomec (US $)

0.5 (54)0.6 (48)0.7 (68)0.6 (52)0.8 (79)0.9 (77)0.8 (79)0.7 (60)≤25,000

0.7 (61)0.7 (57)0.9 (72)0.8 (66)1.0 (84)1.0 (81)1.0 (81)0.9 (74)25,000-49,999

1.2 (69)1.0 (70)1.4 (80)1.1 (77)1.6 (89)1.3 (92)1.7 (93)1.2 (86)≥50,000

aData derived from the CPS 2015 [33] and 2017 [34]. Percentages are rounded to whole numbers. Counts are presented in the millions and rounded to
the nearest tenth of a million or nearest one-hundredth of a million if less than 1 million. Thus, 2.0 represents 2.0 million.
bAt least one member of the individual’s household reported using the internet from home, even if that individual did not report use themselves.
cData collected from respondents aged 14-17 years. Standard survey weights were adjusted with expansion weights to provide an estimate of the size
of the population to which the data are generalized. Black: expanded weights, N=2,626,139 (2015) and N=2,560,101 (2017). Unweighted N=917 (2015)
and N=800 (2017). Hispanic: expanded weights N=3,867,713 (2015) and N=3,981,899 (2017). Unweighted N=1412 (2015) and N=1377 (2017).

Disparities in Internet and Cell Phone or Smartphone
Access 2015-2017

Youth Access: Population Profile
In 2015, no group had 100% access, and racial, ethnic, and
income disparities were evident (Figures 1 and 2). Up to
one-fourth of youth lived in households without internet access;
Black and Hispanic youth evidenced the greatest disparities.
Overall, low-income youth were most likely to have no home
internet access. Similarly, more Black and Hispanic youth and

youth in middle-income households reported not using cell
phones or smartphones. In 2017, there continued to be disparities
despite gains in household internet access from 2015 to 2017
(Table 1). Although disparities by income and across racial and
ethnic groups decreased in 2017 (Figures 1 and 2), low-income
and Black and Hispanic youth continued to lag behind other
groups. In some groups, fewer youth reported having cell phones
or smartphones in 2017, revealing small increases in disparities
overall from 2015 to 2017. Racial and ethnic disparities in cell
phone or smartphone use in 2017 remained (Figure 1).
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Figure 1. Disparities in access by race and ethnicity 2015-2017. The figure shows the percentage of youth (aged 14-17 years) who do not have access;
household internet: internet access in the home; cell phone/smartphone: has cell phone or smartphone.

Figure 2. Disparities in access by income 2015-2017. The figure shows the percentage of youth (aged 14-17 years) who do not have access; household
internet: internet access in the home; cell phone/smartphone: has cell phone or smartphone.
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Youth Access: Disparities Among Black and Hispanic
Youth
Socioeconomic status differences were evident among Black
and Hispanic youth in 2015 (Figure 3). Nearly 3 times as many
low-income compared with high-income Black and Hispanic
youth lacked home access to the internet in 2015. Approximately
40% of low-income Black and Hispanic youth did not have
home internet access. Cell phone and smartphone use followed

a similar pattern, with greater disparities for low-income youth.
In 2017, Black and Hispanic youth in the lowest-income
households continued to evidence the greatest disparities. A
total of 29% and 21% of low-income Black and Hispanic youth,
respectively, lacked home access. In contrast, 12% and 7% of
high-income Black and Hispanic youth, respectively, lacked
access. Cell phone and smartphone use followed similar patterns
(Figure 3).

Figure 3. Disparities in access by income among Black and Hispanic youth. The figure shows the percentage of youth (aged 14-17 years) who do not
have access; household internet: internet access in the home; cell phone/smartphone: has cell phone or smartphone.

Mode of Internet Access 2015-2017

Youth’s Mode of Access: Population Profile
We examined modes of youth use for connecting to the internet,
including accessing the internet from home or from a
smartphone (Table 1). In 2015, more than 20% of youth did not
access the internet from home, and at least 30% did not access
the internet from a smartphone; Black and Hispanic youth were
less likely than other groups to access from either mode. Overall,
youth in low-income households were least likely to access the
internet from home or from a smartphone in 2015; gaps between
the lowest and highest income households were substantial. In
2017, a large proportion of youth still did not access the internet
from home. Some racial and ethnic disparities observed in 2015
were reduced because more Hispanic youth reported accessing
the internet from home. Disparities in the use of smartphones
to access the internet also remained in 2017. Overall, nearly
one-third of the youth did not access the internet from a
smartphone (population average=33%). An income gap in
accessing the internet from home continued to exist in 2017,
although a substantial increase in access among low-income
households narrowed the gap. Surprisingly, there were only
modest changes in accessing the internet from smartphones
between 2015 and 2017, with lower use reported overall. Youth

in low-income households continue to be the most likely to not
access the internet from a smartphone.

Mode of Access: Disparities Among Black and Hispanic
Youth
Table 2 includes the mode of access data for Black and Hispanic
youth. In 2015, Black and Hispanic youth in the lowest-income
households were substantially more likely than those in
households with higher income to lack access to the internet
from home. Strikingly, about half of low-income Black and
Hispanic youth did not access the internet from home or from
a smartphone. Income disparities in access modality decreased
from 2015 to 2017, with more low-income Black and Hispanic
youth reporting access to the internet from home or smartphones
in 2017. Despite this change, the disparity between low- and
upper-income brackets continues to be evident in 2017. More
specifically, 39% and 32% of low-income Black and Hispanic
youth, respectively, did not access the internet from home in
2017. Similarly, 43% and 46% of low-income Black and
Hispanic youth, respectively, did not access the internet from
a smartphone in 2017.

Mode of Access: Smartphone Only
We examined whether the youth accessed the internet only from
a smartphone for both time points (eg, smartphone-only users;
data not presented). In 2015, nearly 10% of the youth were
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smartphone-only users, with Hispanic youth having the largest
percentage with smartphone-only access (White=5%, Asian=7%,
Black=8%, and Hispanic=9%). In addition, youth in low-income
households were the most likely to have only smartphone access
(12%); this was also true among Black and Hispanic youth. In
2017, there was a small reduction in reports of smartphone-only
access; Hispanic youth were again the most likely to report only
smartphone access (White=3%, Asian=3%, Black=3%, and
Hispanic=5%). Youth in low-income households continued to
be the most likely to have smartphone-only access in 2017 (6%).
Among Blacks, low-income youth were more likely to report
smartphone-only access in 2017, whereas among Hispanics,
youth in middle-income households were the most likely to
report smartphone-only use.

Discussion

Principal Findings
Using the CPS, we found that internet access has not reached
universal levels, despite the critical role that the internet plays
in connecting youth to health information, interventions, and
providers. On a positive note, we observed a reduction in
disparities from 2015 to 2017, with the largest gains typically
found among the racial, ethnic, and income groups that lagged
behind. Despite these gains, Hispanic and Black youth continue
to have lower levels of household access. Regardless of racial
or ethnic group membership, youth in low-income households
remain at a disadvantage. Even with recent gains, nearly 30%
of low-income Black youth and over 20% of low-income
Hispanic youth aged 14-17 years did not have home internet
access in 2017. Thus, disparities in access found at earlier time
points [4,35,36] have not been eliminated, and these will
continue to impact youths’ ability to benefit from web-based
health-related resources.

With increasing reliance on the internet for information and for
a host of health and educational services, youth without home
internet access are at a disadvantage [37]. Although smartphones
can also be used to access the internet, and indeed many youth
use smartphones, there are recognized limits to having only
smartphone internet access [24,38]. Our finding that in 2017,
3%-5% of youth accessed the internet only from smartphones,
suggests that some youth will experience challenges (eg, with
connectivity and poor audio and video) [17,24,38]. The
disadvantages of smartphone-only access will have a greater
impact on Black and Hispanic youth living in low- and
middle-income households. Similarly, research by the National
Center for Educational Statistics found that 6% of children aged
3-18 years had smartphone-only access to the internet, a
situation that was more common among Black, Hispanic, and
low-income children [39]. In addition to challenges with
connectivity, the demands of video connection (eg, telehealth
visit and educational interactions) create disadvantages for those
who rely only on smartphones for accessing the internet.
Furthermore, even when the internet is available on a computer
or smartphone, other limitations exist, such as digital literacy
(eg, ability to download and install), limited internet speed that
can impede using video, and incompatibility of the recipient’s
devices with the platform on which the health care is being

delivered [8,21,40]. Thus, although this study’s findings provide
information on access and internet use in the home and via
smartphone, there are additional factors that influence whether
one can effectively participate in health programs or health care
via the internet.

Our findings reinforce the importance of income. At both the
population level and within racial and ethnic groups (ie, Black
and Hispanic youth), we consistently found disparities in access
for youth in low-income households. As the effects of
unemployment because of the COVID-19 pandemic continue
to unfold, an increasing number of households will make
decisions about what is affordable. Without public and private
efforts to boost internet access [41,42], more low-income
households may lose this important service. Given the scope of
the impact of COVID-19 on Black and Hispanic communities
[43,44], gains in access between 2015 and 2017, especially
among low-income households, are at risk.

Home access may have advantages over community access (eg,
school and library) for youth seeking health-related information
or assistance on sensitive topics (eg, sexual health and mental
health; see the study by Smith-East [17]). For example, with
rare exceptions, sexual content is blocked on school computers
(see the study by Dolcini et al [4]), and community sites may
not offer adequate privacy for health consultations [17].
Regardless of these limitations, community internet access
follows similar patterns as home access, such that low-income
youth have lower access than high-income youth [4].
Community closures because of COVID-19 will have further
reduced access because schools, libraries, and community
centers were closed for extended periods in many communities.

Although some prior research is viewed as providing evidence
of nearly universal access to the internet for youth in the United
States (eg, the study by Anderson and Jiang [1]), this study
suggests a different reality. Our findings show continued
disparities in internet access that are in alignment with other
published work using population-level data (eg, ACS and the
CPS) [22,23]. The perceived discrepancies in findings across
studies may be explained by large margins of error for data on
Black and Hispanic youth in studies that include relatively small
numbers of these subpopulations. In fact, our findings with
respect to household internet access for Black and Hispanic
youth roughly correspond to the lower ranges of access
identified by Anderson and Jiang [1] (ie, when the margin of
error is taken into account). This study underscores the
importance of large population-based surveys, which produce
estimates with narrow CIs that avoid camouflaging population
disparities. We recommend that surveys provide CIs along with
point estimates to allow for cross-survey comparisons.

Strengths and Limitations
This study has several limitations. First, the rates of internet
access and use may have changed since 2017. On the basis of
past trends, we anticipate that disparities by racial and ethnic
groups and income would continue [4,35,36]. In addition, the
2020 recession may reverse prior gains in access. Second, we
were unable to examine regional differences because the CPS
was not designed to examine patterns at that level; other studies
provide evidence of regional disparities in access [22]. Third,
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the CPS questions on internet use were updated in 2015 and
one item used in this study differed between 2015 and 2017.
Wording changes in items can influence responses, especially
those related to smartphone use [45]. Wording changes in the
item on smartphone use could have contributed to the finding
showing lower use in 2017; responses to the 2015 item could
have included cell phones without capacity to connect to the
internet. Despite item changes, patterns observed in 2012 and
in later waves of CPS were similar and broadly aligned with
patterns observed in the ACS. Finally, CPS data rely on
interviews with adolescents and proxies. The survey literature
provides a good case for accepting proxy reports in large surveys
[46-50]. Agreement between a proxy and the primary respondent
is high when questions are general, observable, and use a yes/no
format [49]. Fulton et al [46] demonstrated strong agreement
for items in the CPS that assess computer and internet use, and
laboratory studies show reliability above 90% for general items
[49,50]. As noted earlier, the limitations of this study are

balanced by the advantages of using population-level data sets,
especially when examining racial and ethnic minority
populations.

Conclusions
Despite continued calls for universal access to the internet and
the recent proposition that broadband internet access is a social
determinant of health [51], this study, along with other sources
[52], reveals continued disparities in access and use among
youth in the United States. A variety of approaches, including
private-public collaborations, increasing community hot spots,
government sponsored expansion of broadband to rural
communities, and public access broadband have potential to
increase internet access of youth in the United States [37,53-55].
Along with efforts to make the internet more available to all
youths to ensure access to important health resources, continued
monitoring of internet access among youth using
population-level data is warranted.
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Abstract

Background: As the world is becoming increasingly connected by the World Wide Web, the internet is becoming the main
source of health information. With the novel COVID-19 pandemic, ubiquitous use of the internet has changed the daily lives of
individuals, from working from home to seeking and meeting with health care providers through web-based sites. Such heavy
reliance on internet-based technologies raises concerns regarding the accessibility of the internet for minority populations who
are likely to already face barriers when seeking health information.

Objective: This study aims to examine the level of technology access and common modes of technology used by Korean
American women and to investigate how key psychosocial determinants of health such as age, education, English proficiency,
and health literacy are correlated with sources of health information used by Korean American women and by their use of the
internet.

Methods: We used data from a subsample of Korean American women (N=157) who participated in a community-based
randomized trial designed to test a health literacy–focused cancer screening intervention. In addition to descriptive statistics to
summarize Korean American women’s internet access and common modes of technology use, we conducted backward stepwise
logistic regression analyses to substantiate the association between the psychosocial determinants of health and internet use.

Results: Approximately two-thirds (103/157, 65.6%) of the sample had access to the internet, and nearly all had access to a
mobile phone. The internet was the most commonly used channel to obtain health information 63% (99/157), and 70% (110/157)
of the sample used text messaging. Nevertheless, only approximately 38.8% (40/103) of the sample were very confident in using
the internet, and only 29.9% (47/157) were very confident in using text messaging. Multivariate analyses revealed that older age
(>50 years) was associated with 79% lower odds of using the internet to seek health information (adjusted odds ratio [AOR] 0.21,
95% CI 0.10-0.46). The higher health literacy group (19+ on Rapid Estimate of Adult Literacy in Medicine) had 56% lower odds
of using the internet to acquire health information (AOR 0.44, 95% CI 1.13-11.18). Higher education (college+) was associated
with both internet use (AOR 4.42, 95% CI 1.88-9.21) and text messaging (AOR 3.42, 95% CI 1.55-7.54). Finally, English
proficiency was associated with text messaging (AOR 4.20, 95% CI 1.44-12.24).

Conclusions: The differences in modes of technology access, use, and confidence by some of the key psychosocial determinants,
as observed in our study sample, have important implications when health care teams develop dissemination plans.

(J Med Internet Res 2021;23(10):e29155)   doi:10.2196/29155

KEYWORDS

technology use; internet; text messaging; health literacy; English proficiency; immigrant; health disparities; Korean American;
women; mobile phone
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Introduction

Background
The internet is a unique technology that is constantly developing
and encompasses various forms of technologies, such as social
media, e-communications, e-commerce, telecommunications,
and telehealth. The internet is currently used as a platform that
connects people, stores and shares information, and virtually
provides health services [1]. Especially during the COVID-19
pandemic, with the suspension of many face-to-face medical
and health care services, telehealth and telecommunication have
been widely used to offset the loss of manpower within
face-to-face medical services [2]. Furthermore, many forms of
internet-based health technologies ease the daily lives of
Americans by providing ways to self-manage their illnesses and
conditions such as diabetes, physical activity, diet, weight loss,
heart failure, and more [3]. These daily health technologies use
combinations of already existing technologies that are updated
with the current technology. For example, sphygmomanometer,
weight scale, electrocardiogram recorder, and smartphone apps
are combined to monitor heart failure with cost-saving benefits
compared with telephone-based monitoring [4].

Despite the proven benefits and rapidly increasing, ubiquitous
use of the internet and internet-based health technologies for
all Americans, this rapid incline is exposing the health disparities
and digital divide in underserved populations: racial and ethnic
minorities, older adults, rural populations, lower-income groups,
and populations with a lower educational background [5,6].
These underserved populations are more likely to have lower
health literacy levels, lack health care coverage, lack provider
availability, experience lower quality of care, and are more
likely to face discrimination in general and in health care [7].
They are also less likely to have adequate internet connectivity
and are less likely to use the internet to seek health information
[5,8].

Asian racial or ethnic minorities are rapidly growing in the
United States: 72% growth between 2000 and 2015 compared
with 60% in Hispanic racial or ethnic minority populations and
are currently projected to be the largest immigrant racial or
ethnic group by 2055, accounting for 38% of the immigrant
population [9]. Overall, 97% of English-speaking Asian
Americans are estimated to use the internet compared with 85%
of non-Hispanic Whites, 81% of Hispanics, and 78% of
non-Hispanic Blacks [10]. However, the healthier and more
affluent Asian American subgroups tend to be overrepresented
in these reports. This tends to overcast the underserved Asian
American subgroups: non–English-speaking, lower
socioeconomic status, elderly, disabled, and unauthorized
immigrant subgroups comprise more than 50 ethnic and 100
language groups [11]. Some of these smaller Asian ethnic and
language groups live in poverty rates that are three times higher
than the US average of 10.5%, such as Hmong (28.3%),
Bhutanese (33.3%), and Burmese (35%) [9,12]. In addition,
some subgroups, such as Koreans, culturally do not express
their hardships or deficiencies to the public because they do not
want to show their weakness—financially or socially [9].

According to the 2019 American Community Survey, Korean
Americans are the fifth largest Asian population and represent
one of the fastest growing ethnic groups in the United States
[13]; 59% of Korean Americans are first-generation immigrants,
significantly higher than the 14% immigrant share among
general Americans [14]. Research has revealed health disparities
in the Korean American population. For example, Korean
American women are 1.5 times more likely to die from cervical
cancer than non-Hispanic White women, yet are nearly 20%
less likely to receive triennial Papanicolaou tests [15,16]. Korean
Americans are also more susceptible to acquiring hepatitis B
virus than White Americans by 10-fold because of significant
language barriers, limited health knowledge, financial issues,
and poor access to care [17].

With their well-documented benefits, internet-based health
technologies provide an opportunity to eliminate the health
disparities experienced by traditionally underserved populations
with limited resources and limited English proficiency, such as
Korean Americans [5]. However, information addressing
technology access and the use of the internet among Korean
Americans is currently scarce. As health care professionals are
rapidly adapting and expanding the use of the internet and
technology, a better understanding of how Korean American
women use the internet may help researchers and clinicians to
implement and disseminate health programs to address health
disparities in Korean American populations.

Objective
The purpose of this study was to understand the internet use
among Korean American women. Specifically, we examined
the level of internet access and the common modes of
technology used by the target group of Korean American
women. We also investigated how key social determinants of
health, such as age, education, English proficiency, and health
literacy, are associated with Korean American women’s use of
internet technology.

Methods

Study Design and Sample
This study used data obtained from a sample of Korean
American women who participated in a community-based,
cluster randomized controlled trial that was designed to test the
efficacy of a community health worker–led health
literacy–focused intervention program, including mammograms
and Papanicolaou test screening, among Korean American
women. Details regarding the study design and outcomes have
been published elsewhere (NCT00857636) [18]. Briefly, trained
community health workers from 23 ethnic
churches (intervention=11 and waitlist control=12) in the
Maryland-Washington metropolitan area recruited the study
sample. Sample inclusion criteria included Korean American
women aged 21-65 years who were overdue for either a
mammogram (for women aged ≥40 years) or Papanicolaou tests.
Those with an acute or terminal condition (eg, cancer diagnosis
or life expectancy of <6 months), psychiatric diagnosis, or other
conditions that precluded participation in the study activities
were excluded. A total of 560 eligible women were recruited
and enrolled in the study (intervention, n=278; control, n=282)
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and completed the baseline assessment. Follow-up data were
collected at 3 and 6 months from the start of the intervention. At
6-month follow-up, 527 women participated in the final data
collection (intervention, n=261; control, n=266). For the women
participating only in the intervention, a brief phone survey was
conducted 1 year after the final data collection between 2013
and 2017. The main goal of this 1-year postsurvey was to
examine the long-term effects of the study intervention on cancer
screening behaviors and the intervention of women’s
dissemination of cancer screening knowledge to neighbors in
the community (Multimedia Appendix 1). The postsurvey also
included questions about access to and use of the internet. A
total of 157 intervention women participated in the 1-year
postsurvey (response rate=60%). For this analysis, we combined
baseline data for key sociodemographic and
1-year postsurvey data for internet use.

Procedures and Measures
All study procedures were approved by the Johns Hopkins
Medicine Institutional Review Board. The baseline questionnaire
was administered face-to-face by trained bilingual research staff
to assess participant characteristics. The baseline questionnaire
included sociodemographic questions such as age in years,
educational level, income comfortability, marital status, health
insurance, and English proficiency. In addition, health literacy
was measured using the Rapid Estimate of Adult Literacy in
Medicine (REALM), a well-validated 66-item screening
instrument that assesses an adult’s ability to read common
medical words and lay terms for body parts and illnesses
[19]. Each correctly pronounced word was coded as 1, with a
total score ranging from 0 to 66. The REALM has been
significantly correlated with other standardized reading tests.
The REALM was validated in a Korean sample [20].

The 1-year postsurvey was completed through phone interviews
by trained bilingual research assistants. Trained bilingual
research assistants called the study participants in the
intervention group who agreed to participate in a follow-up
survey. Part of the postsurvey asked questions about the main
sources of health information (eg, internet, television [TV],
radio, newspaper, book, or magazine) and access to the internet
(with access location) and mobile phones. For those who
reported the internet as the main source of health information,
additional questions were asked about the frequency of internet
use and types of health information sought. Similarly, for those

who reported having access to mobile phones, the frequency of
use of text messaging was asked. Finally, the level of confidence
in using the internet and text messaging was assessed for those
who indicated access to these technologies. Each phone
interview lasted, on average, approximately 10 minutes.

Data Analysis
We used descriptive statistics such as means, SDs, frequencies,
and percentages to summarize the sample characteristics. We
conducted a series of backward stepwise logistic regression
analyses to examine the association between the key social
determinants of health (age, education, English proficiency, and
health literacy), sources of health information, use of internet
technology, and confidence in using technologies. Age,
education, and English proficiency were categorized as young
and old (<50 years vs ≥50), low and high education (less than
college vs college or more), and limited and proficient English
(none, little, and well vs fluent). More than 80% of the analysis
sample scored zero on the REALM; hence, instead of using the
suggested cutoff of 60 to represent adequate health literacy (ie,
high school reading level), we used a cutoff of 18 to categorize
the sample as low versus high health literacy groups. The cutoff
of 18 on the REALM indicates a reading level of third grade
and below, where people will not be able to read most
low-literacy materials and may require repetitive oral
instructions or written materials composed of illustrations or
audiotapes or videotapes [19]. All statistical significance was
set at P<.05.

Results

Sample Characteristics
Table 1 summarizes the sample characteristics. The analysis
sample was mostly middle-aged (mean age 46.3, SD 8.2 years)
and married (133/157, 84.7%) women. More than half (100/157,
63.7%) received college or more education, but only 1 in 5
(33/157, 21%) said they felt comfortable with their income
level. Slightly more than one-third (55/157, 35%) of study
participants indicated at baseline that they had health insurance
and a primary care provider (53/157, 33.7%). The majority of
the sample had limited English proficiency; only 12.1% (19/157)
reported being fluent in English. Similarly, more than
three-fourths (134/157, 85.4%) scored ≤18 on the REALM,
indicating a reading level of third grade or lower.
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Table 1. Sample characteristics (N=157).

ValuesCharacteristics

46.3 (8.2)Age (years; range 24-64), mean (SD)

96 (61.1)<50, n (%)

61 (38.9)≥50, n (%)

133 (84.7)Married, n (%)

14.7 (2.5)Education (years; range 8-22), mean (SD)

57 (36.4)Less than college (12 years), n (%)

100 (63.7)College and more (13 years), n (%)

Income comfortability, n (%)

69 (43.9)Difficult and very difficult

55 (35.0)Okay

33 (21.0)Comfortable and very comfortable

55 (35.0)Have health insurance, n (%)

53 (33.8)Have primary care provider, n (%)

English proficiency, n (%)

138 (87.9)None, little and well

19 (12.1)Fluent

7.0 (17.0)Health literacy (range 0-66), mean (SD)

134 (85.4)Third grade reading level or less, n (%)

23 (14.6)More than third grade reading level, n (%)

Technology Accessibility, Usability, and Confidence
Table 2 shows the technology accessibility, usability, and
confidence of Korean American women. The most commonly
used method for obtaining health information was the internet
(99/157, 63%). Of those who indicated the internet as the main
source of health information, the main types of health
information they searched for were disease (64/99, 65%),
followed by alternative medicine (26/99, 26%) and health
supplements (21/99, 21%); the majority (65/99, 66%) indicated

that they searched on average 1-2 times or less per month.
Approximately two-thirds (103/157, 65.6%) of the study sample
indicated that they had access to the internet; most of them
(101/103, 98.1%) had internet access at home. In addition, nearly
all (153/157, 97.5%) participants reported that they had access
to a mobile phone; 70.1% (110/157) used text messaging.
Nevertheless, only 39% (40/103) were very confident in using
the internet; 30% (47/157) were very confident in using text
messaging.
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Table 2. Accessibility and use of technology (N=157).

Values, n (%)Characteristics

Sources of health informationa

99 (63.1)Internet

58 (36.9)Newspaper, magazine, and book

42 (26.8)Television and radio

26 (16.6)Friend, family, and acquaintances

3 (1.9)Physician

3 (1.9)Community

Types of health information sought on the interneta,b

64 (64.6)Disease

26 (26.3)Alternative medicine

21 (21.2)Health supplement

13 (13.1)Medication

8 (8.1)Hospital and physician

2 (2.0)General health

21 (21.2)Missing

Frequency of internet use for health informationb

65 (65.7)1-2 times or less per month

11 (11.1)1-2 times per week

8 (8.1)≥3 times per week

15 (15.1)Missing

103 (65.6)Have internet access

Location of accessc

101 (98.1)Home

15 (14.6)Work

5 (4.9)Public library

1 (1)School

153 (97.5)Have mobile access

110 (70.1)Use text messaging

Confidence with internet usec

63 (61.1)Not at all, fairly, and somewhat

40 (38.9)Very confident

Confidence with text messaging

87 (55.4)Not at all, fairly, and somewhat

47 (29.9)Very confident

23 (14.6)Missing

aMultiple choice.
bWomen who used the internet to obtain health information only (n=99).
cWomen who had access to the internet only (n=103).
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Relationship Among Social Determinants of Health,
Sources of Health Information, Technology Use, and
Confidence
Multivariate analyses revealed that older age was associated
with approximately 79% lower odds of using the internet as the
main source of health information (adjusted odds ratio [AOR]
0.213, 95% CI 0.100-0.455) but had at least 2.4 times higher
odds of using print media (eg, books and magazines) to obtain
health information (AOR 2.403, 95% CI 1.166-4.950). The high
health literacy group had 56% lower odds (AOR 0.440, 95%
CI 1.134-11.182) of using the internet to acquire health

information but more than 1.5 times higher odds (AOR 1.535,
95% CI 1.004-6.400) of using TV and radio. When these
variables were examined compared with technology use and
confidence, educational level was significantly associated with
both internet use (AOR 4.419, 95% CI 1.870-9.205) and text
messaging (AOR 3.417, 95% CI 1.549-7.540), with high
education favoring the use of both technologies. Although no
variables were associated with confidence in using the internet,
English proficiency was associated with more than four times
higher odds of confidence in using text messaging (AOR 4.198,
95% CI 1.439-12.244; Table 3).

Table 3. Multiple logistic regression analysis to explain sources of health information, technology use, and confidencea.

Social determinants of health, adjusted odds ratio (95% CI)Outcome

Health literacyEducationEnglish proficiencyAge

Main source of health information

0.440 (1.134-11.182)N/AN/Ab0.213 (0.100-0.455)Internet

N/AN/AN/A2.403 (1.166-4.950)Print

1.535 (1.004-6.400)N/AN/AN/ATelevision and radio

Use of technology

N/A4.419 (1.870-9.205)N/AN/AInternet

N/A3.417 (1.549-7.540)N/AN/AText messaging

Confidence in using technology

N/AN/A4.198 (1.439-12.244)N/AInternet

N/AN/AN/AN/AText messaging

aVariables were added if the P value was less than .05. The adjusted odds ratio (95% CI) is displayed. The different groups were as follows: younger
age (<50 years), limited English proficiency (less than fluent English), low education (less than college), and low health literacy (≤18 on the Rapid
Estimate of Adult Literacy in Medicine).
bN/A: not applicable.

Discussion

Principal Findings
We found that only approximately two-thirds of our study
sample had internet access. However, the internet was the most
popular source of health information used by Korean American
women in this study. We also found that although nearly all
study participants (153/157, 97.4%) had access to a mobile
phone, slightly more than two-thirds (110/157, 70%) of them
used text messaging. The Korean American women in the study
had overall low levels of confidence in using the internet and
text messaging. Older women, lower education, and limited
English proficiency were associated with less use of these
technologies. This is one of the first studies to comprehensively
examine the common modes of technology and to investigate
how key social determinants of health are associated with
technology use in one of the fastest growing yet understudied
ethnic groups in the nation (ie, Korean American) [21].

The level of home-based internet access among our study sample
of Korean American women was comparable with that in Black
populations (66%) but lower than that in the general US
population (73%) or White populations (79%) and higher than
that in Hispanic (61%) populations [5]. Relying on the internet

to seek health information may have been due in part to the
finding that Korean Americans represent one of the most
uninsured ethnic groups in the nation. For example, in a survey
of 498 patients from primary care clinics mainly serving
Hispanic and Black patients, Gutierrez et al [21] revealed that
the primary source of health information most commonly
reported was their health care professionals, followed by various
forms of media, such as news, radio, or books. The internet was
used less frequently (<25%). In our study sample, only
approximately one-third of women had health insurance (35%)
and reported having a primary care provider (34%). For
individuals with limited access to care, the internet may serve
as a key resource for health information. As the internet plays
an increasingly important role in health information access, it
is important to identify strategies to promote and control the
quality of health information posted on the internet. For
example, a recent systematic review yielded three criteria that
are most important in evaluating web-based health information:
trustworthiness, expertise, and objectivity [22]. These indicators
can be used to guide those who develop web-based health
information.

Age was significantly associated with the sources of health
information used by Korean American women in this study.
Specifically, older age (≥50 years) was associated with an
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approximately 80% lower likelihood of using the internet
but more than two times higher likelihood of using print media
as the main source of health information. Using data from the
2011-2014 Health Information National Trends Survey (58%
female and 70% White with mean age 54 years), Jacobs et al
[23] reported that younger US populations were more likely to
use web-based sources to seek health information compared
with older populations. In this study, the older population with
less internet proficiency was more likely to use health care
professionals as a source of health information [23]. Taken
together, our findings suggest the importance of satisfying health
information-seeking behavior with appropriate dissemination
approaches based on the characteristics of the target population.

Korean American women with higher education (college or
more) were four times more likely to use the internet and
three times more likely to use text messaging than women with
less than a college-level education. The ability to use the internet
and text messaging may be attributable to multiple factors such
as generation gaps (eg, younger generations being exposed to
digital technologies early on in their life), regularized use, and
required higher reading levels for many publicly available
websites. In particular, people with higher education are more
likely to be easily adapted to use new technologies [24,25].
Korean American women with higher education might have
learned to use the internet to seek information during years of
education and used text messaging for social interactions and
group projects. The national guideline states that health
information on public websites should be written at a lower
than eighth grade reading level [26,27]. Nevertheless, evidence
suggests that the health information found on the web is above
a grade 10 level or even 12th [28,29]. Most Korean American
women in our study had an average reading level of third grade
and lower on REALM, indicating a significant barrier to finding
adequate health information on the web. Future efforts should
focus on the development of plain language health information
that is accessible and understandable to wider audiences,
including recent immigrants with limited health literacy, such
as Korean Americans.

We found that high health literacy was associated with a lower
likelihood of using the internet but a higher likelihood of using
TV and radio as the main source of health information. This
finding conflicts with a study (N=498, 62% Hispanic) in which
patients with limited health literacy had lower odds of seeking
health information on the web after controlling for age, sex, and
race and ethnicity [21]. It may be that Korean American women
might have lacked the necessary skills to use health information
on the internet. Overall, our study sample had very low health
literacy, with 85% of participants being lower than the
third-grade level. In addition, nearly 9 of 10 women (88%) had
limited English proficiency, a risk factor for low health literacy
[30]. In fact, confidence in using the internet was more than
four times higher among women with higher English proficiency
in the study. The US Department of Health and Human Services’
Healthy People 2020 published a report that states an upward
trend of access to the internet in the general population, from
69% in 2007 to 81% in 2017 [31]. However, the proportion of
web-based health information seekers who report that they can
easily access health information decreased from 41% in 2008

to 38% in 2017 [31]. The findings suggest that having access
to the internet does not necessarily mean that health information
seekers have the skills and resources to adequately use the
information obtained from the internet [32]. To collectively
provide a wide range of health information to the general public,
health information published on the web not only needs to be
accurate and reliable in English and Spanish but also
lower-grade English reading levels and diverse languages. As
the US is projected to be a minority-majority country as early
as 2045, it is particularly important to provide lower English
reading levels and accurately translate health information [33].

Despite nearly every woman in our sample indicating access to
a mobile phone, only 70% of those reported ever using text
messaging, and only 30% were very confident. More than 9 of
10 (97%) US adults use text messaging as the most frequently
and widely used feature of smartphones [34]. Text messaging
is an increasingly popular way of getting connected to the health
care system for appointment alerts, information sharing, and
methods for quick communication to question and answer
between health care providers and patients. As studies show
higher efficiency and result through text messaging for health
care [35,36], it is important to understand the reasons why
Korean American women face difficulties in using text
messaging features. Ladley et al [37] found that the use of text
messaging to disseminate health information to infant caregivers
with low health literacy improved information retention
and resulted in fewer visits to the emergency department during
the first year. The use of text messaging also benefits health
care providers, as it offers advantages such as time management
[38]. Active smartphone use may be a gateway for telehealth
communications and web-based patient portals such as MyChart,
which provide reliable sources of health information. Currently,
digital technology health resources are primarily used by the
highly educated White population and are often out of reach for
those with less than high school education and lower English
proficiency [39,40]. These underserved populations are likely
to face barriers in accessing health care similar to MyChart
because of external factors such as low health literacy and low
technology proficiency or lack of access to the internet or
devices to access web-based patient portals [40,41]. According
to a recent review of technology use among underserved
populations, having a proxy person to provide support helped
to increase health technology uptake [32]. Future research should
explore whether and how the availability of social resources to
impart knowledge and skills can serve as a facilitator of digital
technology use for health information in underserved
populations.

Limitations
Our study limitations include a lack of generalizability of the
study findings beyond the targeted sample. Women in the study
were recruited from ethnic churches in one geographical area
(Maryland-Washington metropolitan area). People in urban
areas have more access to the internet than those in rural areas
(97% vs 65%) [42]. Nevertheless, most Korean Americans
reside in metropolitan areas (eg, Los Angeles, New York, and
Washington, DC) [43]. In addition, we did not specify the use
of social media as part of the postintervention survey, mainly
focusing on some of the most common sources of information
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used in our study sample. However, the literature indicates that
certain cultural and age groups (eg, Hispanic women aged
between 45 and 55 years) use social media frequently, especially
when a message is centered on familism [44]. This was a
secondary analysis of data that were already collected for its
parent study and were pulled only from the intervention group
of its parent study sample. For the purposes of the parent study,
participants completed a sociodemographic survey about 1.5
years before the internet use survey. However, we do not believe
that any significant change might have occurred in the
psychosocial determinants of health we examined (ie, age,
education, English proficiency, and health literacy) in relation
to technology use.

Conclusions
As the use of digital technology is ubiquitous in our daily lives
with better health outcomes, it is important to allow all
populations to use these technological advances to narrow the
gap between health inequality. Although working with ethnic
minority populations, particularly recent immigrants, it is
important to understand the role of social determinants of health
in relation to the types of technologies being used, how they
are used, and their level of confidence in using the technologies.
Such specific information may help provide effective strategies
for optimal health information dissemination to engage
underserved populations, such as Korean American women.
Future research should address barriers to and facilitators of

using digital technologies, health information, and health care.
In addition, given that people with limited access to health care,
such as Korean Americans, are not likely to obtain health
information from a health provider, diverse health information
dissemination strategies beyond web-based information (eg,
using friends and family as main sources of health information)
should be considered and tested for its efficacy [45]. The Plain
Writing Act of 2010 stipulates that the government-issued
documents to the public be written clearly with the audiences’
recommended reading level [46,47]. This act can be expanded
to not only federally supported agencies but also all agencies
subsidized by federal and state governments and include set
guidelines of all documents disseminated be written with a
readability score of eighth grade and lower in accordance with
the National Institute of Health and American Medical
Association’s readability recommendations [48,49]. The rapid
evolution of technology from word of mouth to telephones,
radio, and TV and then to the internet and smartphones are
differentiating the methods of obtaining health information and
health care seeking behavior. The differences in the modes of
obtaining health information in younger and older persons, as
observed in our study sample, have important implications when
health care teams develop dissemination plans. Having multiple
modes such as paper, text message, and web-based along with
dissemination with respect to age groups may lead to more
successful health information delivery.
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Abstract

Background: Wearable devices have been widely used in clinical studies to study daily activity patterns, but the analysis remains
a major obstacle for researchers.

Objective: This study proposes a novel method to characterize sleep-activity rhythms using actigraphy and further use it to
describe early childhood daily rhythm formation and examine its association with physical development.

Methods: We developed a machine learning–based Penalized Multiband Learning (PML) algorithm to sequentially infer
dominant periodicities based on the Fast Fourier Transform (FFT) algorithm and further characterize daily rhythms. We implemented
and applied the algorithm to Actiwatch data collected from a cohort of 262 healthy infants at ages 6, 12, 18, and 24 months, with
159, 101, 111, and 141 participants at each time point, respectively. Autocorrelation analysis and Fisher test in harmonic analysis
with Bonferroni correction were applied for comparison with the PML. The association between activity rhythm features and
early childhood motor development, assessed using the Peabody Developmental Motor Scales-Second Edition (PDMS-2), was
studied through linear regression analysis.

Results: The PML results showed that 1-day periodicity was most dominant at 6 and 12 months, whereas one-day, one-third–day,
and half-day periodicities were most dominant at 18 and 24 months. These periodicities were all significant in the Fisher test,
with one-fourth–day periodicity also significant at 12 months. Autocorrelation effectively detected 1-day periodicity but not the
other periodicities. At 6 months, PDMS-2 was associated with the assessment seasons. At 12 months, PDMS-2 was associated
with the assessment seasons and FFT signals at one-third–day periodicity (P<.001) and half-day periodicity (P=.04), respectively.
In particular, the subcategories of stationary, locomotion, and gross motor were associated with the FFT signals at one-third–day
periodicity (P<.001).

Conclusions: The proposed PML algorithm can effectively conduct circadian rhythm analysis using time-series wearable device
data. The application of the method effectively characterized sleep-wake rhythm development and identified the association
between daily rhythm formation and motor development during early childhood.

(J Med Internet Res 2021;23(10):e18403)   doi:10.2196/18403
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Introduction

Background
Wearable devices have been increasingly used in research
recently because they can provide continuous objective
monitoring of activities and vital signs data such as body
temperature and pulse rates [1-3]. In sleep and activity studies,
researchers have focused on the actigraphy data generated from
wearable devices to study sleep and activity patterns as an
alternative to sleep diaries and polysomnography [1,4]. The
device usually uses an accelerometer that monitors acceleration
in one or more directions, and this wristwatch-like device is
often worn on the wrist to record activity continuously for
several days. Either the raw data or the transformed activity
count data can be used to study sleep-wake patterns and screen
sleep disorders [4,5]. Actigraphy not only avoids the subjectivity
and bias issues with sleep diaries but also overcomes the
drawbacks of polysomnography, such as high costs,
in-laboratory setting, intrusive measures, and difficulty in
long-term monitoring.

Continuous objective monitoring using wearable devices
provides researchers with the opportunity to conduct circadian
rhythm studies. Circadian rhythms are endogenous and
entrainable biological processes that follow a period of
approximately 24 hours, and many physiological phenomena
such as sleep-wake patterns, body temperature, and hormone
levels exhibit circadian rhythms. For humans, most circadian
rhythms are under the control of the pacemaker located in the
suprachiasmatic nuclei in the anterior hypothalamus of the
central nervous system, and suprachiasmatic nuclei accept
environmental information such as the light and dark cycle to
adjust the 24-hour cycle [6]. However, 24-hour human circadian
rhythms are not mature at birth, when the predominant rhythm
is ultradian, and the circadian rhythms of sleep-wake cycles and
body temperature gradually develop during the first year after
birth [6-9]. Many studies have investigated how circadian
rhythms develop through childhood into adolescence and
adulthood and how they are related to health issues such as sleep
problems, mental problems, and disease risks, to name a few
[8,10-14]. It is noteworthy that the development of circadian
rhythms during early childhood is associated with disease risk
factors and can affect both childhood and adult life [8].
Therefore, it is important to conduct circadian rhythm studies
to gain a thorough understanding of the formation and
consolidation of daily activity rhythms during early development
as well as the association between the changes in daily rhythms
and health conditions.

Actigraphy data generated from wearable devices have been
validated to provide reliable information on sleep and circadian
rhythms [15]. However, the analysis of time-series data from
actigraphy remains a major obstacle for researchers. Current
major statistical methods are either parametric, based on cosinor
analysis, or nonparametric [16-21]. These methods do not
specifically focus on periodic information and are not

specifically suitable for populations whose sleep-wake rhythms
are not sinusoidal, such as patients with Circadian Rhythm Sleep
Disorder, or not mature, such as young infants and toddlers
[6-10,12]. Therefore, traditional approaches targeting normal
daily rhythms might not work because detailed activity rhythms
cannot be captured. There is a need to develop an appropriate
methodology to extract periodic information and study detailed
circadian patterns of all populations to better characterize daily
rhythms.

Objective
In this paper, we propose a Penalized Multiband Learning
(PML) approach that can complement current methods to
characterize daily rhythms based on periodic information in
time-series wearable device data. PML extracts periodic
information using the Fast Fourier Transform (FFT) algorithm
and then performs penalized selection based on regularization,
a classic approach used in machine learning, to identify
dominant periodicities and further characterize daily rhythms
[22,23]. In this paper, we first present the proposed PML
approach in detail and discuss its usefulness and advantages
compared with other methods. Subsequently, we present an
application of the method to early childhood wearable device
activity data, in which we characterize the formation and
consolidation of sleep-activity rhythms and further study its
association with physical development during early childhood.

Methods

Data
The study participants were 262 healthy newborns recruited in
2012-2013 by the Shanghai Children’s Medical Center,
Shanghai, China. Actiwatch data were collected at ages 6, 12,
18, and 24 months, with 159, 101, 111, and 141 participants at
each time point, respectively; not all participants from the cohort
participated each time. The infants and toddlers were required
to wear Actiwatch 2 (Philips Respironics Mini-Mitter) on the
ankle for 7 consecutive days. Wearing such devices on the ankle
is commonly recommended for young infants or toddlers [24].
The Actiwatch 2 uses a piezoelectric sensor to detect
accelerations between 0.5 and 2.0 g with a frequency response
range between 0.35 and 7.5 Hz, and activity counts summarize
the accelerations over each epoch. The data output format for
Actiwatch 2 was configured to be the activity count per 1-minute
epoch. On the basis of sleep diaries and activity plots for each
individual, the days showing nonwear periods with straight lines
of zero activity counts were removed. Nonwear periods can be
differentiated from sedentary behaviors or sleep because the
former gives almost all zero activity counts, whereas the latter
gives nonzero activity counts every now and then. Figure 1
shows the activity plots for participant ID 17, and it can be seen
that at 6 months, low and high activities were intermittent during
the day, suggesting multiple daytime naps, whereas near-zero
activity levels at night suggest long nighttime sleep. At 12
months, 3 activity peaks, one morning nap, and one afternoon
nap can be identified. At 18 and 24 months, 2 activity peaks
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formed and stabilized, showing only one afternoon nap. The
daily activity rhythm developed and stabilized as the infant
grew. In addition to Actiwatch data, demographic information
and family information were collected at baseline, such as
child’s sex, child’s date of birth, parents’ age, child’s birth
weight and body length, parents’ height and weight, parents’
educational levels and working status, and family income. The

Peabody Developmental Motor Scales-Second Edition
(PDMS-2) was used to assess early childhood physical
development at 6, 12, 18, and 24 months [25]. The institutional
review board of the Shanghai Children’s Medical Center,
Shanghai Jiao Tong University, approved the study (approval
number: SCMCIRB-2012033). The parents of the children who
participated in the study provided written informed consent.

Figure 1. The activity plots for participant ID 17 at 6, 12, 18, and 24 months, with activity counts averaged across 7 days at each time point.

FFT Algorithm
To describe the consolidation of sleep-activity rhythms during
early childhood, we used periodic information to characterize
the daily rhythms. Specifically, we used the FFT algorithm to
convert time domain signals into a frequency domain spectrum
to extract periodic information. We analyzed the original data
to allow for non–24-hour sleep-wake rhythm detection. Figure
2 shows the FFT results for participant ID 17 at each age. The
1-day periodicity was the most dominant at all time points. The
one-fifth–day and one-fourth–day periodicities can be identified
at 12 months. The half-day and one-third–day periodicities did

not become dominant until 18 and 24 months. It is noteworthy
that each periodicity is not interpreted alone; rather, the
periodicities are combined to understand the overall pattern. As
suggested in the 2 right panels of Figure 2, the combined
one-fifth–day and one-fourth–day periodicities form a
three-peak, two-nap pattern at 12 months. Similarly, the
combined half-day and one-third–day periodicities exhibited a
two-peak, one-nap pattern at 18 and 24 months. Therefore, the
combination of dominant periodicities can be used to capture
the main sleep-activity patterns at each age and describe the
gradual consolidation of daily rhythms in early childhood
development.
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Figure 2. Four panels on the left: Fast Fourier Transform results for participant ID 17 at 6, 12, 18, and 24 months. Two panels on the right: top three
periodicities and the combined periodicities plotted on 1-day observation for participant ID 17 at 12 and 24 months. FFT: Fast Fourier Transform.

Identification of Dominant Periodicities

The PML algorithm is as follows: let matrix X ∈ Rn×p denote
the FFT results, where denotes the number of individual
observations and denotes the number of periodicities from FFT.
Specifically, X = (x1,x2,...,xp), where xj is the vector of length n
for the jth periodicity.

Let Θ be the diagonal matrix selecting columns from X such

that  and 0≤θj,j≤1, j=1,...,p:

Θ identifies columns of dominant periodicities from X in such
a way that dominant periodicities corresponding to nonzero
θj,j’s are selected. We minimized the squared Frobenius norm

, which is the sum of the squared elements of the matrix.
Using the properties of the Frobenius norm, we obtained the
following:

As XTX is fixed, it is equivalent to minimize as follows:

To estimate Θ and identify dominant periodicities, we used a
penalized selection method similar to Lasso, a widely used
method in shrinkage and selection of a subset of features in
regression models and machine learning approaches [23]. In
regression analysis, the Lasso penalty is most effective in
selecting a few important features while suppressing the
regression coefficients of other nonselected features to 0 [23].
In our case, the Lasso penalty served to select a few dominant
periodicities through diagonal elements of Θ instead of

regression coefficients. Furthermore, we added an elastic
net–like penalty term to the Frobenius norm, namely a
combination of L1 and L2 norms [22]:

where λ is the turning parameter and α controls the balance
between the L1 and L2 norms. Note that θj,j’s is nonnegative;
thus, we do not need to take the absolute value for the L1 norm.
By setting λ large enough, all diagonal elements of Θ, namely
all θj,j’s are suppressed to zero, and no periodicities are selected.
As λ decreases, some θj,j’s become nonzero, and they correspond
to the most dominant periodicities that are selected sequentially
according to their dominance.

To minimize g(θ), we took the partial derivative of g(θ) with

respect to each = –2||xk||
2 + 2θk,k||xk||

2 + (1-a)λθk,k + aλ,which
is convex and subject to the constraint 0≤θk,k≤1. Thus, we have
the following:

If we only have the L1 penalty, then α=1 and . In our case,
we used the Lasso L1 penalty alone and trained λ because we
wanted to select the most important periodicities while
suppressing other periodicities to 0. However, we still kept the
L2 norm in the original model as an option because it might be
helpful in future tasks such as prediction, classification, and
reconstruction of curves.

We used the mean squared error (MSE), which is equivalent to

the squared Frobenius norm , as the criterion for choosing λ
and the number of nonzero θj,j’s (the number of dominant
periodicities selected), as well as to evaluate the variability that
was not explained by the selected periodicities. We did not
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choose cross-validation because the results showed that the test

data set error curve was monotonous. We trained λ from  to

0 because λ = suppresses all θj,j’s to and λ=0 gives no
penalty. By decreasing λ, we identified dominant periodicities
sequentially and characterized the daily sleep-activity rhythm
at each age. An R package named PML was developed [26] for
the implementation of the PML algorithm [27].

Comparison With Other Methods
To rigorously conduct statistical tests and select significant
periodicities, we applied the Fisher test in harmonic analysis
[28]. It is a sequential test for ordered statistics, and periodicities
are first ordered and then tested for significance. If one
periodicity is statistically significant, the next one will be tested
further. Otherwise, the sequential test will be stopped. At each
step, the critical value at which to declare statistical significance
was different. In some studies, the method may not be
implemented correctly; therefore, we included the sequential
test in the R package for easy implementation. As we performed
multiple testing, Bonferroni correction was used to adjust the
P values. If we conduct the tests at significance level α, we
reject the null hypothesis if P value≤α/p, where p is the number
of periodicities, and conclude that the periodicity is significant.

To evaluate the effectiveness of the PML algorithm, we
compared it with the autocorrelation of the standard approach.
The autocorrelation rk is calculated between activity
measurements with a time lag k, and the coefficient r24 denoting
a 24-hour time lag is of primary interest in circadian studies
[29]. rk ranges between –1 and 1, and a k-hour periodic pattern
can show a higher value of the correlation coefficient rk. In the
plot of rk against the time lag k, a peak around k=24 can be
observed when there is a dominant circadian pattern of 24-hour
periodicity. We plotted autocorrelation against the time lag to
compare the autocorrelation method with our algorithm.

Association Between Daily Rhythms and Motor
Development
Next, we conducted linear regression analysis to study the
association between the consolidation of daily activity rhythms
and early childhood physical development. PDMS-2 is
considered an early childhood developmental assessment tool,
and the score is used as the outcome. If the PDMS-2 total motor
standard scores are found to be associated with daily rhythm
features, the standard scores for the subtests, including
stationary, locomotor, object manipulation, grasping, and
visual-motor integration as well as gross motor and fine motor,

are used as the outcome to examine which specific subcategory
is associated. Gross motor represents the overall performance
on stationary, locomotion, and reflexes (6 months) or object
manipulation (12, 18, and 24 months) for infants, and fine motor
represents the overall performance on grasping and visual-motor
integration.

The FFT signals at dominant periodicities identified by the PML
were used as daily rhythm features and considered covariates
in the model. In addition to periodic features, demographic
information and family information as potential confounders
were also considered in the model. Backward selection was
used in the model-fitting process. Although some variable
(denoted as variable A here) may seem to be statistically
significant in the complete model, after removal of insignificant
variables in the variable selection process, variable A may
become insignificant. In such cases, variable A is removed in
the final model to achieve parsimony.

Linear regression analysis was conducted at 6, 12, 18, and 24
months to study the association between daily rhythms and

motor development. For the final model comparison, r2, which
measures the proportion of variance in the outcome explained

by the model, and the adjusted r2, which modifies r2 based on
the number of predictor variables, were also calculated. All
statistical analyses were conducted using R version 3.3.2 (R
Foundation for Statistical Computing).

Results

Identification of Dominant Periodicities
As shown in Figure 3, at each age, we plotted the MSE against
the number of nonzero θ’s. Specifically, we plotted only the
points where the number of nonzero θ’s (periodicities selected)
increased as the penalty term λ decreased. For 6 months and 12
months, the first harmonic at 1-day periodicity is the most
dominant because we can observe a large dip in the MSE when
the first periodicity is selected, whereas the periodicities that
are further selected do not cause the same level of decrease. For
18 and 24 months, the first three periodicities of 1 day, one-third
day, and half day are the most dominant, and selecting the first
three can lead to a relatively large decrease in the MSE. The
results indicate that during the first year, only one-day
periodicity was formed and stabilized in the infant population.
The sleep-activity rhythm did not stabilize until 18 months,
showing the pattern of 1 nighttime sleep, 1 daytime nap, and 2
daytime activity peaks.
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Figure 3. Mean squared error plotted against the number of nonzero θ’s as the penalty term λ decreased at 6, 12, 18, and 24 months. MSE: mean
squared error.

The Fisher tests yielded similar results. As shown in Table 1,

only 1-day periodicity was significant at 6 months (P<10–5)
because for infants at this stage, sleep-activity patterns have
already adjusted to a 24-hour cycle. However, daytime activities
have not yet been stabilized and variations exist across days.

At 12 months, the 4 periodicities were significant (P<10–5).
This is because infants’ sleep-activity patterns start to stabilize,
but there are variations across individuals: some take one nap
in the afternoon, whereas others take two naps, one in the
morning and one in the afternoon. The one-nap pattern can be

captured by the one-third–day periodicity, whereas the two-nap
pattern can be captured by the one-fourth–day periodicity, as
shown in Figure 2. Furthermore, at 18 and 24 months, three

periodicities were significant (P<10–5): 1 day, half day, and
one-third day, indicating the final consolidation of daily
sleep-activity rhythms with only one daytime nap in the
afternoon. In addition, the proportions of variance explained by
the half day and one-third day periodicities at 18 months and
24 months were approximately the same, both higher than those
at 12 months.
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Table 1. Significant periodicities at 6, 12, 18, and 24 months, with the corresponding proportions of variances among all Fast Fourier Transform signals
and P values.

P valuePeriodProportions of varianceAge (months)

DaysMinutes

6.59×10–8One14400.01106

1.75×10–8One14400.012012

3.75×10–7Half7200.006812

2.82×10–7One-fourth3600.005612

6.49×10–6One-third4800.004512

1.46×10–9One14400.013018

1.87×10–10One-third4800.008518

5.02×10–15Half7200.008318

1.97×10–9One14400.013024

1.17×10–10One-third4800.008624

3.78×10–14Half7200.008024

Comparison With Autocorrelation
To compare the PML algorithm with autocorrelation, the plot
of correlation estimates against time lags is shown in Figure 4.
The circadian rhythm at 24 hours can be observed at all time
points because the peaks of estimated correlation are at time
lags between 23.8 hours and 24.3 hours. We can also observe
some local maximal correlation estimates at other time lags:
3.3 hours at 6 months, 4.7 and 10.7 hours at 12 months, 7.5
hours at 18 months, and 7.5 and 16.3 hours at 24 months.

Although 3.3 hours at 6 months may seem reasonable because
of the infant feeding schedule, other cycles are difficult to
explain [30,31]. Autocorrelation estimates can be biased because
of the presence of multiple periodicities, and researchers
generally use these estimates to verify the most dominant
periodicity such as 24 hours. Thus, from the autocorrelation
plots, the most dominant 24-hour rhythm that yields the global
maximal correlation estimate can be identified at each age, and
this dominant periodicity was also identified by PML.
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Figure 4. Estimated autocorrelation against time lags at 6, 12, 18, and 24 months.

Association Between Daily Rhythms and Motor
Development
The summary of the PDMS-2 standard scores for each category
is presented in Table 2.

As shown in Table 3, at 6 months, the PDMS-2 total motor
scores were found to be associated with the assessment seasons
(P<.001). Infants receiving the PDMS-2 assessment in winter
and spring tended to have lower PDMS-2 total motor scores

than those assessed in summer and autumn. At 12 months, the
PDMS-2 total motor scores were associated with both seasons
and FFT signals: infants assessed in summer tended to have
higher PDMS-2 total motor scores, and infants with higher FFT
signals detected at one-third–day and half-day periodicities also
tended to have higher PDMS-2 total motor scores (P<.001 and

P=.04, respectively). r2 was 0.25, and the adjusted r2 was 0.21.
At 18 and 24 months, no association was identified between
the PDMS-2 total motor scores and any other variables.
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Table 2. The PDMS-2a standard scores for the subtests, gross motor, fine motor, and total motor.

Standard scores, mean (SD)PDMS-2 category

24 months (n=170)18 months (n=192)12 months (n=225)6 months (n=246)

———b10.56 (1.02)Reflexes

9.03 (1.38)9.94 (0.36)9.48 (1.00)9.67 (1.44)Stationary

8.61 (1.70)9.26 (1.24)8.82 (1.76)10.09 (1.08)Locomotor

8.74 (1.33)9.49 (1.16)9.92 (0.78)—Object manipulation

9.99 (0.98)9.55 (0.78)11.08 (1.44)10.69 (1.02)Grasping

9.79 (1.74)11.04 (1.74)10.69 (1.13)11.19 (1.20)Visual-motor integration

26.16 (3.17)28.63 (2.21)28.25 (2.65)30.34 (2.72)Gross motor

19.80 (2.22)20.67 (1.93)21.83 (2.17)21.86 (2.02)Fine motor

45.98 (4.69)49.43 (3.19)50.23 (5.05)52.24 (4.18)Total

aPDMS-2: Peabody Developmental Motor Scales-Second Edition.
bReflexes is only for 6-month infants, and object manipulation is only for 12-, 18-, and 24-month infants.

Table 3. Linear regression analysis of Peabody Developmental Motor Scales-Second Edition total motor standard scores by season and Fast Fourier
Transform signals at 6 months and 12 months, respectively.

P valuet test (df)Estimate (SE)Time and variable

6 months

<.00189.52 (155)50.10 (0.56)(intercept)

.580.56 (155)0.48 (0.85)spring

<.0015.43 (155)4.48 (0.82)summer

<.0014.54 (155)4.06 (0.89)autumn

12 months

<.00135.25 (96)45.52 (1.29)(intercept)

.301.05 (96)1.66 (1.58)summer

.042.10 (96)0.19 (0.09)half daya

<.0013.55 (96)0.31 (0.09)one-third daya

.004−3.00 (96)-0.48 (0.16)summer: one-third daya

aThe Fast Fourier Transform signals were multiplied by 10,000 in regression models, so that the estimated effect sizes were for every 10,000-unit
increase in the Fast Fourier Transform signals.

As PDMS-2 total motor scores are associated with FFT signals
at 12 months, further linear regression between each subtest
score and FFT signal was also examined. As shown in Table 4,
subtests for stationary and locomotion as well as gross motor
and fine motor were found to be associated with the
one-third–day periodicity. The gross motor represents the overall
performance on the three subtests of stationary, locomotion,
and object manipulation for infants at 12 months, and because

the association of FFT signals at one-third–day periodicity with
stationary and locomotion subtests is strong, it is expected that
the association of FFT signals at one-third–day periodicity with

gross motor is also strong. r2 and the adjusted r2 were 0.05 and
0.04 for the stationary model, 0.23 and 0.20 for the locomotion
model, 0.21 and 0.17 for the gross motor model, and 0.15 and
0.11 for the fine motor model, respectively.
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Table 4. Linear regression analysis of Peabody Developmental Motor Scales-Second Edition standard scores by season and Fast Fourier Transform
signals at 12 months: stationary and locomotion subtests and gross motor and fine motor as the outcome, respectively.

P valuet test (df)Estimate (SE)Category and variablea

Stationary

<.00147.9 (99)9.23 (0.19)(intercept)

.03b2.17 (99)0.04 (0.02)one-third day

Locomotion

<.00116.48 (97)7.16 (0.43)(intercept)

.350.94 (97)0.71 (0.75)summer

<.001b4.61 (97)0.19 (0.04)one-third day

.06c–1.93 (97)–0.13 (0.07)summer: one-third day

Gross motor

<.00142.03 (97)26.41 (0.63)(intercept)

.600.52 (97)0.57 (1.09)summer

<.001b3.97 (97)0.24 (0.06)one-third day

.09c–1.73 (97)–0.17 (0.10)summer: one-third day

Fine motor

<.00142.15 (97)21.08 (0.5)(intercept)

.700.39 (97)0.34 (0.86)summer

.02b2.36 (97)0.11 (0.05)one-third day

.06c–1.89 (97)–0.15 (0.08)summer: one-third day

aThe Fast Fourier Transform signals were multiplied by 10,000 in regression models so that the estimated effect sizes were for every 10,000-unit increase
in the Fast Fourier Transform signals.
bStatistical significance level at α=.05.
cStatistical significance level at α=.10.

Discussion

Method Evaluation
The PML approach is very effective in studying daily activity
rhythms among infants and toddlers. At 6 and 12 months, the
dominant 1-day periodicity suggests the formation of the
24-hour cycle. At 18 and 24 months, the combination of the
dominant 1-day, one-third–day, and half-day periodicities forms
a consolidated daily activity pattern with 2 activity peaks during
the day and 1 afternoon nap. PML not only effectively identified
population-level dominant periodicities, but also characterized
sleep-activity patterns without complex functional analysis.
PML can complement current methods for circadian rhythm
analysis and is especially useful for populations whose daily
rhythm patterns are nonsinusoidal and irregular. On the other
hand, because PML is applicable to time-series data with a
nature similar to that of actigraphy, the application of PML can
be extended to other types of circadian rhythm studies using
information such as body temperature and hormone data to
study and characterize daily rhythms effectively.

Comparison With Other Methods
In comparison, the Fisher test in harmonic analysis tends to
identify many significant periodicities unless a stringent

threshold is used for statistical significance. In this study, we
used the Bonferroni correction to adjust for multiple testing and

used a significance level of 10–5 to select the periodicities, even
though we did not conduct as many statistical tests
simultaneously. In sequential testing procedures, as was the
case in our study, people often use less-conservative multiple
testing correction methods such as the Benjamini-Hochberg
procedure [32]. We chose the most stringent threshold to avoid
selecting too many periodicities that are not helpful in
characterizing daily activity patterns at each age.

We also compared our PML algorithm with the standard
approach autocorrelation. Plots of correlation estimates against
time lags are useful for identifying the correlation peak at 24
hours but not for shorter periods of rhythmicity. This is because
the estimation of correlation can be biased because of the
presence of multiple periodic rhythms, and the identification of
multiple periodicities by simple calculation of autocorrelation
may not be accurate. Therefore, the standard approach using
autocorrelation is effective in confirming the most dominant
24-hour periodicity but is not as effective in identifying other
periodicities, which the PML algorithm can achieve.

Other standard approaches such as periodograms and cosinor
analysis were not used in this study because there are, in fact,
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connections between PML and the two methods. It is important
to point out their connections as well as differences. Among
periodograms, the Fourier, Enright, and Lomb-Scargle
periodograms are commonly used [18]. Both our PML algorithm
and the Fourier periodogram use Fourier analysis to identify
dominant periodicities, but the PML algorithm uses a shrinkage
method in machine learning to identify dominant patterns in
the population, whereas Fourier periodograms are focused on
individuals to manually identify dominant periodicities based
on individual plots. The Enright periodogram, although suitable
for equidistant activity measurements in our scenario, may not
be applicable here because it requires ≥10 days of data [18]. In
addition, the estimation method only holds when there is one
periodic component, but in our case, the presence of multiple
periodic components may have attenuated the results [18]. The
Lomb-Scargle periodogram is a modification of Fourier analysis
to accommodate unevenly spaced data or missing data. As our
data do not have this issue, the Lomb-Scargle periodogram is
equivalent to the Fourier periodogram in our case. Compared
with the PML algorithm, the Fourier periodogram involves more
manual work to generate periodograms for each individual and
visually identify dominant periodicities, whereas PML is more
automated and more effective in studying the population as a
whole and further identifying the periodicities that are
characteristic of the population. In addition, researchers often
use periodograms to validate the most dominant periodicity
such as 24 hours but do not specifically examine information
on secondary dominant periodicities or use periodic curves to
reconstruct or approximate activity patterns, even though the
connection between dominant frequencies or periodicities and
functional curves can be made and the periodic information can
be fully used. Therefore, the PML algorithm makes full use of
the information from more than one dominant periodicity and
links the FFT results in the frequency domain with their
corresponding cosine curves to effectively characterize activity
patterns.

For cosinor analysis, one may recall that the FFT results consist
of real parts and imaginary parts that correspond to cosine curves
and sine curves, respectively; thus, FFT is equivalent to fitting
the cosine model. We fitted cosine models to the activity data
with 1 to 3 cosine curves at dominant periodicities identified
by the PML algorithm. Even though the estimated amplitudes
for the cosine curves are different from the amplitudes in the
FFT results, the Pearson correlation between the cosine
coefficients and the FFT signals of the same periodicity is 1,
indicating equivalence. Although the final results are equivalent,
the procedures are different. For cosinor analysis, if prior
knowledge is available, simple least squares methods can be
used to fit the model [33]. However, if there is no prior
knowledge of periodic information, the least squares method
cannot be used because the dominant periodicity needs to be
estimated first, and the cosinor model can no longer be linearized
in its parameters. One has to either start from an initial guess
and use iterative procedures to minimize the residual sum of
squares or use simulated annealing alternatively to fit the model,
the process of which can be exhaustive [34-36]. In comparison,
without prior knowledge of the dominant periods, the PML
algorithm based on shrinkage in machine learning is still easy
to implement without computational burden in extracting

periodic information, and the results are as effective as the
cosinor model to characterize daily activity patterns using cosine
curves.

In summary, the proposed PML algorithm is effective in
extracting periodic information, identifying dominant
periodicities, and characterizing activity patterns. In the presence
of multiple periodicities, PML does not have the estimation
problem that autocorrelation encounters. To identify dominant
periodicities, PML uses shrinkage in machine learning methods
that can help researchers avoid manual work in periodograms,
which require individual plots and visual identification. PML
can also characterize activity patterns by making full use of the
cosine curves represented by FFT signals and avoiding the
computationally intensive process of choosing and fitting cosinor
models when prior knowledge of the dominant periodicities is
not available.

Sleep-Activity Rhythm Characterization
Our study confirms previous findings that infants already form
24-hour sleep-wake cycles at 6 months due to entrainment by
cyclical changes in the environment, whether it is due to
light-dark cycles or maternal rest-activity cycles [6,9,10,37,38].
It is noteworthy that although 24-hour cycles are formed,
sleep-activity patterns over the 24-hour period are not stabilized:
infants often take multiple naps at different times of the day,
and their daily activity patterns vary across days and across
individuals.

Our study indicates that from 6 months to 12 months, the infant
sleep-activity pattern gradually develops: some infants take
only 1 afternoon nap, whereas others take two naps: one in the
morning and one in the afternoon. Strong FFT signals at
one-third–day periodicity capture two-peak, one-nap activity
patterns, whereas strong FFT signals at one-fourth–day
periodicity capture three-peak, two-nap patterns. The results
are in line with those of previous sleep studies which indicated
that the duration of nighttime sleep gradually lengthens and
sleep patterns become increasingly consolidated during the first
year after birth [12,39].

Although the timing for the stabilization of infant sleep-activity
patterns varies across individuals, by the time infants reach the
age of 18 months, their daily activity patterns have consolidated
into a predominant nighttime pattern with 1 afternoon nap only,
which can be obtained by combining the 3 dominant
periodicities at 1 day, half day, and one-third day. The
consolidation of sleep-activity patterns is confirmed by increased
FFT signals at half-day and one-third–day periodicities and
decreased FFT signals at other periodicities compared with
previous ages. The results for 24 months remained the same as
those at 18 months, showing no changes and confirming further
that sleep-activity patterns are consolidated by 18 months and
are stable from that age onward.

In our study, the 3-hour periodicity, normally for feeding
behaviors, was not detected, and there might be 2 reasons for
this. First, in the feeding guidelines for infants, the feeding of
infants aged 6-8 months is advised to be 5-6 times in 24 hours,
less frequent than the 3-hour (8 times) schedule, and it is advised
that infants aged 12-24 months should have 3 meals with family
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and have additional snacks 2-3 times [30,31]. Infants aged below
6 months may have a more frequent feeding schedule, but our
activity data were collected at 6 months or later. Second, there
might be desynchronization between the feeding schedules and
activity patterns. Although infants aged 6 months might be fed
5-6 times per day, they do not nap or sleep 5-6 times within the
same time frame. We referred to the sleep diaries recorded by
the parents as a reference for napping information. Most infants
aged 6 months have 1 to 2 naps in the morning and 1 nap in the
afternoon. Infants aged 12 months generally have 1 or no naps
in the morning and 1 nap in the afternoon. Most infants aged
18 months and 24 months have 1 nap in the afternoon.
Therefore, sleep-activity patterns are desynchronized with
feeding schedules because feeding behaviors might not dominate
infant sleep-activity patterns at this age. For the aforementioned
reasons, feeding cycles such as 3-hour periodicity were not
detected in our data.

Association Between Daily Rhythms and Early
Childhood Development
Using FFT signals at dominant periodicities identified by PML,
we were able to find an association between the consolidation
of sleep-activity rhythms and early childhood motor
development. At 6 months, the association between PDMS-2
total motor scores and assessment seasons may be explained
by the different number of layers of clothing worn by infants
in different seasons. In winter, infants are likely to wear many
layers of clothing, which may restrict their behaviors and result
in suboptimal performance compared with infants wearing light
clothes and taking the PDMS-2 assessment in summer. As a
result, infants aged 6 months who were assessed in summer and
autumn obtained relatively higher PDMS-2 scores than infants
assessed in winter and spring.

At 12 months, after controlling for the assessment seasons,
stronger FFT signals at half-day and one-third–day periodicities
were generally associated with higher PDMS-2 scores. The
period of 12 months is critical for sleep-activity rhythm
consolidation, which was captured by the growing FFT signals
at half-day and one-third–day periodicities. It is noteworthy that
all the infants at this age had strong FFT signals at 1-day
periodicity, indicating that they exhibited 1-day periodicity in
their sleep-activity patterns and that their 24-hour periodic
activity patterns tended to be stabilized. As a result, there was
not much variation in the strength of 1-day periodicity, which
might not explain much of the variability in the PDMS-2 scores
among individuals. In comparison, the activity pattern over the
24-hour period was not consolidated, and the activity pattern
could be characterized by the one-third–day and half-day
periodicities. The larger variability in the strength of
one-third–day and half-day periodicities can describe the degree
to which the daily sleep-activity pattern is consolidated, which
is further associated with child development as evaluated by
the PDMS-2 scores. The infants with a more consolidated
activity pattern tended to have better motor development
evaluations. In addition, activity rhythm consolidation is strongly
associated with the subcategories of locomotion and stationary,
which belong to the gross motor and measure how the large
muscle system is used to move from place to place or assume
a stable posture when not moving. Therefore, we obtained new

insights into early childhood development that the degree to
which the sleep-activity pattern is consolidated at 12 months is
associated with infant motor development and with large muscle
system development in particular.

At 18 and 24 months, the PDMS-2 scores were not associated
with the season, FFT signals, or any other variables in our data
set. Most of the toddlers had stabilized daily activity patterns
with strong periodic rhythmicity at this age. FFT signals as
characteristics of sleep-activity rhythms were no longer
associated with the PDMS-2 scores, and this is likely because
the critical age at which the daily activity rhythm stabilizes had
passed.

Limitations and Future Work
One limitation of our study is that we collected Actiwatch data
every 6 months, and thus we were not able to capture more
detailed monthly changes over the period. Future work may
collect Actiwatch data in a more frequent manner, such as every
3 months or every month, to capture gradual changes in the
sleep-activity rhythm during early childhood. For infants aged
≤6 months, more frequent observations can also allow us to
observe how the predominant rhythm of infants changes from
ultradian to circadian by adjusting to the 24-hour cycle in the
environment. Another limitation of this study is that although
we identified the association of sleep-activity daily rhythm
consolidation with early childhood motor development and with
large muscle system development in particular, the mechanism
behind this association is not clear. Future work should
investigate how daily rhythm consolidation and motor
development interrelate and contribute to early childhood
development.

Conclusions
In summary, the proposed PML algorithm provides a new
method for circadian rhythm analysis and is particularly useful
for studying populations whose daily patterns are not regular.
In addition, the PML algorithm is applicable to other types of
wearable device data in the format of a time series with a nature
similar to that of actigraphy; therefore, it can be extended to
other types of circadian studies using information such as body
temperature, heart rate, and hormone data. Therefore, the PML
algorithm can be widely applied to other wearable device studies
to help characterize periodic information. Using the proposed
method, our study provides novel insights into sleep-activity
rhythm development in early childhood. First, in our study, the
critical period for the consolidation of sleep-activity rhythms
was between 6 and 18 months. This is because at 6 months,
24-hour sleep-wake cycles are formed, but their daily activity
patterns are not stabilized, and by the time toddlers reach the
age of 18 months, their sleep-activity patterns have consolidated
into a fixed pattern with 2 activity peaks and 1 afternoon nap.
The period between 6 and 18 months is critical for early
childhood sleep-activity rhythm development and consolidation.
Second, we identified the association between the consolidation
of daily rhythms and early childhood motor development and
large muscle system development in particular. This association
has not been identified in previous studies. Infants with more
consolidated circadian rhythms tend to have better motor
development assessments. Although the mechanism is not clear,
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maintaining a regular and stable sleep-activity pattern and
maintaining a healthy circadian system are important for healthy

physical development in early childhood.
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Abstract

Background: Indoor positioning systems (IPS) have become increasingly important for several branches of the economy (eg,
in shopping malls) but are relatively new to hospitals and underinvestigated in that context. This research analyzes the intention
of actors within a hospital to use an IPS to address this gap.

Objective: To investigate the intentions of hospital visitors and employees (as the main actors in a hospital) to use an IPS in a
hospital.

Methods: The reasoned action approach was used, according to which the behavior of an individual is caused by behavioral
intentions that are affected by (1) a persuasion that represents the individual’s attitude toward the behavior, (2) perceived norms
that describe the influence of other individuals, and (3) perceived norms that reflect the possibility of the individual influencing
the behavior.

Results: The survey responses of 323 hospital visitors and 304 hospital employees were examined separately using SmartPLS
3.3.3. Bootstrapping procedures with 5000 subsamples were used to test the models (one-tailed test with a significance level of
.05). The results show that attitude (β=.536; P<.001; f²=.381) and perceived norms (β=.236; P<.001; f²=.087) are predictors of
hospital visitors’ intention to use an IPS. In addition, attitude (β=.283; P<.001; f²=.114), perceived norms (β=.301; P<.001;
f²=.126), and perceived behavioral control (β=.178; P=.005; f²=.062) are predictors of hospital employees’ intention to use an
IPS.

Conclusions: This study has two major implications: (1) our extended reasoned action approach model, which takes into account
spatial abilities and personal innovativeness, is appropriate for determining hospital visitors’ and employees’ intention to use an
IPS; and (2) hospitals should invest in implementing IPS with a focus on (a) navigational services for hospital visitors and (b)
asset tracking for hospital employees.

(J Med Internet Res 2021;23(10):e28193)   doi:10.2196/28193

KEYWORDS

indoor positioning systems; indoor navigation; indoor localization; hospital; clinic; reasoned action approach; survey; hospital
visitors; hospital employees
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Introduction

Overview
Hospitals are characterized by high levels of physical movement,
with a constant stream of temporary visitors (patients and related
visitors), personnel, and mobile technical equipment operating
in different locations. While efficiency is a concern, it is also
of the utmost importance to ensure high levels of hygiene to
avoid contamination and the spread of disease, a necessity
highlighted by the COVID-19 pandemic. Consequently,
preventing the spread of disease by improving hygiene [1] has
been the subject of numerous studies [2,3]. Indoor positioning
systems (IPS) can support hospitals’ efforts to improve hygiene
for visitors and employees in three main ways. First, IPS in
hospitals can facilitate wayfinding [4] and support measures
against hospital-related infections, such as social distancing
[5,6]. Second, IPS can help employees find hospital assets [7]
and enable patients to move through different departments [8].
Third, IPS can be used to monitor patients in need of assistance
(eg, those with dementia) [9].

Until now, the market penetration for IPS in hospitals has been
low because of high implementation costs—roughly US $10200
for approximately 9290 m² [10]. However, as radio-frequency
identification tags and Bluetooth beacons have become cheaper,
implementing IPS in hospitals is more attractive for hospital
management [11]. Commercial implementations of IPS in
hospitals in Germany [12] and the United States [13] provide
examples of growing interest. Nonetheless, when assessing the
costs and benefits, it is important to consider potential user
acceptance issues, as high usage rates are necessary to obtain
the full benefits of IPS.

Research on the adoption of health care tracking apps has shown
the importance of acceptance, notably in the context of
COVID-19 [14]. The results highlight the importance of
functional and trust-related factors in the use of and intention
to use such apps [15]. Some studies have applied model-driven
approaches, such as the technology acceptance model [16,17],
to different IPS contexts [18]. However, in the hospital context,
the only relevant study is that of Anagnostopoulos et al [19],
who investigated the IPS needs of employees at Geneva
University Hospital.

To investigate the intention of actors in hospitals to use IPS,
we adopted the well-established reasoned action approach
(RAA) as a causal model to identify relevant influencing factors.

The RAA identifies reasons for a specific behavior by
considering behavioral, normative, and control beliefs [20]. We
surveyed 323 hospital visitors and 304 hospital employees in
Germany. We set up a structural equation model (SEM) for
both groups that includes factors relevant to the intention to use
an IPS.

Our results contribute to understanding which factors influence
the intention of actors (ie, hospital visitors and employees) to
use systems or applications (ie, IPS) in the health care
management context. We show that the RAA, extended to
include spatial abilities, can explain the intentions of two major
stakeholder groups to use systems in the context of health care
management. Hospitals wishing to improve hygiene can apply
these insights to encourage IPS usage. This will help tackle a
range of issues, from the threat of multiresistant germs to
restrictions on hospital visitor numbers during a pandemic.
Therefore, we recommend that hospitals invest in the
implementation of IPS, taking stakeholder-specific requirements
into account.

This article is organized as follows: the second and third sections
clarify the theoretical background to the research and introduce
the hypotheses and research model. The fourth section describes
the materials and methods, and the fifth section presents the
results, which are discussed in the sixth section. The final section
concludes the research, clarifies its implications, and provides
an outlook for further investigations.

Theoretical Background

Indoor Navigation/Indoor Localization
An IPS determines the specific position of an individual or an
asset [21] using an algorithm that estimates the position of a
mobile client. Figure 1 shows how such connections can be
established in a hospital setting [22] using a mobile device [23],
a tag (ie, attached to a wheelchair), and a wristband [24]. These
devices are connected by a set of reference points (ie, routers
[25]) within a predefined area [26]. This allows different
localization techniques such as Bluetooth or Wi-Fi to be
combined with calculation principles to determine specific
positions. Frequently used calculation principles are
triangulation (represented here by the three circles) and
trilateration (represented by the triangle), which use the received
signal strength indication of the relevant localization technique
[27]. An IPS of this type can be used to track patients in urgent
care [8] or to locate insulin pumps [28], ultimately reducing
waiting times and redundant activities.
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Figure 1. Functional setup of an exemplary positioning system in a hospital [25–28]. RSSI: received signal strength indication.

Research on Indoor Navigation/Indoor Localization in
Hospitals
Navigation applications allow the tracking of individuals by
connecting localization data with personal data [29]. Research
on health care tracking apps has shown the importance of social
[14] and behavioral factors [14,15] in relation to usage rates
and intention to use. For example, research on COVID-19 apps
has established that trust and privacy [15,30,31], as well as
voluntary and temporary use, are important factors in acceptance
[31]. In addition, a lifestyle that prioritizes hygiene has been
identified as a major predictor of using a COVID-19 app,
although evidence from Singapore suggests that demographics
and situational characteristics are less relevant [32]. Although
this previous research has identified factors that may be relevant,
it focuses on general app usage. Therefore, we extend it by
introducing a specific spatial and organizational context, namely
the use of IPS in hospitals.

Model-driven approaches have been adopted in IPS research to
account for the navigational requirements of users [18,33]. For
example, Arning et al [18] applied the technology acceptance
model [16,17] to an IPS that operates using a screen (eg, a
smartphone) and a pico-projector. They found strong evidence
that disorientation is the most important predictor of screen and
projector acceptance. However, their research was limited to
young people (ie, university students between the ages of 21-28
years) and may not be generalizable to other age groups. It
should also be noted that the technology acceptance model does
not include social influences, which are likely to be an important
predictor for intention to use an IPS [34].

Within the hospital context, the only relevant study is that of
Anagnostopoulos et al [19], who investigated the IPS needs of
staff at Geneva University Hospital. They identified five key
features of an app: (1) it should show the trajectory toward a
destination on a map; (2) it should consider the mobility
capabilities of users; (3) it should protect the individual’s
privacy; (4) it should estimate the position accurately; and (5)

it should not require an internet connection to function properly.
However, as these results were obtained from a specific case
study, they may not be generalizable to users in other contexts.

The Reasoned Action Approach
The RAA is a well-established psychological approach based
on the theory of reasoned action [35-38], which is widely
accepted in psychological studies [39] and is appropriate for
ascertaining individual behavior. According to the RAA,
individual behavior is caused by behavioral intentions that are
rooted in (1) a persuasion that influences the individual’s attitude
toward the behavior; (2) perceived norms that describe the
influence of other individuals; and (3) the opportunity for the
individual to affect the behavior, referred to as perceived
behavioral control [20]. Figure 2 represents the RAA in greater
detail.

An individual's attitude regarding a certain behavior is
influenced by his or her beliefs concerning the characteristics
and attributes related to the behavior. Thus, an attitude is
affected by individual consequences that emerge through
assessments of whether or not the behavior is desirable.
Therefore, the individual is influenced by whether the behavior
is endorsed or opposed by other individuals or groups (those
who are most important to her or him in terms of the relevant
behavior). The aggregation of motivation and perception
assessments for all relevant referent groups is referred to as
perceived norms [35,36,38].

Perceived behavioral control determines whether an individual
is capable of or directly controls a specific behavior. It is defined
by control beliefs that reflect the individual's key personal or
situational aspects in relation to the behavior. Ultimately,
performing a specific behavior involves the comparison and
selection of attitudes, perceived norms, and perceived behavioral
controls associated with each of the alternative behaviors in the
choice set [40]. Considering these factors together makes it
possible to ascertain the likelihood of an individual performing
a specific behavior.
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Figure 2. The reasoned action approach (RAA) according to Fishbein et al [20].

Hypotheses and Research Model
The RAA is a framework that has to be adjusted to a specific
context [20]. In this study, we apply it to the hospital context
to predict intention to use an IPS.

First, behavioral beliefs are important for ascertaining the value
that an individual perceives in using an IPS. These beliefs cover
whether an IPS is perceived as helpful in finding the right
location or tracking an object. The positive or negative feelings
an individual has toward using an IPS in a hospital (the
individual’s attitude) are rooted in those beliefs. For the purposes
of this study, positive feelings are taken as how the individual
feels, as it is the individual who determines whether an IPS is
beneficial, satisfactory, relevant, and pleasant to use [41]. The
RAA then states that if an individual's attitude toward an IPS
is positive, the individual will have a higher intention to use the
IPS [20,40]. These considerations lead to the following
hypotheses:

• H1: The higher the behavioral beliefs concerning the use
of an IPS in a hospital, the more positive an individual's
attitude regarding the IPS.

• H2: The more positive an individual's attitude concerning
the use of an IPS in a hospital, the higher the intention to
use the IPS.

Second, in line with RAA research, we represent the attitudes
of other relevant individuals and groups as normative beliefs
(subjective norms) [20,42,43]. For hospital visitors, we define
family and close friends as relevant social influence groups. For
hospital employees, we define immediate colleagues, colleagues
in related functional areas, and superiors as relevant influence
groups. Normative beliefs generate perceived pressure or
motivation, according to whether the individual thinks using an
IPS is supported or urged by the reference groups. As
implementing an IPS system can be very complex, and the
demands on the time and effort of the individual may be high
[44], hospital visitors and employees are likely to seek insights

from other individuals and groups. In terms of the RAA, the
more positive the perception of support from the reference
groups, the higher the intention to use an IPS in a hospital. These
considerations lead to the following hypotheses:

• H3: The higher the normative beliefs concerning the use
of an IPS in a hospital, the more positive an individual’s
perceived norms regarding the IPS.

• H4: The more positive an individual’s perceived norms
regarding the use of an IPS in a hospital, the higher the
intention to use the IPS.

Third, it is necessary to investigate what facilitates or obstructs
an individual’s use of an IPS in a hospital. Two of the most
critical success factors in relation to information technology
projects in hospitals considered are: (1) the complexity of the
system and (2) the explanation of how to access it [45]. For the
purposes of this investigation, the capability of an individual to
use an IPS is dependent on those success factors, which affect
whether the individual perceives that she or he controls the new
IPS. The individual has to be able to use the IPS under guidance
to confirm these control beliefs [46]. Intention to use the system
is positively influenced by a higher perceived behavioral control
[20,40]. These considerations lead to the following hypotheses:

• H5: The higher the control beliefs concerning an IPS in a
hospital, the more positive the perceived behavioral control
of an individual regarding the IPS.

• H6: The higher the perceived behavioral control in terms
of an IPS in a hospital, the higher the intention to use the
IPS.

The navigational skills of the individuals have to be examined
to determine confidence in the use of IPS in a hospital (in terms
of perceived behavioral control) [47]. Therefore, navigational
skills are used here to validate the connection between spatial
abilities and intention to use an IPS in a hospital, as well as the
connection between spatial abilities and perceived behavioral
control. Yao et al [48] determined that spatial abilities are an
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important predictor of planning to use a navigational application
in outdoor environments. Accordingly, we assume that
individuals who are good at navigating through buildings
without assistance will be confident about using an IPS in a
hospital but will not need to use an IPS urgently. Therefore, we
differentiate between hospital visitors and hospital employees.
For visitors, we investigate their spatial abilities as a whole,
formulating the following hypotheses:

• H7: The higher the spatial abilities, the higher the perceived
behavioral control.

• H8: The higher the spatial abilities, the lower the intention
to use an IPS in a hospital.

For employees, we investigate their spatial abilities both for
buildings that they know (the hospital where they work) and

for large unfamiliar buildings, leading to the following
hypotheses:

• H9: The higher the spatial abilities for known buildings,
the higher the perceived behavioral control.

• H10: The higher the spatial abilities for large unknown
buildings, the higher the perceived behavioral control.

• H11: The higher the spatial abilities for known buildings,
the lower the intention to use an IPS in a hospital.

• H12: The higher the spatial abilities for unknown buildings,
the lower the intention to use an IPS in a hospital.

The research model developed from these hypotheses is shown
in Figure 3.

Figure 3. Research model.

Methods

Measures
We used a 7-point Likert scale for each item (from 1 “do not
agree at all” to 7 “completely agree”). As Fishbein and Ajzen
[20] noted, “it is important to realize that there is no single
reasoned action questionnaire. Each investigation requires the
construction of a suitable questionnaire.” We, therefore, adjusted
the original framework for RAA research to suit the context of
IPS in hospitals, creating items that cover relevant behavioral
beliefs about time savings and hygiene considerations. In terms
of normative beliefs, it is necessary to differentiate between
hospital visitors and hospital employees. For visitors, the most
relevant normative reference groups are derived from private
life, namely family and close friends. For employees, colleagues
in the same functional area, colleagues in related functional
areas, and superiors are defined as relevant normative groups.
In terms of control beliefs, we include ease of access and the
necessity of explaining how the IPS functions.

We included several control variables (ie, the size of the hospital
and types of buildings, the employees’ work area, how long

employees have been working at the hospital, when visitors or
patients were present in the hospital, levels of personal
innovativeness, and demographic data such as age and gender).
The complete questionnaires can be found in A-1 Multimedia
Appendix 1.

Participants and Data Collection
The crowdworking platform Clickworker (similar to Amazon
MTurk) was used to gather hospital visitors and employees in
Germany in April and August 2020. The questionnaires for
visitors and employees were separate. We included test questions
at the beginning and end of the questionnaire to ensure that the
self-reported status was correct. At the beginning of the process,
participants also received a text that explained the main function
of an IPS. Since the unsupervised online platform paid the
participants for their responses, we followed the
recommendations of Goodman et al [49] by keeping the
questionnaire short and enriching it with attention checks.

Among the hospital visitors, the youngest participant was 18
years of age, and the oldest was 68 years. The mean age was
36.08 years (SD 11.73), with a variance of 137.48 years. A
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majority (250/323, 77.4%) were aged between 18 and 44 years,
and 22.29% (72/323) were between 45 and 64 years.

For the hospital employees, the mean age was 33.67 years (SD
9.62), with a variance of 92.37 years. We asked the employees
to state the main functional area in which they work. The most
common area was nursing care (96/304, 31.58%), followed by
hospital management (51/304, 16.78%), building services
(37/304, 12.17%), diagnosis and therapy (26/304, 8.55%),
research, teaching, and training (20/304, 6.58%), emergency
medical services (19/304, 6.25%), pastoral care and social
services (16/304, 5.26%), supply and waste management
(12/304, 3.95%), integrated ambulant care (12/304, 3.95%),
kindergarten for employees (11/304, 3.62%), hospice care
(3/304, 0.97%), and patient accommodation (1/304, 0.33%).

Validity and Reliability
A partial least squares approach to SEM was used to test the
proposed models for hospital visitors and employees.
Variance-based SEM is more suitable than covariance-based
SEM in cases where the aim is to explain and predict the target
construction in structural models or to identify key drivers [50].
Multiple regression analysis, an example of variance-based
SEM, develops parameters that “maximize the explained
variance of dependent constructs” [50]. We used SmartPLS
(version 3.3.3; SmartPLS GmbH) to evaluate our models,
estimating our weightings with a path method and determining
the significance of the path coefficients using bootstrapping
procedures with 5000 samples [50]. We followed the
requirements of Hair et al [50] and Hulland [51] by testing
(1) internal consistency reliability, (2) indicator reliability, (3)
convergent validity, and (4) discriminant validity.

First, composite reliability, used to examine internal consistency,
was confirmed for both visitors and employees (A-5 Multimedia
Appendix 1). Second, we investigated the reliability of the
indicators concerning the reflective variables “attitude,”
“perceived norms,” and “perceived behavioral control” and
found the requirements to be fulfilled for both groups (A-2
Multimedia Appendix 1). Third, convergent validity in terms
of the reflective variables was confirmed for both groups (A-5
Multimedia Appendix 1). Fourth, the discriminant validity of
our measures was investigated using heterotrait-monotrait ratios
and confirmed for both groups (A-6 Multimedia Appendix 1).
Thus, we conclude that the reliability and validity of the
reflective measures are adequate.

The variance inflation factor was used to check for
multicollinearity among the indicators for formative belief
variables. For both groups, the values were in line with
requirements (A-3 Multimedia Appendix 1). The outer weights
and loadings used to test the relative and absolute importance
of indicators were all significant for both groups (A-4
Multimedia Appendix 1). To check heterogeneity between the
indicators, we determined whether the bivariate correlations
were higher between an indicator and the variable than between
the indicators [52]. Investigation of the results identified no
suppressors and no collinear indicators for either group.

We also conducted several tests to ascertain the quality of our
structural model. We used the standardized root mean square
residual (SRMR) to determine the approximate fit for our
composite factor and common factor models [53]. We obtained
.075 for the SRMR composite factor model for the visitors and
.10 for the SRMR common factor model. For the employees,
the values were .55 and .085, respectively. To evaluate the
prediction relevance of the models [54], we followed the
literature in using blindfolding procedures with an omission
distance of 7 [55]. Both tests yielded positive Stone–Geisser
Q2 values (A-7 Multimedia Appendix 1), allowing us to
conclude that the models have strong overall predictive power
[54].

Results

The descriptive statistics and correlations for both our samples
are given in Table 1. Note that variable 7 applies to visitors and
variables 8 and 9 to employees only.

The results of our analysis concerning the hospital visitors are
presented in Figure 4.

For the visitors, strong empirical evidence was found in support
of H1 (β=.728; P<.001; f²=1.153), H3 (β=.767; P<.001;
f²=1.389), and H5 (β=.414; P<.001; f²=0.179), which indicates
that the respective beliefs are relevant antecedents. Furthermore,

an increase in R2 concerning behavioral beliefs resulted in a
higher positive attitude, and 60.6% of the variance can be
explained by the behavioral beliefs. Regarding the normative
beliefs, the explainable variance in perceived norms is similarly
strong (63.2%). In contrast, the variance explained by the control
beliefs toward perceived behavioral control is comparatively
low (23.6%).

Our investigation of H2 (β=.536; P<.001; f²=.381), H4 (β=.236;
P<.001; f²=.087), and H8 (β=–.089; P=.015; f²=.019) supported
H2 and H4 but not H8. We determined that attitude has a strong
influence on intention to use an IPS in a hospital and that
perceived norms (as assessments of the intentions of family and
close friends) also have an influence. When we consider
navigational skills, it is conspicuous that H8 yields a negative
value, suggesting that an increase in spatial abilities leads to a
lower intention to use IPS in a hospital.

We found that perceived behavioral control is not a predictor
of intention to use an IPS (β=.056; P=.129; f²=.006). H6 is
therefore not supported. In contrast, H7 is supported, as spatial
abilities are a predictor of perceived behavioral control (β=.137;
P<.001; f²=.023). We used control variables to verify the
research model further and found that they had no significant
influence, with the exception of personal innovativeness on
attitude (β=.114; P=.001; f²=0.029) and on perceived behavioral
control (β=.139; P=.013; f²=0.020). The results of the research
model regarding hospital employees are summarized in Figure
5.
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Table 1. Descriptive statistics for the overall sample and correlations among variables for visitors (V) and employees (E).

10987654321Mean (SD)Variablea

V: .70*** E:

.70**
E: .20**E: –.04V:

–.21***
V: .38***

E: .51**
V: .53***

E: .63**
V: .77***

E: .74**
V: .67***

E: .71**
V: .51***

E: .70**
–cVb: 33.04

(11.2) E:
29.94
(11.63)

1

V: .49*** E:

.62**
E: .21**E: .01V: .03V: .21***

E: .54**
V: .79***

E: .74**
V: .56***

E: .63**
V: .52***

E: .688**

–V: 23.75
(10.44) E:
27.35
(10.34)

2

V: .71*** E:

.70**
E: .19**E: –.08V: –.15**V: .28***

E: .50**
V: .58***

E: .65**
V: .67***

E: .67**

–V: 30.24
(11.27) E:
29.92
(11.84)

3

V: .74*** E:

.65**
E: .11**E: .05V: –.16**V: .36***

E: .43**
V: .59***

E: .66**

–V: 5.55
(1.13) E :
5.39 (1.14)

4

V: .59*** E:

.66**

E: .07E: .09V: –.09V: .15** E:

.39**

–V: 4.64
(1.30) E:
4.84 (1.23)

5

V: .31***

E: .48**

E: .24**E: .03V: .10–V: 6.04
(0.94)E: 5.39
(1.24)

6

V: –.19**–––V: 4.26
(1.25)

7

E: –.10E: .43**–E: 4.05
(1.50)

8

E: .04–E: 5.30
(1.08)

9

–V: 5.34
(1.54) E:
5.24 (1.47)

10

aNumber assignment: 1=behavioral beliefs; 2=normative beliefs; 3=control beliefs; 4=attitude; 5=perceived norms; 6=perceived behavioral control;
7=spatial ability; 8=spatial ability large, unknown buildings; 9=spatial ability known buildings; 10=intention.
bV: n=323; E: n=304.
cNot applicable.
*P<.05; **P<.01; ***P<.001; one-tailed tests.

We found strong empirical evidence for H1 (β=.736; P<.001;
f²=1.038), H3 (β=.719; P<.001; f²=0.999), and H5 (β=.476;
P<.001; f²=0.244), which again indicates that these beliefs are
relevant antecedents. The R² results were similar to those for
the visitors’ model, in that the behavioral and normative beliefs
have a strong influence on attitude (56.5%) and perceived norms
(58.7%). The influence of the control beliefs on perceived
behavioral control (32.9%) is higher than in the visitors’model.

The results support H2 (β=.283; P<.001; f²=0.114), H4 (β=.301;
P<.001; f²=0.126), H6 (β=.178; P<.001; f²=0.062), H11
(β=–.023; P=.310; f²=0.001), and H12 (β=–.140; P<.001;
f²=0.041), although the results for H11 are not significant. Thus,

all the reflective variables of the RAA (attitude, perceived
norms, and perceived behavioral control) are significant for
intention to use. Moreover, in line with H12, positive spatial
abilities concerning large unknown buildings negatively
influence intention to use. Investigation of H9 (β=.137; P=.014;
f²=0.001) and H10 (β=–.006; P=.460; f²=0.000) showed that
the correlations are not significant. We also established that our
control variables, with the exception of gender, had no
significant influence on spatial abilities for large unknown
buildings (β=.162; P=.003; f²=0.027), personal innovativeness
on intention to use (β=.277; P<.001; f²=0.168), and the structural
unit in which the employees are employed on spatial abilities
for known buildings (β=.162; P=.006; f²=0.023).
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Figure 4. Research model results for hospital visitors. *P<.05; **P<.01; ***P<.001; ns: not significant.

Figure 5. Research model results for hospital employees. *P<.05; **P<.01; ***P<.001; ns: not significant.

As gender and age are important factors in spatial ability [56-61]
and personal innovativeness [62,63], we post hoc analyzed our
data accordingly. We divided the data set into subgroups for
women (visitors: n=109; employees: n=124) and men (visitors:
n=211; employees: n=178), for ages 18-33 years (n=162) and

34-68 years (n=161) for visitors (combining both genders), and
for ages 18-32 years (n=152) and 33-63 years (n=152) for
employees. Table 2 gives the significances for the respective
groups.
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Table 2. Post hoc analysis by gender and age.

P valueβCorrelation/(f²)Age, yearsGenderGroupNo.

.008.226SAa>PBCb/(0.025)AllWomenVisitors1

.188.061SA>PBCAllMenVisitors2

.001.216SA>PBC34–68BothVisitors3

.235.058SA>PBC18–33BothVisitors4

.018.300SA>PBC34–68WomenVisitors5

.098.172SA>PBC18–33WomenVisitors6

.078.133SA>PBC34–68MenVisitors7

.371–.034SA>PBC18–33MenVisitors8

.162.109SA/KBc>PBC/(0.020)AllWomenEmployees9

.018.172SA/KB>PBCAllMenEmployees10

.232.071SA/KB>PBC33–63BothEmployees11

.025.177SA/KB>PBC18–32BothEmployees12

.042.245SA/KB>PBC33–63WomenEmployees13

.002.353SA/KB>PBC18–32WomenEmployees14

.046.169SA/KB>PBC33–63MenEmployees15

.138.141SA/KB>PBC18–32MenEmployees16

.008–.154SA/LUBd>Ie/(0.041)AllWomenEmployees17

.026–.104SA/LUB>IAllMenEmployees18

.000–.212SA/LUB>I33–63BothEmployees19

.086–.076SA/LUB>I18–32BothEmployees20

.161–.078SA/LUB>I33–63WomenEmployees21

.299–.044SA/LUB>I18–32WomenEmployees22

.019–.161SA/LUB>I33–63MenEmployees23

.453–.009SA/LUB>I18–32MenEmployees24

.072.094PIf>Attg/(0.024)AllWomenVisitors25

.011.113PI>AttAllMenVisitors26

.285.027PI>Att34–68BothVisitors27

.000.200PI>Att18–33BothVisitors28

.239–.060PI>Att34–68WomenVisitors29

.006.223PI>Att18–33WomenVisitors30

.103.087PI>Att34–68MenVisitors31

.043.119PI>Att18–33MenVisitors32

.047.189PI>PBCAllWomenVisitors33

.045.119PI>PBCAllMenVisitors34

.018.175PI>PBC34–68BothVisitors35

.138.100PI>PBC18–33BothVisitors36

.090.237PI>PBC34–68WomenVisitors37

.153.181PI>PBC18–33WomenVisitors38

.052.163PI>PBC34–68MenVisitors39

.337.047PI>PBC18–33MenVisitors40

.001.248PI>I/(0.168)AllWomenEmployees41
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P valueβCorrelation/(f²)Age, yearsGenderGroupNo.

.000.319PI>IAllMenEmployees42

.000.243PI>I33–63BothEmployees43

.000.315PI>I18–32BothEmployees44

.040.186PI>I33–63WomenEmployees45

.039.201PI>I18–32WomenEmployees46

.003.238PI>I33–63MenEmployees47

.000.440PI>I18–32MenEmployees48

aSA: spatial ability.
bPBC: perceived behavioral control.
cKB: known buildings.
dLUB: large unknown buildings.
eI: intention.
fPI: personal innovativeness.
gAtt: attitude.

Discussion

Principal Findings
In our investigation of intention to use an IPS in a hospital, we
identified significant differences between visitors and
employees. First, while perceived behavioral control is not
significant in determining visitors’ intention to use (β=–.056;
P=.129; f²=0.016), it is significant for employees (β=.178;
P=.005; f²=0.062). Thus, active control over the intention to use
an IPS is more relevant for employees than visitors. This might
reflect the fact that employees are more experienced than visitors
in finding their way around a hospital. Other studies concerning
navigational [48] and health care–related [64,65] occupational
contexts seem to support this theory.

Second, spatial abilities are significant for perceived behavioral
control regarding hospital visitors (β=.137; P=.006; f²=0.023)
and known buildings (β=.137; P=.014; f²=0.020). However,
they are not significant for large unknown buildings from the
viewpoint of hospital employees (β=–.006; P=.460; f²=0.000).
Thus, the urgency of using an IPS in a building known to the
employee (eg, the hospital where she or he is employed) is lower
if the employee’s spatial abilities are high, but this is not the
case for large unknown buildings. Likewise, spatial abilities are
not a predictor of visitors’ intention to use an IPS (β=–.089;
P=.015; f²=0.016) or the spatial abilities of employees with
regards to known buildings (β=–.023; P=.310; f²=0.001). In
contrast, spatial abilities are a predictor for employees using an
IPS with respect to large unknown buildings (β=–.140; P<.001;
f²=0.041), which indicates that employees have an intention to
use an IPS if the building is large and unfamiliar.

For visitors, personal innovativeness is not significant for
intention to use an IPS (β=.089; P=.022; f²=0.016); however,
it is significant for employees (β=.277; P<.001; f²=0.168). This
insight aligns with previous research, as personal innovativeness
is an important predictor of behavioral intention [56,57].

In current research on spatial abilities, the influence of gender
is disputed; research that uses abstract measures, such as mental

rotation, indicates that men are better than women at wayfinding
[58,59], while research in indoor contexts has identified no
major gender differences [64,65]). In this study, for hospital
visitors, we found that the older age group (those aged 34-68
years), and especially women, tend to be more realistic about
their spatial abilities and their need to use an IPS (see Table 2,
numbers 1-8). This suggests that women have greater feelings
of uncertainty about wayfinding in a building. However,
although women are more likely to use navigation systems [48],
actual wayfinding performance does not differ by gender [66].

The findings concerning the impact of the spatial abilities of
employees for known buildings on perceived behavioral control
align with the findings for visitors. However, it should be noted
that the path is also significant for male employees aged 33-63
years (see Table 2, numbers 9-16). These results support the
view that physical age and improved experience are positively
related, as navigational experience initially increases with age
[48], before decreasing in elderly people (an age group not
represented in this study) [60,61]. The results in relation to large
unknown buildings show that, for both genders and all the age
groups under study, higher spatial abilities lead to lower
intention to use an IPS in a hospital. However, there is some
discrepancy in the results for the different age groups, with a
significance for men aged 33-63 years (see Table 2, numbers
17-24), which we ascribe to experience in navigation [48].

For unfamiliar environments, other aspects may be more relevant
in determining the urgency of navigational assistance and thus
intention to use an IPS, such as the complexity of the
environment [67]. In terms of the influence of personal
innovativeness on the attitude of hospital visitors, we determined
that the path is significant for men and for younger individuals
(those aged 18-33 years; see Table 2, numbers 25-32).
Concerning personal innovativeness and perceived behavioral
control, the path is mainly driven by older participants and is
independent of gender (see Table 2, numbers 33-40).

Hence, our results support the consensus in technology adoption
research that there is a gender difference. Men’s decisions to
adopt new technology are driven mainly by their attitude toward
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the technology, whereas women’s decisions are driven by
subjective norms and perceived behavioral control [63].
Concerning the influence of personal innovativeness on attitude
and perceived behavioral control, research has determined that
attitude toward new technology is more relevant for younger
workers, whereas perceived norms and perceived behavioral
control are more relevant for older workers [62]. Our findings
support these insights by identifying a positive influence of
personal innovativeness on intention to use for all genders and
age groups (see Table 2, numbers 41-48). An IPS is aimed at
individuals who like to explore and experiment with new
information technologies, which is a common perception in
research on information system adoption and use [68,69].

To clarify the influence of the employees’ structural unit on
their spatial abilities for known buildings, we post hoc analyzed
our data set according to the functional areas in which the
individuals are employed. Thus, we distinguished between
employees who move through hospital buildings frequently
because of their occupation (ie, those in nursing care, building
services, and emergency medical services) and those who work
mainly in the same place (all the other functional areas
represented in our data; see “Data Collection And Participants”).
We found that employees who work mainly in the same place
are more confident in their spatial abilities in relation to known
buildings (β=.194; P=.017, f²=0.023) than those participants
frequently moving (β=.088; P=.172), which we ascribe to the
fact that those employees who work mainly in the same place
have a lower range of motion in the hospital and have to know
a fewer number of floors or buildings, respectively.

Concerning the core model of the RAA, our investigation
indicates that attitude and perceived norms are strong predictors
of intention to use an IPS in a hospital. For hospital employees,
the results are more differentiated; all the reflective variables
of the RAA (attitude, perceived norms, and perceived behavioral
control) are significant for intention to use, with perceived norms
having the strongest influence. Attitude driven by behavioral
beliefs is a major predictor of intention to use [20]. Our model
indicates that this is the case for hospital visitors and confirms
that it is important for hospital employees. In terms of perceived
norms, rational choice theorists argue that individual behavior
is usually conducted in accordance with self-interest and that
we, therefore, accept social norms as limits on those behaviors.
In this article, we ensure that social norms do not represent an
individual’s interest only but that of a larger social system [70].
We established that perceived norms significantly influence
intention to use the system for both hospital visitors (with family
and close friends as the reference groups) and hospital
employees. Moreover, perceived norms are the most important
predictors for employees, reflecting the importance of
recommendations from immediate colleagues and colleagues
working in other functional areas and superiors.

The descriptive statistics for spatial abilities show a mean of
4.18 (SD 1.56) for visitors, and for employers, a mean of 4.05
(SD 1.69) for large unknown buildings and a mean of 5.29 (SD
1.34) for known buildings. These results indicate that employees
tend to navigate better through known buildings than through
large unknown buildings, although no such tendency is found
for visitors. For the influence of the personal innovativeness of

employees on their intention to use an IPS, the mean value of
4.86 (SD 1.54) suggests that employees intend to use an IPS if
they are personally innovative in terms of new technologies
(see A-1 Multimedia Appendix 1). The mean values for all three
intention items (on a scale of 1 to 7; visitors: n=323 and
employees: n=304) are as follows: intention 1 (visitors: mean
5.35, SD 1.60; employees: mean 5.36, SD 1.53); intention 2
(visitors: mean 5.39, SD 1.57; employees: mean 5.23, SD 1.58);
intention 3 (visitors: mean 5.27, SD 1.61; employees: mean
5.15, SD 1.57). Thus, our model indicates that both visitors and
employees have a positive intention to use an IPS. Accordingly,
we recommend that hospitals pursue IPS implementation.

Conclusions
We analyzed the relevance of IPS in hospitals by considering
the perspectives of the main actors, visitors, and employees.
The explained variance indicates that intention to use is well
predicted and that relevant aspects in the context are covered.
This confirms that RAA is an appropriate approach for
determining intention to use an IPS in a hospital. Furthermore,
our results show that individual attitude and the social norms
of relevant reference groups positively impact intention to use
an IPS in a hospital. For employees, perceived behavioral control
also positively influences intention to use an IPS. These results
have many implications for theory, practice, and future research.

Theoretical Implications
Our study design and findings contribute to the literature in
several ways. First, we add to the knowledge of how systems
or applications, specifically IPS, in the health care management
context are accepted by actors in a hospital. Whereas related
work regarding general health care tracking apps, including
COVID-19-related apps [14], has focused on general use with
a broad public interest, we provide insights into a spatially
limited organizational context.

Second, we integrate two major stakeholder groups into our
analysis: general users, such as patients or visitors, and
professional staff. As such, we demonstrate how health care
management applications are perceived from a nonexpert
perspective, thereby building on previous research, which has
generally adopted an expert perspective [15].

Third, we introduce the RAA to analyze intention to use
applications in the health care management context, thereby
extending the theory conceptually and empirically into a context
that considers spatial abilities and personal innovativeness. The
high explained variance confirms that the theory is helpful for
understanding the reasons for adoption intentions. This increased
focus on analyzing the influence of different beliefs from a
functional perspective extends other theories that have been
applied in the context, such as uncertainty reduction theory [14]
and protection motivation theory [71].

Fourth, our extension of the RAA to cover spatial abilities and
personal innovativeness contributes to the understanding of
gender-related and age-related spatial ability. Hence, we
demonstrate that demographics matter and should be considered
when analyzing the acceptance of applications in a health care
management context.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e28193 | p.468https://www.jmir.org/2021/10/e28193
(page number not for citation purposes)

Wichmann & LeyerJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Practical Implications
From a practical perspective, we recommend that hospitals
invest in implementing IPS, as our results show that the potential
user intention is high. Furthermore, IPS market research
forecasts indicate that low-energy Bluetooth will be one of the
most lucrative segments of the IPS market [10], thanks to the
low hardware costs and low energy consumption [72]. These
forecasts lend support to our recommendation.

However, the IPS design requirements of hospital visitors and
employees are different. From our finding that visitors’attitudes
and perceived norms are the most important predictors of their
intention to use, it follows that the system needs to be simple
and self-explanatory. The main focus of the application should
be navigation to specific rooms or points of interest. If those
services function properly, visitors are likely to recommend the
system to reference groups that are important to them (eg, close
friends and family), who will then assess and use the system
accordingly.

For hospital employees, attitude and perceived norms are also
relevant. However, the system needs a different functional focus
for employees, whose intentions are determined by perceived
behavioral control. Our research model shows that employees
that work mainly in the same place are confident in their spatial

abilities for known buildings. In other words, they do not need
navigational services for specific rooms or points of interest in
the hospital building in which they are employed. Asset tracking,
in contrast, is more relevant, as this can facilitate daily work
and help reduce redundant activity.

Limitations and Future Research
Our study is subject to some limitations that inform future
research. First, we used the crowdworking platform Clickworker
to gather our participants. This decision partly predetermined
the personal innovativeness of our respondents, as individuals
who use digital platforms are likely to be more personally
innovative than those who respond to a pen and paper survey.
Second, our study design involves convenience sampling, albeit
with specific criteria for participation. Thus, we cannot claim
that our sample is representative, and further research should
focus on a defined target population. Third, our participants are
from a single country, Germany. Future studies should cover
different countries to identify additional relevant factors. Fourth,
our research does not consider other settings, such as large
hardware stores, that may be relevant to and interact with the
hospital context. Therefore, future research should investigate
general acceptance of IPS by, for example, determining the
likelihood of using an IPS in a hardware store after using it in
a hospital.
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Abstract

Background: Hyperinsulinism (HI) due to excess and dysregulated insulin secretion is the most common cause of severe and
recurrent hypoglycemia in childhood. High cerebral glucose use in the early hours results in a high risk of hypoglycemia in people
with diabetes and carries a significant risk of brain injury. Prevention of hypoglycemia is the cornerstone of the management of
HI, but the risk of hypoglycemia at night or the timing of hypoglycemia in children with HI has not been studied; thus, the digital
phenotype remains incomplete and management suboptimal.

Objective: This study aims to quantify the timing of hypoglycemia in patients with HI to describe glycemic variability and to
extend the digital phenotype. This will facilitate future work using computational modeling to enable behavior change and reduce
exposure of patients with HI to injurious hypoglycemic events.

Methods: Patients underwent continuous glucose monitoring (CGM) with a Dexcom G4 or G6 CGM device as part of their
clinical assessment for either HI (N=23) or idiopathic ketotic hypoglycemia (IKH; N=24). The CGM data were analyzed for
temporal trends. Hypoglycemia was defined as glucose levels <3.5 mmol/L.

Results: A total of 449 hypoglycemic events totaling 15,610 minutes were captured over 237 days from 47 patients (29 males;
mean age 70 months, SD 53). The mean length of hypoglycemic events was 35 minutes. There was a clear tendency for
hypoglycemia in the early hours (3-7 AM), particularly for patients with HI older than 10 months who experienced hypoglycemia
7.6% (1480/19,370 minutes) of time in this period compared with 2.6% (2405/92,840 minutes) of time outside this period (P<.001).
This tendency was less pronounced in patients with HI who were younger than 10 months, patients with a negative genetic test
result, and patients with IKH. Despite real-time CGM, there were 42 hypoglycemic events from 13 separate patients with HI
lasting >30 minutes.

Conclusions: This is the first study to have taken the first step in extending the digital phenotype of HI by describing the
glycemic trends and identifying the timing of hypoglycemia measured by CGM. We have identified the early hours as a time of
high hypoglycemia risk for patients with HI and demonstrated that simple provision of CGM data to patients is not sufficient to
eliminate hypoglycemia. Future work in HI should concentrate on the early hours as a period of high risk for hypoglycemia and
must target personalized hypoglycemia predictions. Focus must move to the human-computer interaction as an aspect of the
digital phenotype that is susceptible to change rather than simple mathematical modeling to produce small improvements in
hypoglycemia prediction accuracy.

(J Med Internet Res 2021;23(10):e26957)   doi:10.2196/26957
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Introduction

Background
Hyperinsulinism (HI) is a diverse collection of disorders united
by the pathology of inappropriate insulin secretion causing
hyperinsulinemic hypoglycemia with simultaneous suppression
of alternative fuel sources. It has an estimated incidence of
1:28,000 in the United Kingdom [1] and is the most common
cause of severe and recurrent hypoglycemia in childhood. This
recurrent hypoglycemia, with the corresponding suppression of
ketones as an alternative fuel source, results in brain damage in
an unacceptably high proportion of cases, up to 48% [2]. The
risk of brain damage is independent of the chronicity of the
disease [3], as damage often occurs early in life when the
neonatal brain is highly susceptible to such insults [4,5].

Significant progress in the understanding of the underlying
pathophysiology of HI has been made since its first detailed
description in 1953 [6]. Increased knowledge of changes at the
organic [7], cellular [8], and genetic [9,10] levels has led to
improvements in the care of these patients, and recent studies
even suggest a lowering of the subsequent rate of brain injury
[11]. As first suggested by Richard Dawkins in 1976, there is
an “extended phenotype” of all conditions, not just limited to
observable physical traits or cellular changes [12]. The most
recent extension of this is that of a digital phenotype,
encompassing aspects of patients’ behaviors related to and
measured by technology [13]. The digital phenotype includes
everything from interactions with others on social media to
digitally collected location data and continuously measured
physiological parameters, such as glucose levels and heart rate.
These measures sit alongside the traditional characterization of
diseases to form a more comprehensive picture and facilitate a
more nuanced approach to management. Current management
of HI is complex, balancing the risks and benefits of a limited
repertoire of medications, all of which have a small therapeutic
window and significant side effect profiles [14]. Because of the
dysregulated secretion of insulin in these patients, hypoglycemic
events are often very difficult to predict. The standard of care
for home monitoring of hypoglycemia is intermittent fingerpick
testing for blood glucose. However, patients rarely achieve more
than three to four such measurements per day and this infrequent
testing strategy risks missing hypoglycemia between tests,
particularly overnight [15]. This practice also offers little in the
way of disease characterization and does very little to extend
the phenotype or the scientific understanding of HI.

In recent years, continuous glucose monitoring (CGM) has
emerged as an alternative, offering insight into glucose trends.
CGM measures subcutaneous glucose at frequent intervals over
extended periods (7-10 days) to provide glycemic phenotypes
in patients with hypoglycemia and diabetes and contributes to
the digital phenotype [16]. The application of CGM may not
yet be readily applicable in patients with HI as a reliable means
of hypoglycemia detection or prediction [17]. However, as CGM
is a passive form of monitoring, it can record data at a high

granularity with very minimal response burden on users [18];
therefore, it has the potential to collect detailed glycemic data
while being acceptable to patients on a long-term basis. There
have been a limited number of studies describing the utility of
CGM in patients with HI [19-22], and none have described the
timing of hypoglycemia events or glycemic trends.

There is good empirical evidence [23] to suggest that
hypoglycemic events may not be evenly distributed throughout
the day and that the risk of hypoglycemia may be
disproportionately higher during periods of reduced food intake.
In all but the youngest children, each day is divided into two
distinct phases, one of activity and eating and the other of fasting
and rest [23]. It is well established that hormones such as cortisol
vary throughout the day, with peak levels varying in relation to
the time of sunrise [24]. Glucose homeostasis also varies with
the time of day [25], but this variability is not likely to be
directly related to cortisol [26,27]. Rather, there is likely a direct
circadian control involving the suprachiasmatic nucleus in the
hypothalamus [28,29] and peripheral clock-gene–regulated
components in the pancreas [23].

Before waking, early morning is a high-risk period for
hypoglycemia, as glucose use is at its highest [23]. Normally,
this is counteracted by a high rate of gluconeogenesis [23];
however, in patients with HI, this is suppressed owing to
inappropriate secretion of insulin, resulting in an imbalance of
glucose homeostasis weighted toward hypoglycemia [30]. The
high risk in early morning is exacerbated by the
time-independent, high-glucose requirement of the brain during
late sleep [31].

Despite over 30 years of investigation into nocturnal
hypoglycemia in children with diabetes [32], the estimated
incidence remains as high as 68% [33]. More than half of all
severe hypoglycemic events occur overnight [34], and up to
18% of deaths in younger patients with diabetes are attributed
to nocturnal hypoglycemia [35].

The potential for CGM data to contribute to the digital
phenotype of HI has not yet been investigated. Despite the
physiological and empirical evidence from healthy participants
and participants with diabetes regarding the risks of nocturnal
hypoglycemia, no study has investigated the timing of
hypoglycemic events in children with HI. It is important to
identify periods of greater risk of hypoglycemia to design
targeted detection, prediction, and prevention strategies, as
traditional medical management techniques do not allow for
this. Hall et al [36], Colas et al [37], and Lunt et al [38] used
CGM as a short-term phenotyping tool to better understand
patient profiles and categorize risks. Larkin et al [39] detailed
their intention to use CGM as part of a long-term phenotyping
tool on a large scale to provide personalized insights into
disease.

Digital phenotyping allows for two important changes in disease
management. First, the detailed analysis of CGM data provides
an extension of the digital phenotype for both the disease and
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the individual and allows for the targeting of interventions to
times when they will achieve the optimum effect. Second,
patients and parents are not passive bystanders in the
management of HI, and an analysis of how they interact with
and respond to the technology further extends the digital
phenotype [40], as well as enabling and enhancing behavior
change [41]. Knowledge of an extended digital phenotype will
not, in and of itself, improve outcomes but does improve
understanding of how future interventions can be adapted to
achieve the most significant and lasting behavior change [42].

Objective
In this study, we take the first step in extending the digital
phenotype of HI by describing glycemic trends and identifying
the timing of hypoglycemia measured by CGM. The following
findings provide a basis for future work concentrating on using
the newly extended digital phenotype with human-computer
interactions and ultimately altering care behaviors of parents to
reduce the incidence of damaging hypoglycemia. Our original
code is provided as an appendix (Multimedia Appendix 1) and
is freely available on GitHub [43].

Methods

Recruitment
Patients were recruited between July 2017 and October 2020.
Three distinct groups of patients were enrolled in the study: (1)
those with a diagnosis of HI who were in hospital for acute
management (n=6), (2) those in an outpatient setting with a
diagnosis of HI and for whom glycemic control was suboptimal
(n=17), and (3) those with a diagnosis of idiopathic ketotic
hypoglycemia (IKH) for whom glycemic control was unstable
(n=24). The IKH group was selected to investigate CGM profiles
in an alternative clinical model of hypoglycemia that does not
involve excess insulin secretion. All patients underwent CGM
with the primary intention of better understanding their glucose
control for clinical purposes. All patients were approached by
the research team to seek consent to use anonymized CGM data
for research purposes, as per a local research ethics protocol
(REC/H1010/88).

Within the HI group, further subcategorization was done as
either diffuse or focal disease [44]. Focal HI is characterized
by the formation of a focal lesion within the pancreas comprising
hyperfunctioning islets and is potentially curative by focal
lesionectomy. Diffuse HI implies some specific
histopathological features but practically implies nonfocal HI
in which medical therapy should be prioritized over surgery
when possible.

Patient recruitment to the study was based on a pragmatic design
in the absence of previous studies to determine sample size in
a rare disease. Previous studies investigating CGM in patients
with HI recruited 11 to 15 patients [19,21]. We recruited all
patients undergoing CGM for clinical reasons over a 3-year
period.

Data collection
Patients undergoing inpatient monitoring had their CGM device
(Dexcom G4 or G6 depending on the date) attached between 1

and 5 days before pancreatic surgery (lesionectomy or subtotal
pancreatectomy) and removed after plasma glucose levels
stabilized, reducing the need for frequent monitoring. All other
patients were brought to the Royal Manchester Children’s
hospital to have their CGM device attached by a specialist nurse,
after which they returned home for the remainder of the
monitoring period. The patients returned CGM devices to the
department at the end of the monitoring period. CGM devices
were always inserted in the daytime to ensure that full
calibration had occurred before the evening and data collected
overnight were reliable. Data were collected for between 4 and
10 days from each patient.

For patients who underwent a controlled fast in hospital (n=0
for HI, n=2 for IKH) during CGM, data during the fasting period
were deleted from the analysis and the only data used were those
acquired from home monitoring after discharge from hospital.
Dexcom G4 devices were used from the beginning of the study
period until March 2019, from which point all patients were
monitored using a Dexcom G6 device. All devices were
unblinded so that parents and staff could see glucose values in
real time and alarms would sound if glucose levels dropped (or
was predicted to drop) below 3.5 mmol/L for those with HI and
3.3 mmol/L for those with IKH (as per lowest allowable device
settings). The fall rate and urgent low soon alarms were set to
on when the device was given to the patient. Patient
modifications of the alarms were not routinely investigated.

Data Analysis
Hypoglycemia was defined as any glucose value <3.5 mmol/L
(63 mg/dL) as a safe cutoff used by most specialized centers
for the everyday management of HI [14]. Dexcom CGM devices
report a glucose value every 5 minutes, and therefore,
hypoglycemia events were measured at 5-minute intervals with
a minimum duration of 5 minutes. The term early hours is used
throughout the manuscript to refer to the period 3 AM to 7 AM.

Data were downloaded from CGM devices to Dexcom
CLARITY database and raw data were downloaded for analysis
using Python 3.8. We analyzed the total number of
hypoglycemia events by start time irrespective of length and
separately the total amount of time spent in hypoglycemia within
each hour period.

As data were not normally distributed, nonparametric tests
(Mann–Whitney U) were used to assess for differences between
continuous variables. Chi-square tests were used to assess
differences in proportions or percentages between the groups.
The results provided are raw test statistics and associated P
values.

Glucose testing using alternative methods (plasma glucose
measured by point-of-care testing or handheld home glucose
monitoring) was not routinely performed alongside CGM
because assessment of CGM accuracy was not the intention or
focus of this study. Correlations between CGM-derived
subcutaneous glucose and plasma glucose have been previously
reported in patients with HI [19,21].
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Results

Overview
Baseline data showed a male predominance (29 males, 18
females) and mean age in months at the time of CGM was higher
in those with IKH than in those with HI (82, SD 43 vs 57, SD

61; P=.03), as expected, given that HI is prevalent at a younger
age than IKH. At the time of CGM testing, the mean time in
months from diagnosis did not differ significantly between those
with IKH and HI (33, SD 34 vs 49, SD 53; P=.43) (Table 1).
A total of 28 patients underwent monitoring with a Dexcom G4
device and 19 with a Dexcom G6.

Table 1. Demographics of hyperinsulinism and idiopathic ketotic hypoglycemia groups.

P valuebIKHa (N=24)Hyperinsulinism (N=23)Demographics

.0912 (50)17 (74)Male, n (%)

N/Ac12 (50)6 (26)Female, n (%)

.0382 (43)57 (60)Age (months), mean (SD)

.4333 (44)49 (52)Time since diagnosis (months), mean (SD)

aIKH: idiopathic ketotic hypoglycemia.
bP value for difference between groups calculated via chi square test for sex and Mann–Whitney U test for continuous values.
cN/A: not applicable.

Demographic data demonstrate that the only difference between
groups at baseline was that patients with IKH had a higher mean
age at time of CGM.

A total of 449 hypoglycemic events (189 in HI and 260 in IKH)
were captured over 237 days. The time spent in hypoglycemia
was 15,610 out of a total of 342,355 minutes (4.6%). The mean
duration of hypoglycemic events was 35 (SD 57) minutes and
was longer in those with IKH than in those with HI (40 vs 28).
Mean lowest glucose per hypoglycemia event was 3.1 (SD 0.37)

mmol/L. The mean number of hypoglycemic events per patient
was 9.5 (SD 9.6) with a positive skew to the distribution (Figure
1), illustrating the small number of patients with a very large
number of hypoglycemic events. In patients with HI, there were
42 hypoglycemia events lasting more than 30 minutes from 13
separate patients. The mean duration of such prolonged
hypoglycemia events was 79 (SD 72) minutes, with a mean
lowest glucose of 2.8 mmol/L. The characteristics of patients
with HI are shown in Table 2.

Figure 1. Frequency plot of number of hypoglycemia events (hypos) per patient. This plot demonstrates the positive skew to the distribution of
hypoglycemic events. Mean number of hypoglycemia events was 9.5 per patient, and median was 6.0 with 6 patients having no episodes of hypoglycemia
and 1 patient having more than 30 separate hypoglycemic events. The majority of patients had 5 to 20 hypoglycemic events.
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Table 2. Characteristics of patients with hyperinsulinism included in the study.a

RxbLocationAge (months)SurgeryTypeMutationSex

NoneOutpatient88NoneDiffuseNot doneMale1

NoneOutpatient8NoneDiffuseNot doneMale2

NoneOutpatient92NoneDiffuseNegativeFemale3

CHOcOutpatient34NoneDiffuseSLC16A1Male4

CHOcOutpatient37NoneDiffuseSLC16A1Male5

NoneOutpatient119NoneDiffuseNegativeFemale6

DiazoxideOutpatient58NoneDiffuseABCC8Male7

DiazoxideOutpatient190NoneDiffuseGCKMale8

NoneOutpatient141SubtotaldDiffuseABCC8Male9

NoneOutpatient132SubtotaldDiffuseABCC8Male10

OctreotideInpatient2LesionectomyFocalABCC8Male11

NoneOutpatient36NoneDiffuseABCC8Male12

OctreotideOutpatient51SubtotaldDiffuseABCC8Female13

OctreotideOutpatient36LesionectomyFocalABCC8Male14

DiazoxideOutpatient17NoneDiffuseNegativeFemale15

OctreotideInpatient3LesionectomyFocalABCC8Female16

DiazoxideOutpatient63NoneDiffuseNegativeMale17

DiazoxideOutpatient10NoneDiffuseNegativeMale18

NoneOutpatient193SubtotaldDiffuseABCC8Male19

NoneInpatient1LesionectomyFocalABCC8Male20

OctreotideInpatient3LesionectomyFocalABCC8Male21

OctreotideInpatient1LesionectomyFocalABCC8Female22

OctreotideInpatient3LesionectomyFocalABCC8Male23

aImportant characteristics relating to hyperinsulinism and continuous glucose monitoring are listed for all hyperinsulinism patients individually.
bRx: medical treatment at the time of continuous glucose monitoring.
cCHO: carbohydrate supplementation in feeds.
dSubtotal: subtotal pancreatectomy.

Timings of Hypoglycemia in Patients With HI
Figure 2 presents the number of hypoglycemic events by start
time in patients with HI (n=23). This does not account for the
duration of hypoglycemia episodes and is only representative
of the hour in which the event started. There was a higher risk
of a hypoglycemia event beginning in the later part of the
night/early morning compared with the rest of the day. Figure
3 illustrates the percentage of time spent in hypoglycemia by
patients with HI within each hour of the day. There was an

increase in the prevalence of hypoglycemia in the early hours
(3 AM-7AM), 6.4% (1665/25,875 minutes) of this time
hypoglycemic compared with only 2.9% (3585/123,490 minutes)

of time outside this period (χ2
1=98.4, P<.001). This represents

a doubling of risk during this period. Although the frequency
of hypoglycemia was greater in the early hours, the mean
duration (minutes) of individual hypoglycemic episodes in this
period was the same as the rest of the day (28.2 minutes vs 28.1
minutes, P=.99).
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Figure 2. Number of hypoglycemic events (hypos) plotted by start time in patients with HI. The X-axis represents hours of each 24 hour period. Bars
represent the number of hypoglycemic events starting at any particular point in the day but do not indicate the duration of each episode. What is
demonstrated is the increased number of hypoglycemic episodes starting in the later hours of the night and early morning (black) compared with the
rest of the day (grey). HI: hyperinsulinism.

Figure 3. Percentage time spent in hypoglycemia by hour of the day in patients with HI.There is a clear period of high risk for hypoglycemia between
3 AM and 7 AM (dark blue) which represents the early hours. There are also three distinct spikes of increased hypoglycemia prevalence at 9 AM, 3
PM and 7 PM (orange), which may represent postprandial hypoglycemia. HI: hyperinsulinism.

The other periods of increased risk were the separate hours of
9 AM, 3 PM, and 7 PM, within which there was a higher
proportion of minutes spent hypoglycemic than the rest of the
daytime/evening (7 AM to midnight), that is 5.2% (320/6140
minutes), 4.2% (250/6015 minutes), and 3.7% (230/6265
minutes), respectively, versus 2.8% (2915/103,910 minutes;
P<.001).

Subgroup Analysis of Patients With HI
Analysis of time spent in hypoglycemia by patients with HI
above (n=16) and below (n=7) the age of 10 months (ie, the age
at which a weaning diet with solid food is well established)
demonstrated that the risk of early hours of hypoglycemia was
even more pronounced in the group above the age of 10 months
(Figure 4). Within the early hours, 7.6% (1480/19,370 minutes)
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of the time was hypoglycemic compared with 2.6%

(2405/92,840 minutes) of time outside of this period (χ2
1=146.4,

P<.001), indicating an almost trebling risk of hypoglycemia. In

the group below the age of 10 months, no obvious patterns of
hypoglycemia were visible with risk of hypoglycemia distributed
randomly throughout the day, except for an unexplained peak
of risk at 7 PM (Figure 5).

Figure 4. Percentage time spent hypoglycemic by hour of the day in patients with HI > 10 months of age. Analysis of timings of hypoglycemia in this
subgroup show a greater tendency to early hours hypoglycemia between the hours of 3 AM and 7 PM (dark blue) with a persistence of spikes in
hypoglycemia risk at 9 AM and 3 PM (orange). No spike is observed at 7 PM in contrast to the analysis for all ages. HI: hyperinsulinism.

Figure 5. Percentage time spent hypoglycemic by hour of the day in patients with HI < 10 months of age. Analysis of timings of hypoglycemia in this
subgroup are limited by numbers but clearly show a very different pattern of hypoglycemia compared with the group > 10 months of age. There is no
obvious pattern of hypoglycemia and no obvious periods of higher risk. HI: hyperinsulinism.

Further comparisons were performed between the following HI
subgroups: mutation-positive versus mutation-negative and
medication versus off-medication. The results are summarized

in Table 3 and reported in more detail (along with Figures
S1-S4) in Multimedia Appendix 2: further HI subgroup
comparisons.
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Table 3. Comparisons of timings of hypoglycemia between hyperinsulinism (HI) subgroups.a

Period of risk (compared
with all HI)

Minutes hypo contained in early
hours (expected 16.7%; minutes)

Time hypoglycemic outside early
hours (minutes)

Time hypoglycemic in early
hours (minutes)

Value, n (%)Total, NValue, n (%)Total, NValue, n (%)Total, N

Early hours1665 (31.71)52503585 (2.9)123,4901665 (6.43)25,875All HI

Age (months), mean (SD)

Early hours ++b1480 (38.09)38852405 (2.59)92,8401480 (7.64)19,370>10

Evenly distributed185 (13.55)13651365 (3.85)37,150185 (2.84)6505<10

HI causing mutation

Early hours +c1135 (33.14)34252290 (2.79)81,8101135 (6.67)17,005Positive

Early hours −d530 (29.04)18251295 (3.11)41,680530 (5.98)8870Negative

Medication

Early Hours −−e790 (24.8)31852395 (3.45)69,485790 (5.48)14,415On

Early Hours ++875 (42.37)20651190 (2.2)54,005875 (7.64)11,460Off

aDetailed is the difference in percentage time hypoglycemic in the early hours (3 AM-7 AM). Also reported is the percentage of all hypoglycemia
minutes spent in the early hours as a comparison to the expected 16.7% that would be seen if hypoglycemia was distributed evenly. The table demonstrates
an exaggerated tendency to hypoglycemia at early hours in those above the age of 10 months, off medication, and with a known hyperinsulinism causing
mutation.
b++ is used to denote a very strong tendency to early hours hypoglycemia.
c+ is used to denote a strong tendency to early hours hypoglycemia.
d− is used to denote a relatively weak tendency to early hours hypoglycemia.
e−− is used to denote a weak tendency to early hours hypoglycemia.

Timings of Hypoglycemia in Those With IKH
The timing of hypoglycemia in patients with IKH showed a
more evenly distributed pattern than in those with HI. The
number of hypoglycemic episodes starting overnight was slightly
higher than that during the day (Figure 6), but not as markedly
as in the patients with HI. Total minutes spent hypoglycemic
were also more evenly distributed throughout the day in patients
with IKH than in those with HI (Figure 7). There was no clear
period of higher than average risk of hypoglycemia; rather, a

period of relatively low risk was observed in the evening and
early night (6 PM-1 AM). Within this period, the risk of
hypoglycemia was 2.8% (1575/57,195 minutes) compared with

6.5% (8785/135,805 minutes) outside of this period (Χ2
1=132.2,

P<.001).

Subgroup analysis of patients with IKH was not performed, as
no patients within this group were below the age of 10 months
and this group was primarily analyzed as a comparison group
for those with HI.
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Figure 6. Number of hypoglycemic events (hypos) plotted by hour of the day in patients with IKH. This demonstrates the risk of a hypoglycemic event
starting at any particular point in the day but does not account for the length of this episode. An increased number of hypoglycemic episodes starting
in the later hours of the night and early morning (dark blue) is observed, compared with the rest of the day (light blue). This, however, is less pronounced
than in those patients with HI. HI: hyperinsulinism; IKH: idiopathic ketotic hypoglycemia.

Figure 7. Percentage time hypoglycemic by hour of the day in patients with IKH. There is no period of particularly high risk as seen in patients with
HI. In contrast, a short period of lower than average risk in the evening and early night (green) can be observed. HI: hyperinsulinism; IKH: idiopathic
ketotic hypoglycemia.

Altering Thresholds for Hypoglycemia
As the definition of hypoglycemia differs between countries,
regions, and even hospital departments, we performed further
analysis by altering the threshold for hypoglycemia. The cutoffs
of 3.9 mmol/L, 3.5 mmol/L, and 3.0 mmol/L were chosen as
commonly used definitions for hypoglycemia in children
[44,45]. Further analysis of values below this were deemed

unlikely to be meaningful as they are rare events, and the
Dexcom CGM devices only measure glucose down to 2.2
mmol/L, below which values are reported as Low.

Data for HI patients above the age of 10 months were compared
with those of patients with IKH, as these 2 groups were more
comparable in terms of age. As hypoglycemia threshold was
reduced from 3.9 mmol/L to 3.5 mmol/L and then 3.0 mmol/L,
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the tendency to hypoglycemia during early hours was
emphasized in patients with HI. In patients with HI, the early
hours contained 41% of all minutes (63/152 minutes) spent with
a glucose level <3.0 mmol/L despite this period representing
only 16.7% of the 24-hour period. A similar trend began to
emerge in patients with IKH when the hypoglycemia threshold
was reduced, and the proportion of all minutes spent
hypoglycemic that lay within the early hours increased from
21% (842/3998 minutes) to 27% (157/577 minutes). Figures
S5 and S6 provide a visualisation of this change and are
provided in Multimedia Appendix 3.

Discussion

Principal Findings
We have provided a novel analysis of the timing of
hypoglycemic events in patients with HI using CGM data. Our
data provide new and clinically useful information to extend
the digital phenotype of HI. This aspect of the newly described
digital phenotype demonstrates a tendency for hypoglycemia
during the early hours (3 AM-7 AM) where the risk is 2 to 3
times higher than that at other times of the day. The relative
risk of nocturnal hypoglycemia compared with daytime
hypoglycemia was greater in patients with HI than in those with
IKH. This risk is greater still in patients with HI above the age
of 10 months, those with genetic mutations, and those off
medication.

A strength of this study is the novel examination of a glycemic
phenotype using CGM in patients with HI while using an
alternative model of hypoglycemia in children with IKH as a
contrasting paradigm, demonstrating the specificity of glycemic
profiles within each condition’s digital phenotype. Although
home blood glucose monitoring remains the standard of care
for monitoring in patients with HI, we have used
high-granularity glucose data to expand the phenotype of HI
and highlight an important role for CGM, that is, describing
nocturnal glycemic status in real time with high ecological
validity. Alternative strategies to identify periods of
hypoglycemia on the basis of parent interviews would be open
to recall bias and unable to identify unexpected hypoglycemia,
as self-monitoring of blood glucose is rarely performed
overnight. With increasing refinements in CGM technology and
the increasing popularity of the use of CGM in children with
hypoglycemia, our study highlights the need for a targeted
application of CGM. Although previous studies have used
simplistic correlation methods to test the accuracy of CGM in
the detection of hypoglycemia vis-à-vis home blood glucose
monitoring, our study has investigated a deeper phenotype with
significant clinical impact.

Our study is exploratory, as a similar analysis of CGM data has
never been attempted. Therefore, it is not possible to validate
the strength of our observations, except that the glycemic
phenotype is replicable across the whole group with HI, in
contrast to an alternative model of hypoglycemia in IKH. The
number of patients with HI was large for a rare disease, and the
total number of measurements in the data set adds strength to
the rigor of the study.

It is not possible to investigate the cause of early hours
hypoglycemia from the design of our study, nor was this the
intended purpose. We speculate that the unavailability of
carbohydrates due to the nocturnal fasting period, high glucose
demand in the brain at this time [23,31], and the suppression of
counter-regulatory gluconeogenesis in patients with HI [30]
could be the probable causes. The latter view is supported by
the observation of a reduced tendency to early hours
hypoglycemia in patients with IKH and an increased tendency
in those positive for genetic mutations known to cause HI.
Patients with IKH do not have underlying metabolic
disturbances and are therefore capable of mounting adequate
counter-regulatory responses. In contrast, those positive for HI
mutations tend to have more severe disease [11] and less ability
to mount counter-regulatory responses. Further investigation
of the metabolic and counter-regulatory hormonal milieu in
patients with HI may be required to refine specific causation.
It is not clear why patients negative for mutations had a
relatively high incidence of hypoglycemia between 9 PM and
1 AM, and further work will be required to investigate this
apparent trend.

We observed a tendency for early hours hypoglycemia in
patients with HI above the age of 10 months (Figure 4); this
may be explained by older children sleeping longer and requiring
less frequent feeds through the night. We did not record
sleep-wake cycles in our study to confirm or refute this
possibility. However, children below the age of 10 months were
also more likely to be inpatients during the period of monitoring,
and the lack of early hours hypoglycemia tendency may reflect
24-hour nursing care and a reduction in ecological validity. The
reason for the significant increase in time spent in hypoglycemia
between 7 PM and 8 PM is unclear and may reflect the small
number of patients from whom this sample was taken. Further
data are required to validate or refute this finding.

Patients with HI who were no longer receiving HI medications
showed a clear tendency toward hypoglycemia during early
hours seen in other groups. This response was not observed in
patients receiving medications for HI (diazoxide or octreotide).
This may reflect the efficacy of HI medications in preventing
nocturnal hypoglycemia but may also be simply reflective of
the much higher median age in the off-treatment group and the
subsequent effects described above. Because this study was
completed, it was not possible to assess the relative impacts of
age and medication on the timing of hypoglycemia in patients
with HI, and further work is required.

Tendency to hypoglycemia was shown to reduce throughout
the day in patients with HI, but with small increase in risk at 9
AM, 3 PM, and 7 PM (Figure 3). These periods of increased
risk are likely to correlate with postmeal times in those having
three meals a day, suggesting possible postprandial
hypoglycemia secondary to the hyperinsulinemic response to
food sometimes observed in patients with HI [46]. This trend
was not observed in patients with IKH who had fasting rather
than postprandial hypoglycemia. This was not observed in
patients with HI below the age of 10 months who would have
been receiving a high proportion of caloric intake as milk feeds
distributed more frequently throughout the day and night.
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As hypoglycemia thresholds were reduced from 3.9 mmol/L to
3.5 mmol/L and 3.0 mmol/L, the number of hypoglycemic
events and total minutes spent hypoglycemic also reduced
significantly, as reflected in the differing Y axes in Figures S5
and S6 (Multimedia Appendix 3). This is unsurprising, as
patients with HI are told to maintain glucose levels >3.5 mmol/L
and those with IKH >3.0 mmol/L. Reducing the hypoglycemia
threshold emphasized the tendency for early hours hypoglycemia
in those with HI and allowed it to become apparent in those
with IKH. These likely better reflect the true hypoglycemic
events that would be acted on by parents.

There were 42 hypoglycemia events lasting more than 30
minutes in patients with HI despite them wearing an unblinded
CGM device programmed to alarm at glucose levels <3.5
mmol/L and parents being aware of the importance of keeping
glucose levels ≥3.5 mmol/L at all times. This high prevalence
of prolonged and potentially dangerous hypoglycemia events
may reflect CGM inaccuracy, and these events may represent
false positives not acted on by parents. However, this is unlikely
to explain all the prolonged hypoglycemic events.

Although CGM provides vital information, the volume of data
provided by continuous monitoring such as CGM can be
overwhelming for both health care professionals and patients
[47], and simple detection and reporting of glucose values will
not be sufficient to eliminate all hypoglycemia. It is well
recognized that alarm fatigue is a significant problem [48] and
that only 37% of parents will wake to hypoglycemia alarms that

sound overnight [49]. Other behavioral explanations are
possible, including voluntary alarm switching off and leaving
the receiver out of earshot. The engagement of parents with the
CGM device and their behaviors in response to data provided
comprise a vital extension of the digital phenotype of HI [40,42].

Future work must further evaluate this aspect of the digital
phenotype of HI to better understand not only the underlying
pathophysiology but also the human in the loop. Simple
mathematical modeling to generate ever better glycemic
predictions is unable to eradicate hypoglycemic events in the
real world if it does not factor in how human behaviors change
in response to the data.

Conclusion
We provide the first analysis of the timing of hypoglycemia in
patients with hypoglycemia due to HI using CGM data and, in
doing so, expand the digital phenotype. In contrast to the
phenotype of hypoglycemia in children with IKH, a clear period
of high risk for hypoglycemia was observed in patients with HI
in the early hours (3 AM-7 AM). Such early hours hypoglycemia
was particularly frequent in those with genetic mutations known
to cause HI and in children older than 10 months. Despite the
unblinded state-of-the-art technology, prolonged and potentially
harmful hypoglycemic events were detected in patients with
HI. Hypoglycemia during early hours poses a high risk for
neuroglycopenic brain injury, and behavioral aspects of the
digital phenotype in HI must be evaluated so that interventions
can be designed to maximize effect.
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Abstract

Background: The provision of reliable patient education is essential for shared decision-making. However, many clinicians
are reluctant to use commonly available resources, as they are generic and may contain information of insufficient quality.
Clinician-created educational materials, accessed during the waiting time prior to consultation, can potentially benefit clinical
practice if developed in a time- and resource-efficient manner.

Objective: The aim of this study is to evaluate the utility of educational videos in improving patient decision-making, as well
as consultation satisfaction and anxiety, within the outpatient management of chronic disease (represented by atrial fibrillation).
The approach involves clinicians creating audiovisual patient education in a time- and resource-efficient manner for opportunistic
delivery, using mobile smart devices with internet access, during waiting time before consultation.

Methods: We implemented this educational approach in outpatient clinics and collected patient responses through an electronic
survey. The educational module was a web-based combination of 4 short videos viewed sequentially, followed by a patient
experience survey using 5-point Likert scales and 0-100 visual analogue scales. The clinician developed the audiovisual module
over a 2-day span while performing usual clinical tasks, using existing hardware and software resources (laptop and tablet).
Patients presenting for the outpatient management of atrial fibrillation accessed the module during waiting time before their
consultation using either a URL or Quick Response (QR) code on a provided tablet or their own mobile smart devices. The
primary outcome of the study was the module’s utility in improving patient decision-making ability, as measured on a 0-100
visual analogue scale. Secondary outcomes were the level of patient satisfaction with the videos, measured with 5-point Likert
scales, in addition to the patient’s value for clinician narration and the module’s utility in improving anxiety and long-term
treatment adherence, as represented on 0-100 visual analogue scales.

Results: This study enrolled 116 patients presenting for the outpatient management of atrial fibrillation. The proportion of
responses that were “very satisfied” with the educational video content across the 4 videos ranged from 93% (86/92) to 96.3%
(104/108) and this was between 98% (90/92) and 99.1% (107/108) for “satisfied” or “very satisfied.” There were no reports of
dissatisfaction for the first 3 videos, and only 1% (1/92) of responders reported dissatisfaction for the fourth video. The median
reported scores (on 0-100 visual analogue scales) were 90 (IQR 82.5-97) for improving patient decision-making, 89 (IQR 81-95)
for reducing consultation anxiety, 90 (IQR 81-97) for improving treatment adherence, and 82 (IQR 70-90) for the clinician’s
narration adding benefit to the patient experience.

Conclusions: Clinician-created educational videos for chronic disease management resulted in improvements in patient-reported
informed decision-making ability and expected long-term treatment adherence, as well as anxiety reduction. This form of patient
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education was also time efficient as it used the sunk time cost of waiting time to provide education without requiring additional
clinician input.

(J Med Internet Res 2021;23(10):e26732)   doi:10.2196/26732

KEYWORDS

Shared decision-making; chronic disease; outpatients; audiovisual aids; atrial fibrillation; educational technology; teaching
materials; referral and consultation; physician-patient relations; physicians

Introduction

Chronic disease is the leading cause of disease burden and
mortality worldwide, with increasing prevalence due to an aging
global population [1]. Cardiovascular disease is one of the major
categories of chronic disease, and atrial fibrillation (AF) is
widely recognized as one of the most common chronic
conditions [2].

Ongoing outpatient consultations are an essential component
of chronic disease management [3], and one strategy that could
have considerable utility in this setting is that of “shared
decision-making” [4]. Shared decision-making involves
bidirectional information exchange within the clinician-patient
relationship before making management decisions [5], and can
optimize the practice of evidence-based medicine [6]. Patients
are informed and care is patient-centered as the patient is
empowered to communicate their personal values and
management preferences for the clinician to individualize
suggested management options [7]. A patient’s level of
involvement in shared decision-making is influenced by their
level of health literacy [8], and accordingly educational decision
aids are facilitative [9]. Decision aids have shown potential
benefit [10] when implemented while patients are waiting for
the consultation [11].

Audiovisual education aids, including videos, can be an effective
method of improving patient health literacy [10,12,13].
However, clinicians may be reluctant to use those that are
commonly available (eg, those publicly available on health care
websites or YouTube) if they are generic or contain information
of insufficient accuracy, quality, or currency [14]. Patient care
may benefit from clinicians creating their own audiovisual
content and delivering it to their patients within the clinical
setting.

Based on findings from the prior literature [15], we hypothesized
that clinician-created audiovisual content could be created with
limited resources and would be acceptable and improve the
ability of patients to contribute to the decision-making process.
Integral to this is understanding effects of the intervention on
anxiety around consultation (“white coat” effects) [16] and
potential long-term compliance to formulated management plans
[17]. We aimed to evaluate this approach within outpatient
management of chronic disease (represented by AF in this
instance [2]), whereby clinicians create audiovisual patient
education in a time- and resource-efficient manner for
opportunistic delivery, using mobile smart devices with internet
access, during waiting time before consultation. Specifically,
we aimed to assess the following: patient satisfaction with the
individual videos and the approach overall, patient response to

clinician narration within the content, and the patient-perceived
effect of the approach on patient decision-making, patient
anxiety around consultation, and potential long-term treatment
adherence.

Methods

Study Design
We conducted a prospective, nonrandomized, observational
study of 116 patients presenting specifically for the outpatient
management of AF. Patients provided informed consent through
a validated electronic form before commencing the audiovisual
module on a smart device. Ethical approval for the study was
obtained from the Western Sydney Local Health Network
Human Research Ethics Committee (item number 2011–18).

Setting and Participants
Consecutive patients presenting for outpatient management of
AF were prospectively recruited at a specialist outpatient clinic
within a large university teaching hospital in Sydney, Australia.
The site was within a public metropolitan hospital that serves
patients of the Western Sydney Local Health District. As of
2018, the district provides AUD $1.8 billion (US $1.3 billion)
in public health care to over 120 suburbs consisting of a
demographically diverse population; approximately 50% of the
residents have chronic conditions [18]. Potential participants
were identified by study personnel via screening of the specialist
outpatient clinic lists.

Patients were eligible for inclusion if they had presented to the
specialist outpatient clinic specifically for consultation for the
management of AF, and were English speaking, willing and
able to use smart devices, and could provide informed consent.
Patients were excluded if they were unable to speak English,
refused consent, or had visual impairment or any other factor
that prevented them from using the provided tablet (eg,
rheumatoid arthritis). All prospective patients who met the
inclusion criteria were enrolled in the study.

Development of the Audiovisual Module
The educational audiovisual module was designed to be a
web-based combination of 4 short videos (privately hosted on
YouTube) to be viewed sequentially, accompanied by questions
gauging patient experience. The module was consolidated using
Research Electronic Data Capture (REDCap) [19]. Data from
the module were collected and coded on REDCap via a secure
database.

The audiovisual module sought to provide a baseline level of
disease-specific health literacy to patients that supplemented
information provision and improved shared decision-making
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in the subsequent outpatient consultation. For this study, two
of the authors (AT and JGK) consulted the latest guidelines and
peer-reviewed literature, and decided on an up-to-date, reliable,
yet simple syllabus covering the fundamental concepts of the
pathophysiology, clinical presentation, diagnosis, and
management of AF. For this, we searched for studies of any
design, in any setting, within Scopus using the search term
“atrial fibrillation” in all fields. To ensure that the most
prominent recent AF literature was reviewed, the search was
date restricted from January 2016 to December 2018, and the
46,393 resultant records were sorted in order of total number
of citations. From the prominent recent AF literature that was
reviewed, the two most cited guidance statements specifically
relevant to the management of AF [20,21] were discussed by
two authors (AT and JGK) and concepts and the syllabus outline
were subsequently formulated by consensus. The resultant

module contained four succinct videos encompassing the
following topics: (1) “What is AF?” (2) “AF Management,” (3)
“Stroke risk and anticoagulation,” and (4) “Lifestyle
modification.”

For the measurement of outcomes, we used Likert scales and
visual analogue scales, which have both demonstrated reliability
and validity as health measurement tools [22]. The level of
patient satisfaction for each individual video and satisfaction
with the videos overall were recorded on 5-point Likert scales
[23]. Further, 0-100 visual analogue scales were used to gauge
the patient’s response to clinician narration, as well as the
module’s patient-perceived utility in improving patient
decision-making, anxiety around consultation, and potential
long-term treatment adherence. The visual analogue scales and
Likert scales were created and combined with the 4 videos for
the audiovisual module using REDCap (Figure 1).

Figure 1. A sample of the web-based audiovisual educational module consolidated using REDCap.

After the simple syllabus was formulated, the clinician (AT)
developed the audiovisual module over a 2-day span between
clinical commitments and within normal working hours
(approximately 3 hours total). No disruption to regular clinical
duties was experienced. The only material resources used in the
process were that of a laptop containing Microsoft PowerPoint
(Microsoft Corp) and an Apple iPad (Apple Inc), both of which
were already owned by the clinician, thus not incurring any
additional financial costs.

To make the 4 educational videos within the module, the
clinician created 4 brief slideshows using PowerPoint on a
laptop, then recorded audio narration simultaneously to annotate
the slideshows using the Apple iPad using the Screen Recording
function available by default on iOS 13 or later (Figure 2). The
latter was done in a single take; on average, it took the clinician
3 minutes and 42 seconds to record the audio narration and
annotation that complemented the slideshows within each

individual video. The videos were subsequently privately hosted
on YouTube in order to be consolidated alongside the patient
experience survey on REDCap. This ensured that no advertising
material was delivered with the videos by the YouTube website.
REDCap then generated a URL, also known as a web address,
and a Quick Response (QR) code, both of which enabled access
to the educational module using any device with internet access.

All information provided within the module was only included
following brief inspection of the latest peer-reviewed literature
on the associated topics by the clinician to update existing
knowledge. Further, the module was recorded in English with
language and readability aimed below an eighth grade level to
enhance accessibility for the general adult population [24]. The
audiovisual module, along with all included images and visual
media, was consolidated solely for private use limited to the
duration of the study. It was not marketed or sold for commercial
purposes.
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Figure 2. Technique for audiovisual module creation by a clinician.

Delivery During Waiting Time
To minimize potential bias attributable to the halo effect [25],
patients were approached by members of staff in the specialist
clinic other than the clinician who created the educational
videos. Following informed consent, patients completed the
audiovisual educational module during the otherwise
nonclinically utilized waiting time before their consultation for
AF. Patients accessed the web-based module through either the
URL or QR code generated by REDCap. This was done using
either a tablet that was already owned by the treating specialist
in the clinic or mobile smart devices that the patients already
owned.

The entire audiovisual module was designed to take a maximum
of 20 minutes for the patient to complete, so as to comfortably
be completed during the expected waiting time before outpatient
consultation [26]. Further, the cumulative duration of all four
videos totaled 14 minutes and 46 seconds, so as to maximize
concentration and minimize the chances of attention decline
[27].

Data Elements
The primary outcome of the study was the audiovisual
educational module’s utility in improving patient
decision-making ability during the subsequent outpatient
consultation [17], which was measured in an anonymous manner
using a 0-100 visual analogue scale. The secondary outcomes
were the level of patient satisfaction for each video and
satisfaction with the videos overall (both measured using 5-point
Likert scales), as well as the patient’s value for clinician
narration, and the module’s patient-perceived utility in
improving anxiety around consultation and potential long-term
treatment adherence (all measured using 0-100 visual analogue
scales in an anonymous manner). Data were extracted by two
authors (JGK and AT) from the secure REDCap database as a
CSV file.

Statistical Analysis
Data were assessed in Python (open source, Python Software
Foundation) using the Pandas library (version 1.0.4, open source,
PyData), with results reported using medians and interquartile

ranges. Figures were prepared using the Plotly (version 4.8.1)
library. Friedman test and post hoc analysis were performed
using Statsmodels (version 0.10.2, open source) as the data were
not normally distributed, with repeated observations on the same
individuals.

Results

Overview
Between January 2019 and August 2019, all 116 prospective
patients who met the aforementioned inclusion criteria were
enrolled in the study. Response rates for the 5-point Likert scales
progressively decreased with each successive video, with 93.1%
(108/116) of the total cohort conveying their level of satisfaction
with the first video (“What is AF?”), 87.1% (101/116) for the
second (“AF Management”), 85.3% (99/116) for the third
(“Stroke risk and anticoagulation”), and 79.3% (92/116) for the
fourth (“Lifestyle modification”). In addition, 85.3% (99/116)
of the total cohort reported the effect of the audiovisual module
on consultation anxiety, decision-making ability, and likelihood
of potential treatment adherence through the 0-100 visual
analogue scales, with 84.5% (98/116) reporting the importance
of clinician narration.

Likert Scales
The proportion of participants that were “very satisfied” with
the educational video content ranged from 93% (86/92) to 96.3%
(104/108) for the individual videos. In the final 5-point Likert
scale assessing overall satisfaction with all 4 videos, 93.4%
(99/106) of responders were “very satisfied,” with 0.9% (1/106)
reporting dissatisfaction. For the first video (“What is AF?”),
99.1% (107/108) of responders reported satisfaction with the
content, compared to 99.0% (100/101) for the second (“AF
Management”), 99.0% (98/99) for the third (“Stroke risk and
anticoagulation”), and 98% (90/92) for the fourth (“Lifestyle
modification”). There were no reports of dissatisfaction for the
first 3 videos, and 1% (1/92) of responders reported
dissatisfaction for the fourth video. Patient satisfaction with the
clinician-created educational videos, as obtained through 5-point
Likert scales, is represented in Figure 3.
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Figure 3. Patient satisfaction with clinician-created videos. AF: atrial fibrillation.

Visual Analogue Scales
Median scores on the four 0-100 visual analogue scales ranged
from 82 to 90. The audiovisual module resulted in median
reported patient-perceived scores of 90 (IQR 82.5-97) for
improving patient decision-making, 89 (IQR 81-95) for
improving consultation anxiety, 90 (IQR 81-97) for improving
potential treatment adherence, and 82 (IQR 70-90) for the
clinician’s narration adding benefit to the patient experience.

Patient responses to the 0-100 visual analogue scales are
presented in Figure 4.

Friedman test results yielded a Friedman statistic value of 33.3
(P<.001). The Nemenyi post hoc analysis showed that only
“Importance of clinician narration” was significantly different
(P=.001) from all the other evaluations. The other evaluations
did not differ significantly from each other. These results are
presented in Table 1.

Figure 4. Patient responses to the audiovisual module.

Table 1. Analysis of patient responses using the Friedman test.

Importance of clinician
narration

Improving potential treatment
adherence

Improving patient decision
making

Improving consultation
anxietyEvaluation

.001.90.701Improving consultation anxiety

.001.491.70Improving patient decision
making

.0011.49.90Improving potential treatment
adherence

1.001.001.001Importance of clinician narra-
tion
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Discussion

Principal Findings
A clinician-created audiovisual patient education module with
content focusing on improving consultation efficiency and
shared decision-making received scores indicating a high level
of acceptability and patient-perceived utility. The video content
was developed by a clinician using electronic resources that are
relatively common in the developed world, during interstitial
time between clinical duties, and was delivered using mobile
smart devices while patients were waiting for their appointments.
The majority of participants perceived the clinician’s creation
and narration of the module to be positive and effective in
delivering the educational content of the disease-specific videos.

Shared decision-making provides a potential solution for
achieving adequate efficiency while improving patient autonomy
[28]; however, this may not translate to clinical practice if the
appropriate approach to implementation is not taken [29]. An
element of usefulness in our approach is that it not only
improves shared decision-making, but also uses waiting time
(sunk time cost) for an improved patient experience that does
not add to the overall length of the consultation. Further, our
approach demonstrates that clinicians can use off-the-shelf tools
to simply create their own highly customized educational content
tailored specifically for their patients. Further, it is
implementable with minimal additional resources.

Patient education has been shown to be more effective when
delivered in an audiovisual format than when presented solely
through visual pamphlets or verbal one-to-one dialogue [30].
However, clinical utility for the management of chronic disease
is limited when audiovisual patient education has required
additional outpatient appointments [31]. This intervention used
shorter duration, highly focused videos, allowing delivery in
the waiting room so that patients would not have to make
additional visits. Increasing access to unreliable, inaccurate,
and outdated sources via the internet can increase confusion
and cause difficulties during consultations for the management
of patients’ conditions [32]. This can potentially be reduced
through the provision of up-to-date and reliable information
directly from a patient’s own treating clinician, as a supplement
to scheduled consultations. Our approach allows for the
provision of reliable health education in a manner that is
streamlined for integration within both the clinician (through
time and resource efficiency) and patient (through tailored,
accessible education) experience of outpatient consultation.

The audiovisual educational module demonstrated utility in
improving patient-reported decision-making ability for the
subsequent outpatient consultation for AF management.
However, due to a lack of any of the validated outcome
measures or objective endpoints that are found within the
existing literature of studies investigating shared
decision-making in AF management [33], comparison between
previous studies and our study is compromised. The high levels
of patient satisfaction with both the videos and clinician
narration suggest that there may be potential usefulness in
clinician-created audiovisual educational content for the
management of chronic disease. Further, anxiety [34],

particularly that associated with the “white coat” effect [16],
and long-term treatment adherence [17,35] have a significant
impact on a patient’s decision-making ability regarding the
management of any chronic disease. Accordingly, our positive
findings imply potential value in these domains. Our finding of
patient-reported improvements to potential treatment adherence
is in line with the existing literature, which has demonstrated
the efficacy of video-assisted patient education in positively
modifying the behaviors of patients with chronic disease if
designed and delivered correctly [36].

There were limitations to this study that require future
evaluation. Our study did not have a control group that enabled
comparison; the study was observational and baseline
characteristics of the participants were not collected. However,
we prospectively included a consecutive series of eligible
patients to limit patient bias, and all patients answered the same
questionnaire. Our study was limited by subjective responses
from patients as outcome measures, instead of outcome measures
such as recurrence of AF or occurrence of its complications.
The data collected referred specifically to the patients’ own
perceptions, which may carry inherent bias. We did not collect
data using validated measures of patient-reported experience
or health literacy. Further, we delivered the educational module
only in English, and excluded non–English-speaking patients.
Within the literature search that informed the curriculum for
our educational module, sorting search results in Scopus by
total numbers of citations identified the most prominent articles
within the search time frame, but added a source of bias
regarding the data informing our intervention. As our study was
conducted in 2019, any evidence published since then has not
been integrated. Further, only one database was searched prior
to the development of our curriculum, so some literature may
have been missed. The study was limited to a single center, so
this approach’s multicenter applicability has not been tested.
Additionally, although the clinician in our study was able to
carry out our approach in a time- and resource-efficient manner,
this approach may not translate to certain doctors with different
levels of resources, time within schedules, and technology skills.

Findings from this pilot study may be useful for future research
in this area. Although audio narration was used in this study,
future studies may benefit from the inclusion of video of the
treating clinician and investigation of subsequent effects on
patient trust, anxiety reduction, and potential adherence. Clinical
interactions within settings outside the management of chronic
disease at outpatient clinics may also benefit from this approach
and should be investigated. Usefulness of the approach relative
to the socioeconomic status of the health care provider may be
important to delineate for the maximization of global scalability.
Further, exploration of utility for health professionals in other
areas of medicine, surgery, nursing, and allied health ought to
be explored. Study design in this future research can be
improved by incorporating a comparison (ideally with
randomization) against other forms of patient education as well
as more concrete endpoints, such as objective health metrics or
validated scoring schemas. The measures of patient perceptions
that were recorded in this pilot study may be better assessed via
a longitudinal approach that facilitates the evaluation of temporal
trends. Explanations for changes in patient perceptions
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throughout the course of the videos may have greater clarity if
more qualitative data points are also collected in addition to
measures of satisfaction.

Conclusions
This approach to outpatient consultation for the management
of chronic disease may provide benefit for shared
decision-making between clinicians and patients, overall leading
to the improvement of care while maintaining a patient-centered
focus. It benefits clinicians by combining their individual content
knowledge with technology to create highly customized
disease-specific audiovisual educational material for their

patients. It benefits patients by allowing them to learn about
their condition in a nonconfrontational situation without
additional investment of time or effort. Patient satisfaction may
be improved by converting a potentially negative situation (the
sunk time cost of waiting for a medical appointment) to a
positive experience. This pilot study demonstrated the potential
utility of this approach in a specific setting; however, it may
have widespread applicability across a large number of clinical
scenarios, including those outside the management of chronic
disease and outside the outpatient setting. Future research should
explore this potential widespread applicability of our approach
through studies of larger size and strong design.
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Abstract

Background: Patient portals have been introduced in many countries over the last 10 years, but many health information
managers still feel they have too little knowledge of patient portals. A taxonomy can help them to better compare and select
portals. This has led us to develop the TOPCOP taxonomy for classifying and comparing patient portals. However, the taxonomy
has not been evaluated by users.

Objective: This study aimed to evaluate the taxonomy’s usefulness to support health information managers in comparing,
classifying, defining a requirement profile for, and selecting patient portals and to improve the taxonomy where needed.

Methods: We used a modified Delphi approach. We sampled a heterogeneous panel of 13 health information managers from
3 countries using the criterion sampling strategy. We conducted 4 anonymous survey rounds with qualitative and quantitative
questions. In round 1, the panelists assessed the appropriateness of each dimension, and we collected new ideas to improve the
dimensions. In rounds 2 and 3, the panelists iteratively evaluated the taxonomy that was revised based on round 1. In round 4,
the panelists assessed the need for a taxonomy and the appropriateness of patient engagement as a distinguishing concept. Then,
they compared 2 real portals with the final taxonomy and evaluated its usefulness for comparing portals, creating an initial
requirement profile, and selecting patient portals. To determine group consensus, we applied the RAND/UCLA Appropriateness
Method.

Results: The final taxonomy consists of 25 dimensions with 65 characteristics. Five new dimensions were added to the original
taxonomy, with 8 characteristics added to already existing dimensions. Group consensus was achieved on the need for such a
taxonomy to compare portals, on patient engagement as an appropriate distinguishing concept, and on the comprehensibility of
the taxonomy’s form. Further, consensus was achieved on the taxonomy’s usefulness for classifying and comparing portals,
assisting users in better understanding portals, creating a requirement profile, and selecting portals. This allowed us to test the
usefulness of the final taxonomy with the intended users.

Conclusions: The TOPCOP taxonomy aims to support health information managers in comparing and selecting patient portals.
By providing a standardized terminology to describe various aspects of patient portals independent of clinical setting or country,
the taxonomy will also be useful for advancing research and evaluation of patient portals.

(J Med Internet Res 2021;23(10):e30701)   doi:10.2196/30701

KEYWORDS

taxonomy; classification system; patient portal; EHR portal; online EHR access; evaluation; Delphi study; electronic health
records; digital health; health information; information management; user perspectives
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Introduction

Background
The delivery of knowledge-based care depends on patient
engagement, where patients take an active role in their care
[1-3]. Patient portals are considered a health information
technology that promotes patient engagement [4-6] by providing
patients with online tools to take an active role in their care
[7-9]. Since patient portals are more than just static repositories
for patient data [10,11], they support the new vision of health
services that enable patient-provider information sharing [12,13],
thus contributing to empowering patients [14,15], supporting
shared decision making [16], and engaging patients actively in
their care [6,17]. A patient portal is an internet-based application
combining knowledge and software tools [18,19] that allow
patients to have autonomous access to their electronic health
record (EHR) anywhere at any time [20,21]. Besides its core
function of providing EHR access [22], the features of a patient
portal range from viewing visit notes, requesting medication
refills, appointment scheduling, access to test and lab results,
secure messaging with the health provider, e-visits, or reporting
patient-generated health data [17,23-26]. Patient portals are
used in different organizational settings such as independent
physician practices and hospitals, group practices, or large,
integrated health care delivery organizations [27-29].

The Need for a Taxonomy of Patient Portals
The widespread use of the internet, rise of mobile computing,
and progress in patients’ technical aptness have led to an
increase in the use of patient portals in various countries such
as the United States, Denmark, and Australia [12,28,30].
However, there are countries where patient portals are still not
widely used [31,32]. A benchmarking study presented by
Ammenwerth et al [33] in 2020 analyzed the eHealth progress
of 14 countries worldwide with different health systems and

different levels of economic development. The study showed
that the use of patient portals and the provided patient portal
functionalities vary significantly between the countries. While
Finland and South Korea, for example, allow patients the best
access to their health record data, 6 of the 14 analyzed countries
do not offer their population any access to their health data
online [33].

The low use of patient portals in both developing and
high-income countries [31,34] creates a problematic situation
for the health informatics professionals who are responsible for
strategic and tactical information technology management in
their health care institution or department; we will call these
professionals “health information managers.” On the one hand,
there already exists a very heterogeneous landscape and a broad
diversity of patient portals [12,27,35,36] regarding their intended
deployment and functionalities [25,30,37]. In contrast, many
health information managers still feel they have too little
knowledge of patient portals [32]. They admit having difficulties
understanding the portals’various application areas and scopes,
defining their general requirements, and selecting a patient portal
for their specific context or problem [32]. Health information
managers are responsible for planning, organizing, and following
up on all activities related to health information technology
[38,39]. This also involves selecting, introducing, and managing
patient portals for their health care institution [32].

To support health information managers with a tool for
comparing patient portals and defining which general type and
functionalities of patient portals they need, we developed the
TOPCOP taxonomy (Taxonomy of Patient Portals based on
Characteristics of Patient Engagement) [32]. The need for such
a patient portal taxonomy had already been stressed in a recently
published Cochrane Review on the impact of patient portals
[40]. The TOPCOP taxonomy is shown in Figure 1. A
comprehensive description of the dimensions is published
elsewhere [32].
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Figure 1. The TOPCOP taxonomy of patient portals [32]: A patient portal is described regarding 7 aspects that cover 20 dimensions. A patient portal
can be described by selecting 1 characteristic per dimension.

The Development of the TOPCOP Taxonomy
A taxonomy is a classification system to classify similar objects
of a domain into groups based on distinct characteristics and
offers a set of decision rules [41-44]. The reduction of
complexity, identifying similarities and differences among
objects [45,46], and the understanding of interrelationships are
major advantages of taxonomies [44,47,48]. Taxonomies thus
support researchers and practitioners in better understanding a
domain and distinguishing among its objects [49,50]. The
TOPCOP taxonomy was built by applying the formal
taxonomy-building method proposed by Nickerson et al [51].
This method specifies the necessary steps and integrates 2
optional, iterative development approaches to conceptionally
and empirically build and empirically evaluate a taxonomy
[51,52]. The TOPCOP taxonomy was created conceptionally
based on a literature review to assess the characteristics and
functionalities of patient portals [32]. It was evaluated
empirically by classifying patient portals offered on the market
and health providers’ portals online [32].

A taxonomy is determined by the user’s intended purpose, which
guides the taxonomy’s development by focusing on the specific
phenomenon of interest [50,53]. Different users or different
purposes may therefore lead to a different taxonomy [51,54].
We created the TOPCOP taxonomy for health information
managers to classify and compare patient portals [32]. Further,
the taxonomy should serve the health information managers in
defining the general type and functionalities of patient portals
and should help them select the most suitable solution offered

on the market. The dimensions were built to distinguish among
patient portals with the scope on patient engagement.

Since there is no objective metric to define the usefulness or
quality of a taxonomy [44,51,55], the method by Nickerson et
al [51] provides a set of conditions to determine usefulness.
Applying these conditions during the building process, the
taxonomy’s usefulness was empirically validated by classifying
all patient portals of interest with the taxonomy [32].

The Requirement for a Taxonomy’s Evaluation
According to design science research, taxonomies are
fundamental design artifacts to provide knowledge and
understanding of a problem domain [49]. In design science
research, the design process for an artifact is divided first into
building and then into evaluating [56,57]. Following the design
science research paradigm, one suitable criterion to evaluate a
taxonomy is by having users assess its usefulness in achieving
its intended purpose [58,59]. Therefore, we now wanted to
evaluate and further improve the TOPCOP taxonomy together
with the projected users, guided by the evaluation criteria of
the taxonomy’s usefulness related to its intended purpose.

Methods

The Delphi Technique

Overview
We applied a modified Delphi approach to evaluate the
TOPCOP taxonomy. The Delphi technique is a qualitative
method, first described by Dalkey and Helmer [60]. It is used
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in many research areas such as business, policy science,
education, health sciences, information science, and health
informatics [61-65]. Since there is no consistency in the methods
used for evaluating a taxonomy [49], we opted for the Delphi
technique because it is commonly agreed that Delphi research
elicits sound scientific evidence [66]. Further, various
researchers argue that qualitative methods may be particularly
appropriate for evaluating design artifacts [67] including
taxonomies.

The Delphi technique was particularly suited for our study as
it aims to obtain a highly reliable consensus of group opinions
on the research items [68] and has been used by researchers to
evaluate taxonomies in the past [69-73]. The method is adequate
to explore a domain [63], elicit new evidence, and generate new
ideas [68,74]. Since the aim of this study was to collect new
ideas on dimensions, improve the existing TOPCOP taxonomy,
and achieve consensus on the appropriateness of the dimensions
by the taxonomy’s users, we considered Delphi to be the best
approach as it goes beyond collecting simple intuitive expert
opinions [75]. Further, the method applies relatively rigorous
control over the interviewing methods, the controlled opinion
feedback, and the summary of the results [76].

Using a series of survey rounds delivered in multiple iterations,
interspersed with controlled opinion feedback [76], we were
able to collect new ideas and correlate the panelists’ opinions
on our research items anonymously to improve the taxonomy
[60,62,75]. Further, the method is highly flexible [77],
accommodating many variations [78-80], and can be used to
conduct evaluation studies [81], allowing us to adapt and modify
the technique to evaluate our taxonomy. While the classic Delphi
aims to generate opinions from experts to make forecasts
[60,82], we wanted to collect and correlate the opinions of the
taxonomy’s users to improve and evaluate the TOPCOP
taxonomy. We now outline the methodological approaches
applied to our study.

Selection of the Panelists
There are no agreed standards on how to select the participants
for Delphi studies [75,83]. We applied a criterion sampling
strategy, which is a preferred approach in many Delphi studies
[84]. Since the taxonomy should help health information
managers to compare patient portals, eligible individuals had
to hold a role within a health provider’s organization where
they would be actively involved in a patient portal’s selection
process. We applied the snowball method [85] to reach out to
potential panelists involving patient portal vendors known from
the taxonomy development phase [32]. The snowball method
has been legitimized and used in many other Delphi studies
[75,86,87]. Since there is no standard method for identifying
the best number of individuals for inclusion in a Delphi study
[86,87], we determined this number based on our research aim
and availability of expertise as proposed by several researchers
[88-90].

We selected 13 health information managers from Germany,
Switzerland, and Austria as we wanted to include panelists from
countries with diverse health systems and different progress in
eHealth [31,33]. By sampling panelists from different countries
but who speak the same language, we aimed to avoid a possible
language bias as the survey questions and the complex
explanations of the dimensions could otherwise be
misinterpreted [91]. Since homogeneous panels tend to find
consensus more quickly than heterogeneous panels [92,93], we
wanted to enhance credibility through diversity, considering
the broadest possible range of participants’ experiences with
patient portals and geographic diversity to depict the real
situation of different health systems. The educational
backgrounds of health information managers are not uniform
but may be diverse [39]. We, therefore, included panelists with
different educational backgrounds in our sample. In Table 1,
we present the final panel.
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Table 1. Study sample selection.

SPPfINSTeEPPd

(years)
WEc

(years)

RolePBbAEaGenderCountryPanelist
number

YesHCPg527Head of departmentComputer engineerMEngMaleAustria1

YesHCP515Head of departmentComputer scientistBEngMaleAustria2

YesHCP126Project managerMedical informaticsBEngFemaleAustria3

YesHCP125Head of departmentElectronics engineerPhDMaleAustria4

YesHCP112Head of departmentMedical informaticsMEngMaleAustria5

YesHCP1033Head of departmentBioengineeringBScMaleAustria6

YesHCP1610System engineerMedical informaticsBEngMaleSwitzerland7

NoHCOh313ResearchereHealth managementMScFemaleSwitzerland8

YesHCP228Head of departmentMedical informaticsMScMaleSwitzerland9

YesHCP720Head of departmentSystem engineerBScMaleGermany10

YesHCP610ResearcherMedical informaticsPhDMaleGermany11

NoHCO813Head of eHealthMedical informaticsMScMaleGermany12

YesHCP826Head of eHealthPhysicianMDFemaleGermany13

aAE: academic education.
bPB: professional background.
cWE: work experience.
dEPP: experience with patient portals.
eINST: institution.
fSPP: would be involved in selecting a patient portal.
gHCP: health care provider.
hHCO: health care organization.

Determination of the Number of Survey Rounds for
Evaluation
As per common agreement, the number of survey rounds is
guided by the nature of the study and the level of consensus
achieved among the participants during each iteration [75,76,94].
Our study was planned to be performed in 4 assessment cycles,
guided by the elicitation of evidence and the achievement of
group consensus. In the first 3 rounds, we aimed to collect ideas
to improve the taxonomy and to achieve group consensus on
every single dimension of the taxonomy related to its
appropriateness for comparing patient portals. In round 4, the
panelists were asked to evaluate the final taxonomy as a whole
as proposed by Wiliam and Black [95], related to its intended
use. The survey rounds were performed between January 2021
and April 2021.

Achievement of Consensus—the RAND/UCLA
Appropriateness Method
The goal of the Delphi technique is to achieve a consensus of
opinions from a group of individuals concerning a particular
topic or task [87,96,97]. However, there is no general agreement
on what statistical aggregation or method is best to determine
consensus [98]. Since we wanted to assess the appropriateness
of the taxonomy, we considered the concept of the

RAND/UCLA Appropriateness Method, called RAM [99], most
suitable to determine achievement of consensus in our study.
While the RAM method is widely used to determine the
appropriateness of health care services [100,101], we applied
the model’s consensus measure to evaluate the appropriateness
of the taxonomy’s dimensions for classifying and comparing
patient portals.

The RAM method uses the median to measure the central
tendency of the panelists’ ratings, and ratings should be spread
over a 1-9 rating scale [89,99]. The RAM method offers various
conditions to constitute disagreement of opinions [99], from
which we chose DS9, the strictest definition of disagreement
[99]. DS9 means that a dimension is appropriate for comparing
patient portals if group consensus with a median of 7-9 without
disagreement is achieved. Considering all ratings, disagreement
exists when at least one rating is a 1 and at least one is a 9. A
dimension is considered uncertain for comparing patient portals
if group consensus achieves a median of 4-6 or if there is any
median with disagreement. A dimension is considered
inappropriate for comparing patient portals if group consensus
achieves a median of 1-3 without disagreement. The DS9
measure was applied for all assessments to determine
achievement of group consensus. The DS9 measure is
summarized in Table 2.
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Table 2. The DS9 RAND/UCLA Appropriateness Measure with dispersion: considering all ratings, at least one is a 1, and at least one is a 9.

Dispersion conditionPanel medianAppropriateness

Without disagreement7-9Appropriate

Or any median with disagreement4-6Uncertain

Without disagreement1-3Inappropriate

Applying Anonymity to Express Opinions Freely
The complete study was conducted anonymously, which means
that none of our panelists knew who participated in the survey
and no interaction was possible between them. Anonymity
allowed greater freedom for our panelists to express their views
[102,103] and opinions freely as it avoids the problem of
dominant contributors possibly influencing individual opinions
[104,105].

Introductory Conversations to Enhance Adherence of
Panelists and to Create a Common Understanding of
the Research Topics
We were aware of the known problem that participants might
drop out [77] due to the time-consuming commitment,
unforeseen shortage of time, loss of interest, or distraction
between the rounds, risking a poor response rate [83]. To
promote motivation and strengthen adherence, we conducted
an introductory conversation with each panelist separately, as
proposed by Daniel and White [106], using the Zoom video
conferencing tool [107]. The scope was to give the panelists
the possibility to ask questions related to the aim of the study,
the research process, and their role in the study and to create a
common understanding on all topics.

Set-Up of the Online Survey
All interviews were carried out with online questionnaires using
a commercial survey product [108]. The survey was piloted by
4 different persons other than the researchers. The survey
contained quantitative and qualitative questions. The quantitative
ratings served to assess the dimensions’appropriateness (rounds

1-3) and the final taxonomy as a whole (round 4). To assess the
dimensions, we presented only 1 dimension with its
characteristics per page (example Figure 2) and added a
comprehensive definition of the existing characteristics and the
newly proposed characteristics to assure that all panelists had
the same understanding of the dimensions.

We provided a Likert scale ranging from 1 to 9 as proposed by
RAM [99] for assessment. The open-ended qualitative questions
provided in rounds 1-3 allowed the panelists to comment on
their ratings if the rating fell into values between 1 and 6.
Further, the qualitative questions allowed the panelists to
improve the taxonomy by making proposals for new
characteristics or dimensions. All proposals had to follow the
knowledge-guiding principle of being suitable for promoting
patient engagement. The comments and proposals were
presented in the subsequent round for the panelists’ reflection.
Comments related to ratings, to changes of existing dimensions,
or to new characteristics and dimensions were assigned
accordingly. The comments were quoted verbatim with no
changes made to the original. At the beginning of each survey
round, we provided short guidelines on evaluating the research
items and presented the results of the previous round. In round
1, we presented the initial TOPCOP taxonomy (Figure 1). In
round 2, we presented the ratings from the first round
(Multimedia Appendix 1) demonstrating achievement of group
consensus. In round 3, we presented the results from the second
round demonstrating for which new characteristics and
dimensions group consensus was achieved or not achieved
(Multimedia Appendix 2). In round 4, we presented the jointly
improved, final taxonomy.

Figure 2. Example for the display of a single dimension for rating.

The 4 Rounds of the TOPCOP Taxonomy’s
Improvement and Evaluation

Round 1: Assessment of the Existing Dimensions and
Proposals for Improvement of the Taxonomy
In the first round, the panelists were asked to assess the
appropriateness of the existing TOPCOP taxonomy’s dimensions
for classifying and comparing patient portals. Further, they were
asked to propose unsuitable or missing characteristics related
to the existing dimensions and to suggest new dimensions to
improve the taxonomy guided by their needs.

Round 2: Assessment of the Newly Proposed
Characteristics and Dimensions of Round 1
In the second round, the panelists were first asked to assess the
proposals of round 1 for new characteristics to refine existing
dimensions. Each proposal was presented with all existing and
all new characteristics (Multimedia Appendix 3). Related to the
proposals of adding new characteristics to the existing
dimensions or merge characteristics, we stressed that the
panelists should evaluate the appropriateness of the new or
merged characteristic of improving the existing dimension to
compare patient portals. Then, the panelists were asked to assess
the appropriateness of the new dimensions proposed in round
1 for classifying and comparing patient portals.
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Round 3: Re-Evaluation of Dimensions Where Group
Consensus Was Not Achieved in Previous Rounds
In round 3, the panelists were asked to re-evaluate those
dimensions and characteristics proposed in round 1 but where
no group consensus could be reached in round 2. From some
panelists’comments, we understood that their assessments were
guided by national legal requests rather than by evaluating a
general area of application. We, therefore, added a note stressing

that the scope of this study was to create a generally applicable
taxonomy and that specific national requirements should not
guide the rating. Since the panelists were to re-evaluate
dimensions already assessed in round 2, we provided all
panelists with their first rating compared to the group ratings
(Figure 3) as recommended by RAM [99]. This was intended
to help them better reflect on their rating considering the group
opinion.

Figure 3. Example of a panelist’s rating in comparison with the group ratings.

Round 4: Evaluation of the Final TOPCOP Taxonomy
as a Whole
Since a taxonomy is complete and adequate when it satisfies
the requirements of the purpose for which it was built [58], in
round 4, the panelists were asked to evaluate the usefulness of
the final taxonomy as a whole [109], related to its intended use.
Round 4 was divided into 2 consecutive steps: first performing
a case study and then assessing the taxonomy’s usefulness.

First, evaluation is based on comparison [110]. Therefore, the
panelists were requested to classify and compare 2 real-world
patient portals with the final TOPCOP taxonomy to test its
usefulness in a case study. We provided the panelists with 2
anonymized product descriptions from important software
companies along with instructions on how to carry out the
comparison. Both patient portals could be used for any care
sector. However, one was a tethered patient portal while the
other was an integrated patient portal. We selected these 2
patient portals because they differ in many characteristics,
allowing the panelists to see the taxonomy’s usefulness in
comparing very different patient portals.

Second, after the case study was performed, the panelists were
asked to assess the usefulness of the taxonomy as a whole. To
investigate the panelists’ opinions related to taxonomies for
patient portals, we started with the following questions: (Q1)
How important do you consider the need for a taxonomy for
comparing patient portals? (Q2) How suitable do you consider
patient engagement as a guiding concept for comparing patient
portals?

Further, the health information managers were asked to make
proposals for other guiding concepts that they considered useful
to compare patient portals. Since we determined patient
engagement as a guiding concept to distinguish among patient
portals for the TOPCOP taxonomy, we aimed to collect
alternative proposals suitable for future research: (Q3) What

other guiding concepts may be appropriate for comparing patient
portals?

To assess the taxonomy’s usefulness as a whole [111], 6 research
questions related to the performed case study were presented.
Since understanding an artifact is a fundamental requirement
for its usefulness, the panelists were first asked to evaluate
whether the final taxonomy was understandable: (Q4) How
understandable is the form and structure of the final taxonomy?
Then, they were asked to assess whether the improved TOPCOP
taxonomy is useful related to its intended use: (Q5) How useful
is the final taxonomy for classifying patient portals following
patient engagement? (Q6) How useful is the final taxonomy for
comparing patient portals following patient engagement? (Q7)
How useful is the final taxonomy for assisting you in better
understanding patient portals based on characteristics supporting
patient engagement? (Q8) How useful is the final taxonomy for
creating an initial requirement profile for patient portals based
on characteristics supporting patient engagement? (Q9) How
useful is the final taxonomy for selecting patient portals offered
on the market based on characteristics supporting patient
engagement?

Question Q3 was set up as an open-ended question to collect
the panelists’ proposals in the best possible way [112]. To
categorize the proposals, we analyzed the responses by applying
the summarizing content analysis [113], an inductive analysis
method proposed by Mayring [114]. All other items were
assessed by applying the RAM approach [99].

Results

Results of Round 1: Assessment of the Existing
Dimensions and Proposals for Improvement of the
Taxonomy
The panelists were asked to evaluate the TOPCOP taxonomy
by assessing every single dimension related to its
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appropriateness for classifying and comparing patient portals.
In Figure 4, we present the assessment for the 20 dimensions
of the initial TOPCOP taxonomy (Figure 1) indicating the
median for each dimension. All 13 panelists evaluated all 20

dimensions. Since each dimension’s median ranged between 7
and 9 without disagreement, group consensus on the dimensions’
appropriateness was achieved for all 20 dimensions [99].

Figure 4. Achieved consensus for the existing dimensions of the TOPCOP taxonomy after round 1. The grey column shows the median value without
disagreement. All 13 panelists assessed all dimensions.

Further, the panelists were asked to propose unsuitable and
missing characteristics to refine the existing dimensions and to
suggest new dimensions to improve the taxonomy.

Two panelists proposed refining dimension D6 Prescription
Renewal by merging the characteristics “basic renewal” and
“advanced renewal” to create the characteristic “with renewal”
instead. They argued that differentiating the dimension into the
initial 2 characteristics is confusing rather than strengthening
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the distinguishability of patient portals. Seven panelists proposed
8 new characteristics to improve the existing dimensions D1,
D2, D5, D6, D8, D9, D11, and D12 (Figure 5 shows the content
of each dimension). Five panelists proposed the new dimensions

Account Protection, App Expandability, Medical Specialty,
Medication Summary, Portal Type, and Web Accessibility to
enhance the taxonomy. We present all the proposals for
improvement of round 1 in Figure 5.

Figure 5. Proposals from round 1 for new characteristics and dimensions to improve the taxonomy.

Results of Round 2: Assessment of the Newly Proposed
Characteristics and Dimensions of Round 1
In round 2, the panelists had to assess the proposals from round
1 (Figure 5). They were asked to evaluate the merger of the
characteristics of dimension D6. Further, they assessed the

appropriateness of the suggested characteristics of dimensions
D1, D2, D5, D8, D9, D11, and D12.

All 13 panelists assessed the proposed 8 characteristics and
justified their rating whenever it fell between 1 and 6. As
demonstrated in Figure 6, the median assessment for the
appropriateness of all changes ranged between 7 and 9 without
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disagreement. Therefore, all 8 characteristics were appropriate
for improving the taxonomy and became part of the taxonomy
[99].

The panelists were further requested to evaluate the
appropriateness of the proposed dimensions D21 Account
Protection, D22 App Expandability, D23 Medical Specialty,
D24 Medication Summary, D25 Portal Type, and D26 Web
Accessibility.

In Figure 7, we demonstrate that for all these dimensions, the
median ranged between 7 and 8. However, the condition for

disagreement [99] was fulfilled for dimensions D21 Account
Protection and D26 Web Accessibility. Therefore, only
dimensions D22, D23, D24, and D25 were considered
appropriate for improving the taxonomy and became part of the
taxonomy. Since no panelist made any proposal for changing
an existing dimension or for a new dimension in round 2, only
dimensions D21 and D26 became subject to re-evaluation in
round 3.

In Figure 8, we present the taxonomy in progress after round 2
showing for which characteristics group consensus was achieved
and for which dimensions no group consensus was achieved.

Figure 6. Achieved consensus by all 13 panelists on new characteristics for existing dimensions proposed in round 1. The grey column shows the
median without disagreement. *New characteristics to improve the dimension.

Figure 7. Achieved consensus by all 13 panelists on new dimensions proposed in round 1.
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Figure 8. The TOPCOP taxonomy in progress after round 2.

Results of Round 3: Re-Evaluation of Dimensions
Where Group Consensus Was Not Achieved in
Previous Rounds
In round 3, the panelists were asked to again assess the new
dimensions D21 Account Protection and D26 Web Accessibility
as group consensus was not achieved in round 2. All 13 panelists
assessed both dimensions.

As demonstrated in Figure 9, a median of 8 without
disagreement [99] was achieved for dimension D26. Dimension
D26 was therefore appropriate and became part of the taxonomy.
For dimension D21, a median of 7 was achieved. However, as
at least one rating is a 1 and at least one rating is a 9,

disagreement existed among the panelists [99]. All 5 panelists
who assessed dimension D21 with values of 1 and 3 argued
consistently that a patient portal must provide the highest data
protection due to legal or patient requirements. Therefore, as
strong account protection is a mandatory requirement, dimension
D21 is not appropriate for distinguishing among patient portals.
Comparing the ratings of dimension D21 for rounds 2 and 3
showed that, besides the fact that disagreement was re-confirmed
in round 3, 3 ratings deteriorated (Figure 9), which means that
group consensus converged even more strongly towards
disapproval of dimension D21. To avoid the known risk of
fatiguing the panelists with too many evaluation rounds [92],
we did not launch another evaluation round. Since no group
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consensus was achieved, dimension D21 was not integrated
into the taxonomy.

After assigning the new dimensions to suitable aspects and
organizing and numbering the dimensions accordingly, the final

TOPCOP taxonomy resulted in 25 dimensions based on 65
characteristics assigned to 7 aspects and is presented in Figure
10. In Multimedia Appendix 4, we provide a detailed description
of the dimensions and characteristics.

Figure 9. Achieved consensus by all 13 panelists on dimensions D21 and D26 after round 3 in comparison with the consensus in round 2.

Figure 10. The final and user-evaluated TOPCOP taxonomy of patient portals.
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Results of Round 4: Evaluation of the Final TOPCOP
Taxonomy as a Whole
In round 4, the panelists were asked to assess the general need
for a taxonomy, the appropriateness of patient engagement as
a guiding concept, and the TOPCOP taxonomy’s usefulness

related to its intended purpose. All 13 panelists participated in
round 4.

In Figure 11, we present the evaluations’ results for the research
questions Q1, Q2, and Q4–Q9. Since group consensus was
achieved without disagreement [99] for all research questions,
no further interview round was launched.

Figure 11. Achieved consensus by all 13 panelists on the research questions Q1, Q2, Q4–Q9. The grey column shows the median without disagreement.
p: patient.

The results shown in Figure 11 can be interpreted as follows.
The panelists clearly agreed that there is a need for a taxonomy
to distinguish among patient portals (median of 8 for Q1).
Twelve panelists considered patient engagement to be an
appropriate distinguishing concept for comparing patient portals
(median of 8 for Q2). Only the panelist who assessed question
Q2 with a rating of 3 proposed “System Architecture, Data

Types, and Interoperability” as a more appropriate concept for
comparing patient portals. Further, the panelists were asked to
propose alternative distinguishing concepts appropriate for
comparing patient portals (Q3). Since research question Q3 was
an open-ended question, it is not part of Figure 11. Therefore,
we present the proposed alternative concepts in Table 3.

Table 3. Alternative distinguishing concepts proposed in round 4.

Number of panelists proposing an alterna-
tive distinguishing concept

Proposed alternative distinguishing concepts (Q3)

1Comparison of patient portals based on characteristics promoting “Health Literacy”

1Comparison of patient portals based on characteristics supporting “Improvement of Health Outcomes”

3Comparison of patient portals based on characteristics related to “System Architecture, Data Types, and
Interoperability”

2Comparison of patient portals based on characteristics related to “Improvement of Work Efficiency and
Cost Savings”
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We continued interpreting the results presented in Figure 11,
which relate to the case study and the assessment of the
taxonomy’s usefulness. With a median of 8, the panelists
considered the form and structure of the final taxonomy to be
understandable (Q4). However, 1 panelist who assessed Q4
with a rating of 4 argued that the taxonomy contains too many
dimensions while, on the contrary, 1 panelist who assessed Q4
with a rating of 7 proposed refining the taxonomy with
additional subcharacteristics to achieve a more accurate
comparison of patient portals. All panelists considered the final
taxonomy to be appropriate for classifying patient portals, giving
ratings between 7 and 9 with a median of 8 (Q5). Further, they
considered, with a median of 8, the taxonomy to be appropriate
for comparing patient portals (Q6) and appropriate for better
understanding of patient portals based on characteristics
supporting patient engagement (median 7 for Q7).

Since the TOPCOP taxonomy is also intended to help health
information managers select patient portals offered on the
market, the panelists were requested to assess its usefulness in
this regard. With a median of 8, the group consensus was
achieved on both the taxonomy’s usefulness for creating an
initial requirement profile for patient portals (Q8) and selecting
patient portals offered on the market based on characteristics
supporting patient engagement (Q9). To sum up, by applying
the TOPCOP taxonomy to compare 2 patient portals, we could
indeed show that it is useful in contrasting and comparing patient
portals from different vendors. In Figure 12, we show an
example of a panelist’s comparison. By marking each patient
portal’s characteristics, the differences and similarities of the 2
patient portals could be easily recognized.

Figure 12. Example of a comparison of 2 real patient portals carried out with the TOPCOP taxonomy by marking the respective characteristics.

Additional Findings: The Taxonomy-Evaluation-Delphi
Approach (TED)
Evaluation is a challenging, essential, and crucial component
of the research process [110,115]. One criterion for assessing
artifacts such as taxonomies is by evaluating their usefulness
related to their intended purpose [111,116]. However, there are

only very few taxonomy-specific evaluation guidelines [117],
but multiple evaluation approaches can be applied in health
informatics [118-120]. Szopinski et al [49] analyzed the various
approaches researchers applied to evaluate taxonomies in the
information system’s domain and demonstrated that the Delphi
technique was hardly used. Analyzing 61 evaluation approaches,
they found just 1 study where the Delphi technique was used
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to evaluate the taxonomy [49]. In this study, panelists were
asked to classify items into a deductively developed taxonomy
and assess if the items were classified correctly [121]. In
contrast, our modified Delphi approach aims to (1) first improve
a conceptually and empirically created taxonomy [32] in
multiple rounds by the users and (2) then evaluate the jointly
created taxonomy by achieving users’ consensus on the
usefulness of the taxonomy. Therefore, the health information

managers first compared the real-world patient portals with each
other by performing a use case and then assessed the taxonomy
related to its intended use. In Table 4, we describe the
differences between the classic Delphi technique and our
approach. The modified Delphi approach we used is, to the best
of our knowledge, a new Delphi approach in health informatics
for evaluating a taxonomy. We, therefore, call this approach
the Taxonomy-Evaluation-Delphi (TED) approach.

Table 4. Comparison of the classic Delphi technique with the Taxonomy-Evaluation-Delphi (TED) approach.

TED approachClassic DelphiCriteria/Delphi

To collect new ideas to improve the taxonomy and to have the usefulness
of a conceptually and empirically created taxonomy evaluated by the in-
tended users

To make forecasts to plan ahead [60,82]Objective

Obtain the most reliable consensus on the taxonomy’s usefulness related
to its intended purpose guided by the user’s needs

Obtain the most reliable consensus on the estima-
tion of numerical quantity [105]

Approach

Strict anonymityNo strict anonymity [60]Anonymity

Median with dispersion based on the RAMa method [99]Median without dispersionConsensus metric

The taxonomy’s users with different levels of experience and understanding
of the issue of concern

Expertsb with a deep understanding of the issues
of concern [122]

Panelists

Guided by elicitation of new evidence [95] and the level of group consensus
achieved [75,76,94]

Guided by the level of group consensus achieved
[75,76,94]

Number of rounds

Introductory conversations, online questionnaires, and performing a case
study

Questionnaires and follow-up interviews [60]Procedure

Quantitative questions to assess dimensions and characteristics, qualitative
questions to collect new ideas to improve the taxonomy, and a case study
to compare real patient portals as a basis for the taxonomy’s evaluation

Qualitative questions to collect initial knowledge
to create/refine the research subject [60]

Outset

Improved and evaluated useful taxonomy based on the users’ needsAgreement on numerical quantities [60]Result

aRAM: RAND/UCLA Appropriateness Method.
bThere is ambiguity regarding the term expert concerning the Delphi technique as there is no unequivocal definition [82,96,123].

Discussion

Principal Findings
With this study, we were able to demonstrate that the need for
a taxonomy to compare and classify patient portals exists among
health information managers and that the concept of patient
engagement to compare and select patient portals is considered
appropriate.

Applying a modified Delphi approach, we improved the
TOPCOP taxonomy based on the specific needs of the users.
The final TOPCOP taxonomy consists of 25 dimensions with
65 characteristics, compared to 20 dimensions and 49
characteristics of the initial TOPCOP taxonomy.

We were able to demonstrate that the health information
managers considered the final taxonomy to be useful in
classifying and comparing patient portals. Further, we
demonstrated that the final TOPCOP taxonomy supports the
users in better understanding patient portals and assists them in
selecting patient portals offered on the market. We were able
to collect 4 alternative ideas on distinguishing concepts to
compare patient portals that may serve for future research. As
an additional outcome of our study, we created, to the best of
our knowledge, a new Delphi approach in health informatics
for evaluating a taxonomy.

Comparison With Prior Work
At present, there exists only a limited number of publications
related to patient portal taxonomies. Ammenwerth et al [20]
developed a taxonomy that aims to distinguish patient portals
in a systematic review dealing with their effect on patient
empowerment and health-related outcomes. Roehrs et al [124]
developed a taxonomy that aims to identify open questions
related to personal health record (PHR) data types, features, and
architecture types. A PHR provides patients with web-based
access to their health data that is under the control of the patient
[124], while an EHR typically is under the control of the
provider [7,19,22]. Fernández-Alemán et al [125] analyzed free
web-based PHRs to identify their features and functions to better
understand the PHR market. They created a framework of 4
dimensions intended to support patients in selecting a PHR that
best fits their needs [125]. Scheplitz et al [126] created a
framework for patient portal functionalities to record all possible
functions to identify specification gaps related to software
development. Walker et al [8] developed a framework to
evaluate how well health information technology can support
patient engagement by applying 5 engagement scoring levels.

These attempts only provide part of a potential patient portal
taxonomy and are developed for different users and purposes.
Since the user determines the intended purpose of a taxonomy
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and the purpose guides the development by focusing on a
specific phenomenon of interest, different users or purposes
may lead to different taxonomies [46,51,55]. Further, a useful
taxonomy must yield utility for a specific problem domain [58].
To sum up, the found taxonomies are not suitable to yield utility
for health information managers for classifying and comparing
patient portals based on characteristics appropriate for promoting
patient engagement and understanding the differences and
similarities. Therefore, the TOPCOP taxonomy was specifically
developed for health information managers to compare and
select patient portals offered on the market.

Limitations
Our approach to evaluating the TOPCOP taxonomy has some
potential limitations.

First, panelists were selected from Germany, Austria, and
Switzerland while the scope of the TOPCOP taxonomy is to
support health information managers from any country. Since
we were not able to attract participants from other countries,
we aimed to assemble the panel as heterogeneously as possible,
with different educational backgrounds and work experience,
to achieve the best possible understanding of different
viewpoints. Further, by selecting participants from 3 countries,
we were able to map expertise from 3 different health care
systems and integrate experiences with different levels of health
care systems’ digitization.

The second limitation relates to the panelists’ experience with
patient portals. Patient portals are not widely used in Germany,
Austria, or Switzerland [32], and the experience with patient
portals varied from little experience to much experience among
the selected health information managers. Including participants
with little experience with patient portals may lead to different
results than if the participants had a deep understanding. As the
taxonomy is not intended to only serve highly experienced but
also inexperienced users, a composition of the panel that
considers different levels of experience and understanding may
increase the variety of viewpoints and the range of user needs
related to the taxonomy. This variety may make the taxonomy
even more useful [127].

The third limitation relates to the risk that the panelists may
misunderstand what to evaluate. During the initial phone calls
with potential participants, we noticed that some users assumed
that the taxonomy’s evaluation related to the suitability of
functionalities for patient portals. However, the evaluation
related to a dimension’s appropriateness for classifying and
comparing patient portals based on patient engagement. To
ensure that there was no confusion, we explained the difference
in individual introductory video conferences. Further, in the
survey’s introductory part, we outlined the scope of the
evaluation and formulated the questionnaire’s questions with
unambiguous wording.

The fourth limitation is related to the Delphi technique itself.
Delphi aims to obtain group consensus on opinions [68], but
the achievement of consensus does not necessarily mean that
the correct answer was found [84]. Besides, the composition of
the panel may influence the research outcome [88,128]. To
address these problems, we assembled the panel as

heterogeneously as possible to integrate the broadest possible
viewpoints and experience with patient portals. The selection
of the panel was guided by the goal of achieving the best
expertise available.

To determine the achievement of group consensus, we applied
the RAND/UCLA concept appropriate for evaluation [101] and
widely used to assess the appropriateness of health care services
[100,129]. The survey was conducted anonymously to avoid
the problem of dominant panelists possibly influencing
individual opinions [102]. By applying all these measures, we
believe that we were able to reduce any inherent bias in a
possible method in the best way.

Practical Implication
The scope of the TOPCOP taxonomy is to serve health
information managers with different degrees of knowledge
related to patient portals and for various areas of application.
The taxonomy may thus serve health information managers as
a starting point to better understand the complex domain of
patient portals since it describes the various aspects of patient
portals. Further, 2 or more patient portals can be described by
marking the respective characteristics. This shows the
differences and similarities of the patient portals (Figure 12)
and so supports the health information managers in classifying
and comparing patient portals.

Since each health care institution may have different
requirements related to a patient portal, the TOPCOP taxonomy
can serve to create a requirement profile. By marking those
characteristics in the taxonomy that best meet the needs of a
health care institution, health information managers can create
an initial requirement profile. This profile can then be used for
a targeted search and selection of suitable portals offered on the
market.

By providing a standardized terminology to describe various
aspects of patient portals independent of clinical setting or
country, the TOPCOP taxonomy is also useful for advancing
research and evaluation of patient portals. It can, for example,
be used to systematically describe patient portals as part of
systematic reviews on their impact. The need for a taxonomy
in this context has already been stressed in patient portal reviews
[40].

Conclusions
The TOPCOP taxonomy aims to support health information
managers in comparing and selecting patient portals. By
providing a standardized terminology to describe various aspects
of patient portals independent of clinical setting or country, the
taxonomy will also be useful for advancing research and
evaluation of patient portals. Since the health information
managers contributed to the taxonomy’s development, we were
able to improve the taxonomy’s quality and usefulness based
on the users’ needs.

The taxonomy consists of a manageable number of
characteristics and dimensions and is therefore flexible for future
changes. If needed, new dimensions can be added or removed
according to future technological development. Further, due to
its flexible form, the users can adjust the taxonomy to their
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personal needs. The initial TOPCOP taxonomy was developed
by analyzing patient portals from 15 countries worldwide. It
was then improved by health information managers with various
degrees of patient portal experience from 3 countries with
different levels of health care digitization. We, therefore,

consider our taxonomy suitable to compare and classify patient
portals from any country. The taxonomy may also contribute
to the progress of health care digitization as it may enhance
human resources capacity and effectiveness.
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Abstract

Background: Personal health records (PHRs) are eHealth tools designed to support patient engagement, patient empowerment,
and patient- and person-centered care. Endorsement of a PHR by health care providers (HCPs) facilitates patient acceptance. As
health care organizations in the Kingdom of Saudi Arabia begin to adopt PHRs, understanding the perspectives of HCPs is
important because it can influence patient adoption. However, no studies evaluated HCPs’ acceptance of PHRs in the Kingdom
of Saudi Arabia.

Objective: The aim of this study was to identify predictors of HCPs’acceptance of PHRs using behavioral intention to recommend
as a proxy for adoption.

Methods: This cross-sectional study was conducted among HCPs (physicians, pharmacists, nurses, technicians, others) utilizing
a survey based on the Unified Theory of Acceptance and Use of Technology. The main theory constructs of performance
expectancy, effort expectancy, social influence, facilitating conditions, and positive attitude were considered independent variables.
Behavioral intention was the dependent variable. Age, years of experience, and professional role were tested as moderators
between the main theory constructs and behavioral intention using partial least squares structural equation modeling.

Results: Of the 291 participants, 246 were included in the final analysis. Behavioral intention to support PHR use among patients
was significantly influenced by performance expectancy (β=.17, P=.03) and attitude (β=.61, P<.01). No moderating effects were
present.
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Conclusions: This study identified performance expectancy and attitude as predictors of HCPs’behavioral intention to recommend
PHR to patients. To encourage HCPs to endorse PHRs, health care organizations should involve HCPs in the implementation
and provide training on the features available as well as expected benefits. Future studies should be conducted in other contexts
and include other potential predictors.

(J Med Internet Res 2021;23(10):e31582)   doi:10.2196/31582

KEYWORDS

personal health records; patient portals; Ministry of National Guard Health Affairs; UTAUT; eHealth; Middle East

Introduction

Overview
A wide range of eHealth technologies has become available
over the past 2 decades as countries have introduced eHealth
initiatives to support the goals for patient engagement and
person-centered care [1]. Legislation around the world advocates
for patients to have electronic access to their health information
through personal health records (PHRs) [2]. PHRs are an
eHealth tool to increase patient engagement and empowerment
by allowing individuals to keep track of their personal health
information. The Markle Foundation defined PHRs as “an
Internet-based set of tools that allows people to access and
coordinate their lifelong health information and make
appropriate parts of it available to those who need it” [3].
Person-centered care and patient engagement are considered
pillars of any high-functioning health care system, and PHRs
can contribute to both [4,5]. While various terms have been
used interchangeably with PHR in the literature (eg, patient
portal, patient web portal, computerized patient portal, patient
accessible electronic health record [EHR], tethered PHR,
electronic PHR), the broader term of PHR will be used
predominantly throughout this paper.

PHR adoption has been associated with a wide range of benefits,
including better patient–provider relationships, improvements
in patient engagement, better medication adherence, positive
health outcomes (eg, blood pressure and glycemic control), and
increased organizational efficiencies [6]. As the benefits of PHR
adoption are achieved, health care costs potentially decrease as
individuals become empowered to take better control of their
health and rely less on interactions with the health care system
[6]. However, multiple studies have shown low adoption rates
[7-9]. Even though the 2009 Health Information Technology
for Economic and Clinical Health (HITECH) Act and its
Meaningful Use criteria accelerated PHR access in the United
States [10], only 15%-30% of patients use PHRs while 90% of
health care systems offer them [11]. Outside of the United
States, a systematic review showed adoption rates of around
0.13% in the United Kingdom and 5% in other European
countries [7].

Various barriers to PHR adoption have been identified
[7,9,12,13]. In the systematic review by Niazkhani et al [13],
the barriers were characterized as patient demographic factors
(eg, age, gender); environment/medical practice (eg, providers’
communication about PHRs, physician resistance); technological
(eg, perceived PHR usefulness, perceived PHR complexity);
and chronic disease characteristics (eg, patients’ feeling of
control over the disease, number of comorbidities). Health care

providers’ (HCPs) attitudes are a major contributing factor in
patients’ adoption of PHRs [14-16]. HCPs play a key role in
supporting and engaging patients through their attitudes,
behavior, and endorsement of services [17]. Although studies
have shown a high level of patient interest in PHRs [5,18-20],
there has been a disconnect between interest and uptake. This
is partially due to HCPs’ reticence toward the acceptance and
promotion of their use [5,21,22].

Researchers around the world have studied HCPs’attitudes and
perceptions of PHRs. Nazi [22] explored the experiences and
perspectives of HCPs (physicians, nurses, and pharmacists)
related to patients’use of the My HealtheVet PHR in the United
States and found that many HCPs had limited familiarity with
the PHR features, contributing to its underutilization [22]. The
author identified the following 8 factors to be key in the
implementation, adoption, and use of PHRs: (1) showing the
relevance of PHRs; (2) increasing the perceived value by
focusing on unique services; (3) providing education and
training; (4) integrating PHRs into the existing technology; (5)
aligning PHR functions with the workflow; (6) offering
incentives to individuals or teams; (7) making information
accessible; and (8) supporting asynchronous and bidirectional
communication.

A study in Finland, which included a wide range of HCPs (eg,
nurses, social workers, dentists, physicians, physical therapists,
and psychologists), found that the most important factors
influencing HCPs’ support for a national patient portal were
expected positive influences on their work, the usability of the
portal, and benefits for the patients [17]. However, only few
(13%) respondents felt they had received adequate information
about the portal. The authors recommended HCPs be informed
about PHR benefits to garner their support. In Canada, Wiljer
et al [23] endorsed institutional strategies such as “continuous
organizational reassurance,” education, and a physician
champion to stimulate a paradigm shift to patient-centered care
for successful PHR implementation. In a Swedish study of
oncology HCPs (nurses and physicians), the authors compared
HCPs working in outpatient clinics with those working in
primary care units [24]. A greater proportion of HCPs in primary
care believed there were benefits of patients using PHRs such
as better adherence (50% vs. 35%), greater ability to clarify
important information (50% vs. 26%), and improved patient
communication (36% vs. 20%) [25].

In the Kingdom of Saudi Arabia, enhancing patient-centered
care through patient involvement with technology is an objective
of The National Transformation Program, a component of Vision
2030. The Ministry of National Guard Health Affairs (MNGHA)
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implemented the MNGHA Care PHR in 2018. No studies have
evaluated HCPs’ acceptance of PHRs in the country.

The aim of this study was to identify a set of factors that affect
the intention to recommend the use of MNGHA Care PHR
among HCPs. To promote patient engagement and
patient-centered care, a better understanding of how HCPs
perceive PHRs is needed.

Theoretical Background
In 2003, Venkatesh et al [26] developed the Unified Theory of
Acceptance and Use of Technology (UTAUT) to provide a
comprehensive framework to explain acceptance, intention, and
usage of information technology in organizations. It is an
integration of 8 theories—theory of reasoned action, technology
acceptance model (TAM), motivational model, theory of planned
behavior (TPB), combined TAM–TPB, model of personal
computer utilization, diffusion of innovation theory, and social
cognitive theory [26]. The core constructs of performance
expectancy, effort expectancy, social influence, and facilitating
conditions directly act on behavioral intention and, ultimately,
predict the use of the technology. Gender, age, voluntariness,
and experience are moderators in the framework. The model
explained approximately 77% of the variance in behavioral
intention and 52% of the variance in technology use [26]. Since
its development, UTAUT has been used to explain technology
acceptance in different user groups in a wide range of contexts
with various technologies, strengthening the generalizability
[27]. UTAUT has also been used broadly in other health care
areas, including telemedicine [28,29], electronic medical/health
records [30-34], electronic documentation systems [35], picture

archiving and communication systems [36], and health
information systems [37,38].

Research Model and Hypotheses
Most studies have not examined the full UTAUT with the
moderation effects but rather the main effects alone, combined
with a subset of the moderators, or with new constructs or
mechanisms [39]. Venkatesh et al [39] proposed that future
research should use UTAUT as the baseline model to transform
the theory from static to dynamic. New endogenous mechanisms
or new moderation mechanisms are the most common types of
extensions [39]. While UTAUT includes the technological
dimension (performance expectancy and effort expectancy) and
organizational/environmental dimension (social influence and
facilitating conditions), the individual dimension is not included.
Nonetheless, individual traits (attitude, personal innovativeness,
computer self-efficacy) may significantly predict the acceptance
of technology [27,40,41]. Constructs representing individual
traits are frequently used as endogenous mechanisms to extend
UTAUT.

The research model for this study includes the 4 core UTAUT
constructs: performance expectancy, effort expectancy, social
influence, and facilitating conditions (Figure 1). The construct
of attitude was added as an individual characteristic. Unlike the
original UTAUT model, we did not include behavior in the
proposed model because we were unable to objectively assess
use. Instead, we measured intention to recommend PHR, using
it as a proxy for HCPs’ acceptance. Behavioral intention is
frequently a proxy for actual technology adoption in the
literature [42-44].

Figure 1. Adapted UTAUT model. PHR: personal health record; UTAUT: Unified Theory of Acceptance and Use of Technology.

Proposed differences between this model and the original
UTAUT model are shown in Table 1. The moderators chosen

for this study were age, years of experience, and professional
role. Previous literature indicated that age was inversely
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associated with eHealth adoption. For example, electronic
medical record use was inversely associated with physician age
[45]. A potential explanation is that, in the initial stages of
technology use, older users are believed to be more influenced
by experience, and ease of use is more important [26]. Next,
years in practice has been associated with acceptance of eHealth
[45]. As the number of years since medical school graduation
increased, physicians became less likely to accept eHealth
technologies [45]. There have also been differences in eHealth

acceptance by professional role [45]. Nonphysicians used
advanced EHR features less than physicians, and specialists
(eg, obstetrician/gynecologists) were less likely to use an EHR
in their practices [45]. Voluntariness of use and gender were
dropped as moderators in the proposed model. PHR use is not
mandatory; therefore voluntariness of use is not relevant [26].
In the health care context, professional role takes precedence
over gender and no differences in acceptance by gender were
expected [34].

Table 1. Original Unified Theory of Acceptance and Use of Technology (UTAUT) versus adapted UTAUT for health care providers.

Adapted UTAUT moderatorsOriginal UTAUTa moderatorsConstruct

Professional roleYears of experienceAgeVoluntarinessExperienceAgeGender

✓✓✓✓PEb → BIc

✓✓✓✓✓EEd → BI

✓✓✓✓✓✓✓SIe → BI

BI → Usef

✓✓FCg → Use

✓✓FC → BI

✓✓✓ATTh → BI

aUTAUT: Unified Theory of Acceptance and Use of Technology.
bPE: performance expectancy.
cBI: behavioral intention.
dEE: effort expectancy.
eSI: social influence.
fUse: actual usage.
gFC: facilitating conditions.
hATT: attitude.

This study tested the following hypotheses:

• H1: Performance expectancy positively influences
behavioral intention to recommend the PHR

• H2: Effort expectancy positively influences behavioral
intention to recommend the PHR

• H3: Social influence positively influences behavioral
intention to recommend the PHR

• H4: Facilitating conditions positively influence behavioral
intention to recommend the PHR

• H5: Attitude positively influences behavioral intention to
recommend the PHR

• H6: Age, years of experience, and professional role
selectively moderate the relationships between the main
constructs and behavioral intention to recommend the PHR

Methods

Study Design
A cross-sectional study utilizing a survey was conducted at a
large, integrated health care system in the Kingdom of Saudi
Arabia. The survey was administered to HCPs across the
organization to assess acceptance of the PHR. Since 2018,
patients have had access to the MNGHA Care PHR, which
includes the following features: scheduling appointments,

requesting medical reports and prescription refills, viewing
radiology reports, checking laboratory results, and receiving
vaccination reminders [46]. Additionally, personal health
information such as weight, blood pressure, blood sugar, and
exercise details can be uploaded. Finally, MNGHA Care
contains links to health education information and a
self-assessment feature permitting patients to enter information
related to pain control, performance status, and quality of life.

Setting and Participants
The study population consisted of HCPs from MNGHA
hospitals and primary health care centers in Dammam, Riyadh,
Jeddah, Madinah, Al Ahsa, and Qassim, including physicians,
dentists, pharmacists, nurses, physical and occupational
therapists, optometrists, technicians (pharmacy, medical
imaging, medical and pathology laboratory, dental), paramedics,
and dietitians.

Instrument and Data Collection
Data were collected using an anonymous self-administered
online survey between April and May 2021. The initial version
of the survey included 63 items adapted from previously
published technology acceptance surveys used in health care in
3 parts [26,47-51]. The first part captured demographic
characteristics including age, gender, region, facility type,
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profession, specialty area (for physicians), years in profession,
years at MNGHA, and nationality. The second part contained
4 general PHR questions: (1) Have you heard of MNGHA
Care?; (2) Do you have an MNGHA Care account?; (3) Have
you used MNGHA Care yourself?; and (4) Have you
recommended patients to use MNGHA? This section also
included Likert-scale statements associated with PHR
acceptance along with an open-ended question and a checklist.
The third section related to acceptance of secure messaging and
included Likert-scale statements, an open-ended question, and
a checklist.

The instrument was built on QuestionPro [52] and pilot tested
with 7 HCPs (2 physicians, 3 pharmacists, and 2 nurses) working
within MNGHA. The QuestionPro survey link and a cover letter
explaining the purpose of the study were emailed to these 7
HCPs to obtain feedback regarding survey length, clarity, and
flow of the questionnaire. After comments were compiled, 12
items were removed, and some were modified to improve clarity
and to decrease survey length. The final version of the survey
included 51 items and was approved by the institutional review
boards at the Virginia Commonwealth University and King
Abdullah International Medical Research Center.

For this study, the focus was on parts 1 and 2 of the instrument.
However, the open-ended question and checklist from part 2
are not included in this paper. Responses to the PHR acceptance
items were provided on a 5-point Likert scale from strongly
disagree (1) to strongly agree (5). Acceptance was
operationalized as the intention to recommend patients use the
PHR using the statement “I will probably recommend patients
use MNGHA Care in the future” [49].

Performance expectancy was defined as the degree to which
the HCP believes a PHR will be beneficial in the health care
delivery process [20]. It was measured with the following 4
items:

1. MNGHA Care is a useful tool to help patients feel more
involved in their care [47,53].

2. I believe MNGHA Care helps patients to better manage
their health [48].

3. MNGHA Care will increase patient satisfaction with their
health care [48].

4. MNGHA Care can improve the quality of patient care [51].

Effort expectancy is the degree of ease associated with use of
the PHR [20]. It was measured with the following 3 items:

1. Information in MNGHA Care should be easy for our
patients to understand [48,53].

2. I believe most patients have the skills needed to use
MNGHA Care [47].

3. I think it is not difficult for our patients to learn to use
MNGHA Care [47].

Social influence is the degree to which an individual perceives
important others believe the PHR should be used [20]. It was
measured with the following 2 items:

1. I believe our patients support the use of MNGHA Care [48].
2. In general, the organization has supported the use of

MNGHA Care [26].

Facilitating conditions was defined as the degree to which an
individual believes an organizational and technical infrastructure
exists to support use of the PHR [20]. It was measured with the
following 3 items:

1. I have enough information about MNGHA Care [26,48].
2. There is technical help for patients who use MNGHA Care

[26].
3. I know the goals of MNGHA Care [26].

Attitude was defined as positive feelings related to patients
using the PHR [54]. It was measured with the following 4 items:

1. MNGHA Care is a valuable tool [26,47].
2. It is a good idea for patients to use MNGHA Care [26,47].
3. MNGHA Care is a positive advancement in this digital age

[47].
4. I believe MNGHA Care will be used by many patients [47].

Although behavioral intention and social influence used less
than 3 items, partial least squares structural equation modeling
(PLS) supports using single-item measures [55] and earlier
research using PLS has used less than 3 items for measuring
constructs [56,57].

Sampling
A snowball and convenience sampling strategy was used to
recruit HCPs from across the organization. HCPs were initially
recruited through the hospital’s email list in combination with
WhatsApp as it is a widely used social media platform for
professional communication. They were asked to forward the
survey to other HCPs. Follow-up reminders were also sent out.
The target sample size for this study was 200 HCPs, which has
been considered a fair sample size for statistical analysis with
structural equation modeling [58]. To encourage participation,
there was a random drawing for twenty five 37.5 Saudi Arabian
Riyal (US $10) Amazon gift cards.

Statistical Analyses
Descriptive statistics were analyzed using SPSS version 25
(IBM) [59]. PLS was used to test the research model using
SmartPLS version 3.0 [60]. The advantage of PLS is the ability
to estimate complex research models without distributional
assumptions [61]. Compared with traditional SEM, PLS has
greater statistical power, which means that there is a higher
likelihood of identifying significant relationships if they are
actually present in the population [61]. Furthermore, PLS has
been widely used in empirical studies of technology acceptance,
including with UTAUT [26,27,34] and with PHR acceptance
[50,62]. To test the research model, a measurement model was
used to evaluate construct reliability, indicator reliability,
convergent validity, and discriminant validity. A structural
model was tested after ensuring reliability and validity.

Results

Demographic Characteristics
Overall, 291 HCPs participated in the survey. However, after
removing the data for missing values, a usable sample of 246
was used for further analysis. Table 2 presents the demographic
characteristics. Most were 40-49 years old (95/246, 38.6%),
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female (158/246, 64.2%), non-Saudi (132/246, 53.7%), nurses
(106/246, 43.1%), in Riyadh (81/246, 32.9%), over 10 years of

experience (167/246, 67.9%) and over 10 years at MNGHA
(128/246, 52.0%), and hospital based (228/246, 92.7%).

Table 2. Demographic characteristics (N=246).

Values, n (%)Variables

Age

37 (15.0)20-29 years

77 (31.3)30-39 years

95 (38.6)40-49 years

37 (15.0)50 years and above

Gender

88 (35.8)Male

158 (64.2)Female

Nationality

114 (46.3)Saudi

132 (53.7)Non-Saudi

Health care provider

40 (16.3)Physician

57 (23.2)Pharmacist

106 (43.1)Nurse

33 (13.4)Technician

10 (4.1)Other

Years in profession

33 (13.4)Less than 5 years

46 (18.7)5-10 years

167 (67.9)Greater than 10 years

Years working at MNGHAa

13 (5.3)<1 year

40 (16.3)1-4 years

65 (26.4)5-10 years

128 (52.0)>10 years

Location

46 (18.7)Dammam

35 (14.2)Madinah

51 (20.7)Al Ahsa

33 (13.4)Jeddah

81 (32.9)Riyadh

Type of facility

228 (92.7)Hospital

18 (7.3)Primary health care clinic

aMNGHA: Ministry of National Guard Health Affairs.

General PHR Use Characteristics
The majority of HCPs were aware of MNGHA Care (225/246,
91.5%), had an account (213/246, 86.6%), used MNGHA Care

(202/246, 82.1%), and recommended it to patients (198/246,
80.5%).
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Measurement Model
The measurement model testing results are summarized in Table
3. After removing missing data, the usable sample for hypothesis
testing was 246. The variance inflation factor of all items was
below the threshold of 5, showing no evidence of
multicollinearity. Item loadings were all above 0.40 and in the
range of 0.70-0.93. Composite reliability was above the
threshold of 0.70, showing good internal consistency. Moreover,
the average variance extracted (AVE) of the constructs were

greater than 0.50 and in the range of 0.55-0.81, indicating
convergent validity.

Discriminant validity was tested using the Fornell–Larcker
criterion. The square roots of the corresponding AVE are shown
in italics, with each construct’s AVE higher than its highest
correlation with any other construct (Table 4). Results in Tables
3 and 4 provide evidence of the validity and reliability of the
constructs used in the model.

Table 3. Measurement model statistics.

AVEcCRbLoadingsVIFaSDMeanConstruct and items

0.810.950.734.09Performance expectancy (PE)

0.872.526PE1

0.923.792PE2

0.923.711PE3

0.903.462PE4

0.550.790.673.75Effort expectancy (EE)

0.811.099EE1

0.701.473EE2

0.721.465EE3

0.710.880.783.60Facilitating conditions (FC)

0.851.756FC1

0.771.547FC2

0.902.023FC3

0.740.850.693.82Social influence (SI)

0.841.3SI1

0.881.3SI2

0.800.940.634.08Attitude (ATT)

0.934.171ATT1

0.923.603ATT2

0.913.486ATT3

0.832.029ATT4

Behavioral intention (BI)

1110.684.18BI

aVIF: variance inflation factor.
bCR: composite reliability.
cAVE: average variance extracted.

Table 4. Discriminant validity of the constructs.a

54321Constructs

0.896Attitude

0.7420.697Effort expectancy

0.8430.5700.596Facilitating conditions

0.9010.5270.7080.742Performance expectancy

0.8600.6020.6450.6710.646Social influence

aSquare roots of the corresponding average variance extracted are shown in italics.
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Structural Model

The R2 was used to assess the structural model. Overall, the
model explained 70% of the variance in the intention to

recommend the PHR among HCPs (Figure 2). Table 5 presents
the structural model results, while Table 6 presents the test for
moderating effects.

Figure 2. Structural model showing path coefficients (β) and coefficient of determination (R2) (*P<.05, **P<.01). PHR: personal health record.

Table 5. Structural model results.

f 2P valuet-statisticsa (df)βStructural model

0.035.03d2.132 (499).17PEb → BIc

0.870.166 (499)–.01EEe → BI

0.002.630.473 (499).04SIf → BI

0.013.211.241 (499).09FCg → BI

0.369<.016.385 (499).61ATTh → BI

aTwo tailed.
bPE: performance expectancy.
cBI: intention to recommend PHR.
dP<.05.
eEE: effort expectancy.
fSI: social influence.
gFC: facilitating conditions.
hATT: attitude.
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Table 6. Moderation analysis results.

f 2P valuet-statisticsa (df)βAnalysis

Moderation of age

0.910.118 (499).01PEb × AGEc → BId

0.870.159 (499)–.01EEe × AGE → BI

0.001.720.360 (499)–.03FCf × AGE → BI

0.003.530.633 (499).05SIg × AGE → BI

0.001.760.307 (499)–.03ATTh × AGE → BI

Moderation of experience

0.016.091.688 (499).15EE × EXPi → BI

0.003.540.609 (499)–.06SI × EXP → BI

0.840.205 (499)–.01FC × EXP → BI

0.003.550.597 (499)–.05ATT × EXP → BI

Moderation of professional role

0.023.111.598 (499)–.15PE × HCPj → BI

0.003.540.620 (499).04SI × HCP → BI

0.002.660.441 (499).04ATT × HCP → BI

aTwo tailed.
bPE: performance expectancy.
cAGE: age.
dBI: intention to recommend PHR.
eEE: effort expectancy.
fFC: facilitating conditions.
gSI: social influence.
hATT: attitude.
iEXP: experience.
jHCP: health care provider.

Discussion

Principal Findings
To the best of our knowledge, this is the first study to examine
factors that influence HCPs’ intention to recommend PHRs to
patients in the Kingdom of Saudi Arabia. Prior studies in the
country evaluated the challenges in implementing PHRs and
identified HCP resistance as a barrier [63,64]. Although HCPs
are not the primary users of PHRs, their endorsement can
positively influence patient engagement with this technology
[12]. While some providers find promoting the PHR to be an
additional burden, those providers who present a PHR to their
patients as a tool to supplement their care can facilitate patient
adoption [9]. Our study found a high level of awareness among
HCPs, with 88.2% (217/246) having an account and 82.1%
(202/246) recommending patients use the PHR. In our previous
study in patients, HCPs and hospital staff were primarily
responsible for recommending the PHR in 58.7% of patients
who reported using MNGHA Care [18].

Predictors of patient adoption of PHRs may differ from those
that affect HCPs to endorse a PHR [7,12]. Therefore, the

research model for HCPs was slightly different from the one
used for patients [18]. The proposed theoretical model explained
70% of the variance in HCPs’ behavioral intention to
recommend PHRs to patients. Performance expectancy and
attitude were significantly associated with behavioral intention
to recommend the PHR. Much of the literature has shown
performance expectancy as the strongest predictor of intention
to use technology among HCPs [30,38,47]. In patient and
consumer studies of PHRs, performance expectancy has also
been a positive predictor of adoption [50,65-67]. However, the
attitude was the strongest predictor of behavioral intention in
our study. Other studies on PHR adoption have also found
attitude to be an important predictor [47,51].

Our findings did not support the hypothesis that age, years of
experience, and professional role moderate behavioral intention.
Several studies have shown that older and more experienced
HCPs are more resistant to health information technology and
are less comfortable with using technology [35]. Physicians
also have been found to be less enthusiastic about the
introduction of eHealth services [33]. In our study, most had
over 10 years of experience as an HCP (190/289, 65.7%) and
more than 10 years in MNGHA (149/289, 51.6%). Furthermore,
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while Moll and Cajander [25] found differences in attitudes of
HCPs who worked in primary care units compared with
outpatient clinics, most HCPs in this study were from the
hospital (265/284, 93.3%), limiting the ability to draw
comparisons.

Implications for Theory
This research adds to the literature on HCPs’acceptance of PHR
using an adapted UTAUT model. To our knowledge, this is the
first study to extend UTAUT with the construct of attitude in
the context of HCPs’ acceptance of PHR. Only few studies
evaluating HCPs’ acceptance of PHRs have used theory [68].
This study revealed that the adapted UTAUT model was a good
predictive model of HCPs’ behavioral intention to recommend
PHR use. While our model found that performance expectancy
and attitude individually influence behavioral intention, it may
also be the case that attitude mediates the relationship between
performance expectancy and behavioral intention, as proposed
by Dwivedi et al [40].

The original UTAUT explained 76% of the variance in
behavioral intention. No studies on PHR adoption have used
the original UTAUT model [50,65,66,69,70]. The advantage
of the adapted model is a similar predictive power while
parsimoniously eliminating the construct “use behavior” and
the moderator “voluntariness” in the original model. Although
the model explained 70% of the variance in behavioral intention
and provided support for the proposed theoretical model, other
factors may be important for HCPs’ acceptance of PHR. In the
health care setting, UTAUT has been criticized for its focus on
general technology acceptance factors and the inability to
completely explain health information technology adoption
[71]. Therefore, it is recommended that UTAUT be adapted to
fit the health care context by incorporating health behavior
theories, privacy and security issues, and negative factors that
inhibit technology adoption [71].

Implications for Practice
This study provides practical contributions based on the
proposed relationships and supports the need to focus on
strategies to enhance perceived usefulness and a positive attitude
toward the PHR in HCPs. While some patients view
self-management as a burden and prefer the status quo [9], others
will respond to HCP’s endorsement of the use of PHRs. Several
studies identified HCP recommendation as an important factor
in patients’ choosing to use PHRs [2,22,23,72,73]. Lyles et al
[11] found one-on-one training to be the most effective
intervention in PHR implementation in the United States.
Providing short educational sessions to individuals or teams
can facilitate acceptance among HCPs [48]. These training
sessions could be conducted by each department. Training HCPs
on the features available supports successful implementation

by increasing skills and knowledge. Campaigns can also be
directed at promoting awareness among HCPs. Through these
interventions, HCPs will perceive the usefulness of PHRs and
develop more positive attitudes regarding the benefits.
Consequently, they will be more inclined to recommend PHRs
to patients. Through their interactions with HCPs, patients will
perceive PHRs as useful and are more likely to adopt them [66].

Limitations
There are several limitations to this study. While cross-sectional
studies are useful for examining associations, a causal
relationship cannot be established [74]. Snowball and
convenience sampling, both nonprobability sampling strategies,
were used to select participants, limiting generalizability;
however, participants from multiple sites were selected to attain
good representation across MNGHA. Self-administered online
surveys are associated with various biases, including social
desirability response bias, self-selection, and nonresponse bias
[75]. To minimize social desirability response bias, participants
had the option of not answering any question that made them
uncomfortable. To minimize nonresponse bias, HCPs were
contacted multiple times and offered an incentive to encourage
a high response rate.

Recommendations for Future Research
Future studies should evaluate the proposed model in other
contexts. This study involved a large integrated health care
organization. Research in other organizations within the country
and in this part of the world will increase the generalizability
of our findings. Research should also be conducted in individual
HCP groups. Differences in PHR acceptance have been observed
based on a variety of characteristics, including age, gender,
professional role, and practice setting. Future researchers should
focus on HCP group–specific interventions. Finally, while this
study used an open-ended question and checklist (analyzed
separately) to achieve greater depth, one-on-one interviews
would provide valuable data on the motivation of HCPs and
nuances within this context.

Conclusion
This study examined factors affecting HCPs’ behavioral
intention to recommend PHRs to patients in the Kingdom of
Saudi Arabia. The proposed model accounted for 70% of the
variance in behavioral intention, indicating significant predictive
power. Performance expectancy and attitude were significant
predictors of HCPs’ behavioral intention to support PHR use.
Our results suggest that health care organizations should focus
on strategies associated with these factors to improve HCP
support and decrease barriers to patient use of PHRs. Future
research should test this model and explore other predictors in
order to develop successful interventions to encourage the
adoption and continued use of the PHR among patients.
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Abstract

Background: An electronic personal health record (ePHR), also known as a personal health record (PHR), has been broadly
defined as an electronic application through which individuals can access, manage, and share their health information in a secure
and confidential environment. Although ePHRs can benefit individuals as well as caregivers and health care providers, the use
of ePHRs among individuals continues to remain low.

Objective: The current study aims to examine the relationship between human-technology interaction factors and ePHR use
among adults and then to compare the different effects of human-technology interaction factors on ePHR use between younger
adults (18-54 years old) and older adults (55 years of age and over).

Methods: We analyzed data from the Health Information National Trends Survey (HINTS 5 cycle 3) collected from US adults
aged 18 years old and over in 2019. Descriptive analysis was conducted for all variables and each item of ePHR use. Bivariate
tests (Pearson correlation coefficient for categorical variable and F test for continuous variables) were conducted over 2 age
groups. Finally, after adjustments were made for sociodemographics and health care resources, a weighted multiple linear regression
was conducted to examine the relationship between human-technology interaction factors and ePHR use.

Results: The final sample size of 1363 (average age 51.19) was divided into 2 age groups: 18 to 54 years old and 55 years old
and older. The average level of ePHR use was low (mean 2.76, range 0-8). There was no significant difference in average ePHR
use between the 2 age groups. Including clinical notes was positively related to ePHR use in both groups: 18 to 54 years old
(β=.28, P=.005), 55 years old and older (β=.15, P=.006). Although accessing ePHRs using a smartphone app was only associated
with ePHR use among younger adults (β=.29; P<.001), ease of understanding health information in ePHRs was positively linked
to ePHR use only among older adults (β=.13; P=.003).

Conclusions: This study found that including clinical notes was positively related to ePHR use in both age groups, which
suggested that including clinical notes as a part of ePHRs might improve the effective use of ePHRs among patients. Moreover,
accessing ePHRs using a smartphone app was associated with higher ePHR use among younger adults while ease of understanding
health information in ePHRs was linked to higher ePHR use among older adults. The design of ePHRs should provide the option
of being accessible through mobile devices to promote greater ePHR use among young people. For older adults, providers could
add additional notes to explain the health information recorded in the ePHRs.

(J Med Internet Res 2021;23(10):e27966)   doi:10.2196/27966
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Introduction

Electronic Personal Health Record and Its Functions
An electronic personal health record (ePHR), also known as a
personal health record (PHR), was broadly defined by the
Markle Foundation (2004) to be an electronic application
through which individuals can access, manage, and share their
health information in a secure and confidential environment
[1]. Unlike the electronic health record that is managed by health
care providers, an ePHR is managed by individuals [2]. Pagliari
and colleagues [3] summarized 7 potential functions of ePHRs:
(1) access to health care providers’ electronic clinical records
(eg, history, drugs, test results); (2) personal health organizer
or diary (eg, clinics, doctors, tests, dates, nonprescribed
treatments, scanned documents); (3) self-management support
(eg, care plans, graphing of symptoms, passive biofeedback,
tailored instructive or motivational feedback, decision aids, or
reminders); (4) secure patient-provider communication for
scheduling appointments, reordering prescriptions, or seeking
advice (eg, patient-doctor email); (5) links to static or
informative information about illnesses, treatments, or self-care;
(6) links to sources of support; and (7) collective data on
symptom or health behavior data by self-report or objective
monitoring through electronic devices.

Benefits of Using ePHRs
Using ePHRs allows individuals to access and coordinate their
health information and to share appropriate parts to those who
need it [1]. The use of ePHRs can benefit individuals as well
as caregivers and health care providers [2,3]. For individuals,
ePHRs provide them with credible health information, data, and
guidance on potential ways to self-manage diseases and improve
health, which facilitates collaborative disease tracking and
improved communication between individuals (or their
caregivers) and health care providers [2,3]. Moreover, ePHRs
provide health care providers with more data on individuals,
which allows the provider to make informed decisions, as well
as improve the efficiency of care by empowering individuals’
active involvement in health care and enabling PHR-mediated
electronic communication [2,3]. For payers and purchasers of
health care, the use of ePHRs has the potential to lower costs
on chronic disease management, medications, and wellness
programs [2]. Several studies have been conducted to evaluate
some of the benefits of using ePHRs [4]. For example, a clinical
trial testing the effects of ePHRs on advance care planning
delivery in primary care settings revealed that using ePHRs
improved advanced care planning documentation and quality,
especially among patients between 50 and 60 years of age [5].
Another study evaluated the impact of using a decision module
through ePHRs to inform cancer screening and demonstrated
that participants’decision on cancer screening can be proactively
facilitated through an ePHR decision module [6]. Aside from
primary care and preventive care settings, ePHRs also play a
positive role in mental health care settings. In a study that
compared scores of Patient Health Questionnaire 9 between
participants who used ePHRs with their collaborative care
managers and those who did not use ePHRs, Pecina and
colleagues [7] suggested that ePHR users had a higher number

of contacts with care managers and showed higher depression
remission.

ePHR Use and Age Disparity
Although ePHR use has been promoted and health care providers
have offered most of their patients access to ePHRs [8], the use
of ePHRs among individuals continues to remain low. Using
data from the Health Information National Trends Surveys
(HINTS) in 2008, 2011, and 2013, a study predicted that the
ePHR adoption rate would exceed 75% by 2020 [9]. Although
the most recent data of the ePHR use rate in 2020 are not
available, a study analyzing data from the HINTS data set in
2018 reported that the use of ePHRs in the United States was
only 31.4% [10]. The relationship between age and ePHR use
has been documented in previous studies, which indicate that
younger age is related to higher ePHR use and that patients who
are younger are more likely to use ePHRs [11,12]. Pagliari and
colleagues [3] pointed out that older adults had poor technical
skills that might cause access disparities regarding use of ePHRs.
When encountering technology, older adults face physical or
cognitive challenges [13-15]. Age-related changes in functional
abilities, such as sight loss, hearing loss, decreased kinesthetic
ability, and decreased psychomotor and cognitive skills pose
barriers for older adults to use technology [13,14,16]. Previous
studies have documented barriers to adopting ePHRs among
older adults, including a lack of confidence in the ability to use
technology [17], concerns related to privacy [18], problems
with access to computers or devices and the PHR system [15],
and low health literacy or computer literacy [15]. Examining
the human-technology interaction factors associated with ePHR
use among individuals in different age groups might inspire
tailored ePHR design and training regarding ePHR use among
people from different age groups.

After reviewing 97 studies regarding factors that affect the use
of ePHRs among patients, a systematic review identified 3
human-technology interaction factors that affect ePHR use:
perceived usefulness (positively), internet access (positively),
and privacy and security concerns (negatively) [19]. Previous
studies have also suggested that other human-technology
interaction factors including perceived ease of use [20,21],
difficulty getting onto the system [22], and response costs [23]
are associated with the use of ePHRs; however, Abd-Alrazaq
and colleagues [19] believe that more evidence is needed to
draw a firm conclusion regarding these factors.

This Study

Broadly, the use of ePHRs provides benefits not only to
individuals and caregivers, but also health care providers. Thus,
the US Department of Health and Human Services has made
investments and efforts to improve ePHR use [8]. Despite the
low rate of ePHR use and the digital divide between different
age groups, previous studies have not investigated the different
effects of human-technology interaction factors on ePHR use
between different age groups. Controlling for sociodemographics
and health care resources, the current study aims to examine
the relationship between human-technology interaction factors
and ePHR use among adults and to then compare the different
effects of human-technology interaction factors on ePHR use
between younger adults (18-54 years old) and older adults (55
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years old and older). Although 65 years is widely used as a
cutoff point for older adults, using 55 years as the cutoff point
in this study was based on previous literature on technology use
among older adults. In the United States, the National
Telecommunications and Information Administration (2011)
used 55 years as a cutoff point and reported that older Americans
aged 55 years and older had the lowest adoption rate of
broadband [24]. Moreover, a European project, “ICT 4 the
Elderly”, developed to improve older adults’ digital skills, also
defined older adults using 55 years as a cutoff point [25]. Other
literature that has studied the use of health information
technology among older adults has used 55 as a cutoff point as
well [10,26,27].

Methods

Data Collection
In this study, we used the most recent iteration of the HINTS 5
(cycle 3) [28] collected from US adults aged 18 years old and
over in 2019. HINTS is a national representative data set from
the National Cancer Institute, and it routinely collects data about
the American public’s knowledge of, attitudes toward, and use
of cancer- and health-related information. Since 2003, HINTS
has been used by researchers to understand health
communication through the internet in the information age
among American adults. Two-stage sampling strategy and
two-sampling strata (high- and low-minority strata) were applied
during the data collection phase. Random samples of household
addresses were selected in the first stage, and 1 adult within
each sampled household was randomly selected in the second
stage. All selected households received a total of 4 mailings:
an initial mailing with a US $2 incentive, a reminder postcard,
and 2 follow-up mailings. Participants were provided with 2
toll-free phone numbers (for English and Spanish calls) if they
had questions, concerns, or requests for the Spanish survey.
Each returned questionnaire was scanned, verified, cleaned, and
edited. The final sample yielded 4448 potential respondents
with a response rate of 30.2% (4448/14,730) and 3370
completed questionnaires. Only participants who had accessed
their ePHRs at least 1 time in the past 12 months were included
in this study. The final sample size of 1363 was divided into 2
age groups: 18 to 54 years old and 55 years old and older.

Dependent Variable
The dependent variable of interest was ePHR use. Participants
who accessed their ePHRs at least once in the past 12 months
were asked if in the past 12 months they used their online
medical record to do any of the following: request a refill of
medications; look up test results; request correction of inaccurate
information; securely message health care provider and staff;
download health information to a computer or mobile device,
such as a cell phone or tablet; add health information, such as
health concerns, symptoms, and side effects, to share with a
health care provider; and help make decisions about how to
treat an illness or condition. Each item was answered with a yes
or no response by respondents (0=no, 1=yes). The eighth item
of ePHR use pertained to sending health information
electronically. Participants were asked if they had electronically
sent their medical information to another health care provider,

to a family member or another person involved with their care,
or to a service or app that could help manage and store their
health information. This response was also answered with a yes
or no response for each option. Participants who selected yes
on one of the options were coded as yes on sending health
information electronically, while participants who selected no
on all 3 options were coded as no on sending health information
electronically (0=no, 1=yes). The total ePHR use score was
obtained by summing up all 8 items and was analyzed as a
continuous variable (range from 0 to 8).

Sociodemographics and Health Care Resources

Sociodemographics
Sociodemographic variables including gender (0=male,
1=female), urbanity (0=rural, 1=urban), and educational
attainment (0=below bachelor’s degree, 1=bachelor’s degree
and above) were included.

Health Care Resources
Having a regular health care provider (0=no, 1=yes) and
frequency of visiting health care providers in the past 12 months
(0=0-3 times, 1=4 times and above) were included. Having
family or friends to talk to about health was also included and
analyzed as a dichotomous variable (0=no, 1=yes).

Human-Technology Interaction Factors

Including Clinical Notes
Respondents were asked the following: “Do any of your online
medical records include clinical notes (health provider’s notes
that describe a visit)?”, with responses yes, no, and “don’t
know.” After responses of no and “don’t know” were combined
into 1 category, a dichotomous variable was obtained
(0=no/don’t know, 1=yes).

Ease of Understanding
To determine ease of understating, a 4-point scale was used for
participant responses to the following question: “How easy or
difficult was it to understand the health information in your
online medical records?” Ease of understanding was analyzed
as a continuous variable ranging from 0 to 3 (0=very difficult,
1=somewhat difficult, 2=somewhat easy, 3=very easy).

Access via Smartphone App
Respondents were asked the following question: “Did you use
a smartphone health app to access your online medical record?”,
with responses categorized as yes, no, and “don’t know.”
Responses of no and “don’t know” were grouped into 1
category; thus, a dichotomous variable was used for the
accessibility of a smartphone app (0=no/don’t know, 1=yes).

Statistical Analysis
Three researchers in this study devised the statistical analysis
plan, and the statistical analyses were conducted by YL. The
results and interpretation were reviewed by KD and CI. As the
complex sampling procedure was applied in the HINTS data
collection, the data analysis in this study was conducted using
STATA/SE 5.1 (StataCorp), which allowed for incorporating
the jackknife replicate weights to assess variation estimation.
Descriptive analysis was conducted for all variables and each
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item of ePHR use. Bivariate tests (Pearson correlation coefficient
for categorical variables and F test for continuous variables)
were conducted over the 2 age groups. Finally, after
sociodemographics and health care resource factors were
adjusted for, a weighted multiple linear regression was
conducted to examine the relationship between
human-technology interaction factors and ePHR use. The final
sample weight was used to obtain population estimates, and 50
jackknife replicate weights were used to obtain variation
estimates. Listwise deletion of participants was also applied in
all analyses.

Results

Description of Sociodemographics, Health Care
Resources, and Human-Technology Interaction Factors
The average age of all participants was 51.18 years. According
to Table 1, more than half of the participants were female
(762/1266, 57.12% weighted), and less than half of the
participants had a bachelor’s degree or above (790/1334, 39.

91% weighted). The majority of participants were from urban
areas (1245/1363, 89.75% weighted). In terms of health care
resources, more than three-quarters of the participants had a
regular health care provider (1091/1339, 78.35% weighted),
and around half of the participants visited health care providers
more than 4 times in the past 12 months (690/1346, 49.43%).
Most of participants reported that they had friends or family to
talk to about health (1167/1332, 85.62% weighted). With regard
to human-technology interaction factors of ePHRs, about 40%
of participants reported that they accessed their ePHRs using a
smartphone app (436/1290, 39.56% weighted), and half of the
participants said their ePHRs included clinical notes (650/1278,
50.34% weighted). Participants tended to report that it was easy
to understand health information in ePHRs (mean 2.31, range
0-3). Table 1 also shows the significant differences in having
a regular provider and accessing ePHRs using a smartphone
app between the 2 age groups (P<.001). More older adults (55
years old and older) reported having a regular health provider,
while more younger adults (18-54 years old) reported accessing
ePHRs using a smartphone app.
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Table 1. Description of sociodemographics, health care resources, and human-technology interaction factors (N=1363).

P value55 years old and older18-54 years oldAllCharacteristic

Sociodemographics, n (%)

Gender

.27309 (45.7)190 (41.4)504 (42.88)Male

414 (54.3)342 (58.6)762 (57.12)Female

.99Urbanity

68 (10.3)46 (10.2)118 (10.25)Rural

706 (89.7)505 (89.8)1245 (89.75)Urban

.10Education

354 (64.2)182 (58.0)544 (60.09)Below Bachelor’s degree

416 (35.8)369 (42.1)790 (39.91)Bachelor’s degree and above

Health care resources, n (%)

<.001Regular health care provider

86 (11.4)150 (27.0)248 (21.65)No

676 (88.6)395 (73.0)1091 (78.35)Yes

.47Frequency of visiting health care provider

334 (48.5)297 (51.6)656 (50.57)0-3 times in the past 12 months

421 (51.5)253 (48.4)690 (49.43)4 times and above in the past 12 months

.41Having friends/family to talk to about health

91 (16.2)68 (13.5)165 (14.38)No

666 (83.8)481 (86.5)1167 (85.62)Yes

Human-technology interaction factors, n (%)

<.001Accessing ePHRsa using smartphone app

528 (71.8)305 (54.8)854 (60.44)No/don’t know

193 (28.2)238 (45.2)436 (39.56)Yes

.40ePHRs include clinical notes

345 (46.8)265 (51.1)628 (49.66)No/don’t know

369 (53.2)275 (48.9)650 (50.34)Yes

.422.282.332.31Ease of understanding ePHRs health information (range 0-3),
mean

aePHRs: electronic personal health records.

Description of ePHR Use
Participants’ ePHR use is reported in Table 2. The average level
of ePHR use was low (mean 2.76, range 0-8). There was no
significant difference in average ePHR use between the 2 age
groups. Table 2 also shows the rate on each item of ePHR use.
Specifically, the majority of participants used ePHRs to look
up test results (1081/1277, 84.59% weighted). Around half of
the participants used ePHRs to request a refill of medications
(596/1276, 46.57% weighted) and securely message health care
provider and staff (686/1278, 52.96% weighted). About
one-quarter of participants used ePHRs to download health
information to a computer or mobile device (292/1276, 25.88%

weighted), add health information to share with health care
providers (307/1278, 23.58% weighted), and help make a
decision about how to treat an illness or condition (324/1274,
24.77% weighted). A small percentage of participants used
ePHRs to request correction of inaccurate information
(104/1263, 7.58% weighted) and electronically send health
information (108/1268, 9.62% weighted). Significant differences
between the 2 age groups were found related to using ePHRs
to “download health information to a computer or mobile
device,” indicating that more younger adults used ePHRs to
download health information to computers or mobile devices
(P=0.04).
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Table 2. Description of the use of electronic personal health records among participants (N=1363).

P valuesb55 years old and
above, n (%)

18-54 years
old, n (%)

Total, n (%)Participant use of ePHRa in the past 12 months

.13370 (51.8)218 (44.0)596 (46.57)1. Request refill of medications

.75605 (85.3)462 (84.2)1081 (84.59)2. Look up test results

.3463 (6.1)39 (8.3)104 (7.58)3. Request correction of inaccurate information

.10377 (49.0)302 (54.9)686 (52.96)4. Securely message health care provider and staff (for example, email)

.04 c144 (20.1)147 (28.7)292 (25.88)5. Download your health information to your computer or mobile device, such as a
cell phone or tablet

.74173 (22.8)134 (24.0)307 (23.58)6. Add health information to share with your health care provider, such as health
concerns, symptoms, and side effects

.94188 (25.0)130 (24.7)324 (24.77)7. Help you make a decision about how to treat an illness or condition

.2641 (7.7)65 (10.6)108 (9.62)8. Electronically send health information

aePHR: electronic personal health record.
bF test was used for all items.
cItalics indicate P<.05.

Weighted Multiple Linear Regression on
Human-Technology Interaction Factors in Predicting
ePHR Use Between 2 Age Groups
The regression analysis included 494 participants between 18
and 54 years old and 610 participants older than 55 years old.
According to Table 3, at least 2 of the human-technology
interaction factors of ePHRs were associated with the use of
ePHRs among participants in both age groups. Including clinical
notes was positively related to ePHR use in those 18 to 54 years

old (β=.28; P=.005) and those 55 years old and older (β=.15;
P=.006). Although accessing ePHRs using a smartphone app
was only associated with ePHR use among younger adults
(β=.29; P<.001), ease of understanding health information in
ePHRs was positively linked to ePHR use only among older
adults (β=.13; P=.003). Other than some human-technology
interaction factors, having a regular health care provider and
having friends or family to talk to about health were positively
associated with the use of ePHRs among younger adults.

Table 3. Weighted multiple linear regression on human-technology interaction factors predicting electronic personal health record use between 2 age
groups.

P valuesStandardized coef-
ficient for 55 years
old and older (β)

P valuesStandardized coef-
ficient for 18-54
years old (β)

Predictor of use of ePHRsa

Sociodemographics

.27–.06.89.01Gender: female (refb=male)

.76.04.40.08Urbanity: urban (ref=rural)

.44.11.44–.05Education: bachelor’s degree and above (ref=below bachelor’s degree)

Health care resources

.08.12.04.14Regular health care provider: yes (ref=no)

.36.05.31.02Frequency of visiting health care provider: 4 times and above (ref=0-3 times)

.19.10.005.12Having friends/family to talk to about health: yes (ref=no)

Human-technology interaction factors

.14.10<.001.29Accessing ePHRs using smartphone app: yes (ref=no/don’t know)

.006.15.005.28ePHRs include clinical notes: yes (ref=no/don’t know)

.003.13.89–.01Ease of understanding ePHR health information (range:0-3)

aePHRs: electronic personal health records.
bref: reference.
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Discussion

Principal Results and Comparison to Prior Work
Analyzing the most recent iteration of the HINTS collected in
2019, this study aimed to examine the relationship between
human-technology interaction factors and ePHR use among
adults and then to compare its different effects between younger
adults (18-54 years old) and older adults (55 years old and older)
while controlling for sociodemographics and health care
resources.

The Level of ePHR Use Among Younger Adults and
Older Adults
This study found that the average level of ePHR use was low
(mean 2.76, range 0-8). This is in line with Hong and colleagues’
[10] study that reported the use of ePHRs in the United States
to be 31.4%. However, while Hong et al measured ePHR use
by asking participants whether they had accessed ePHRs in the
past 12 months (yes or no), our study only included participants
who had accessed their ePHRs at least once in the past 12
months and measured the use level of different ePHR functions
(eg, request refills of medications, look up test results, message
health care provider and staff). This suggested that even among
participants who accessed ePHRs, the use of ePHR functions
is still low. The study also found that there was no significant
difference in average ePHR use between the 2 age groups, which
contradicts the findings of Greenberg et al [11] and McInnes et
al [12], who reported younger age to be related to higher ePHR
use. Including performance expectancy, effort expectancy, social
influence, and facilitating conditions as independent variables,
2 studies conducted by Abd-Alrazaq and colleagues [29,30]
found that age moderated the effects of performance expectancy,
effort expectancy, and facilitating conditions on intention to
use ePHRs. The moderating effect of age might be able to
explain the nonsignificant finding of age difference in our study,
which suggests that future studies are needed to explore the
moderating effect of age using the current data set and
measurements.

Human-Technology Interaction Factors Associated
With ePHR Use
In terms of human-technology interaction factors associated
with ePHR use, this study found that including clinical notes
was positively related to ePHR use in both age groups. Previous
studies examining the relationship between including clinical
notes and ePHR use rates were not found. Nonetheless, in a
survey evaluating veterans’ access to an ePHR program called
My HealtheVet Pilot, participants reported the highest rates
(585/657, 89%) on using patient records including clinical notes
or lab test results, and participants perceived that viewing
medical records including clinical notes was the most useful
feature of the ePHR programs [31]. In a qualitative study
exploring participants’ views on the My HealtheVet Pilot,
participants identified that clinical notes promoted active patient
participation by helping them prepare for the clinical visit, gain
insight about their health and treatment plans, and gain insight
into the providers’ perspectives [32].

Regarding the different effects of human-technology interaction
factors on ePHR use between the 2 age groups, accessing ePHRs
using a smartphone app was significantly associated with ePHR
use among younger adults while ease of understanding health
information in ePHRs was significantly linked to ePHR use
among older adults.

In terms of accessing ePHRs using a smartphone app, our
findings are consistent with Bell et al’s [33] findings that
indicate accessing ePHRs through a mobile app to be associated
with higher ePHR use. However, a conflicting finding was found
in 2 previous studies: using the ePHRs only via a mobile device
was related to infrequent use of ePHRs [34,35]. This discrepancy
might be the result of samples with different characteristics in
different studies being used. The study from Bell et al [33] was
conducted among adults after elective orthopedic surgery, the
study from Graetz et al [34] was conducted among adult patients
with diabetes, and the study from Jung et al [35] was conducted
with adults in South Korea. Moreover, previous studies showed
that younger participants are more likely to use ePHRs only via
a mobile device [33,34], which was also found in our study.
The bivariate analysis of our study also indicated that younger
adults were more likely to download health information to
computers or mobile devices, such as a cell phone or tablet,
which highlighted the significant role of mobile devices in ePHR
use among younger adults.

Another human-technology interaction factor, ease of
understanding health information in ePHRs, was found to be
significantly linked to ePHR use among older adults but not
younger adults. This finding is in line with Abd-Alrazaq et al’s
[29,30] studies, which suggested that perceived ease of use is
positively associated with the intention to use ePHRs, with this
relationship being stronger among older patients. This difference
might be explained by the lower health literacy among older
adults compared to their younger counterparts [36].

Conclusions
The purpose of this cross-sectional study was to examine the
relationship between human-technology interaction factors and
ePHR use among adults and then compare its different effects
between younger adults (18-54 years old) and older adults (55
years old and older). The study found that the average level of
ePHR use was low and that there was no significant difference
in average use of ePHRs between the 2 age groups. Regarding
the human-technology interaction factors, including clinical
notes was positively related to ePHR use in both age groups,
and accessing ePHRs using a smartphone app was positively
associated with ePHR use among younger adults, while ease of
understanding health information in ePHRs was a positive factor
for ePHR use among older adults. The current study showed
that there is a significant relationship between human-technology
interaction factors and ePHR use and that the human-technology
interaction factors associated with ePHR use vary across
different age groups. In order to broadly promote the use of
ePHRs, the design of ePHRs should take significant
human-technology interaction factors into consideration, and
the education or training regarding ePHR use should be provided
for both health care providers and patients, especially for older
adults.
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Limitations
There are several limitations of this study. First, this study used
a cross-sectional data set that was not able to examine causality
between human-technology interaction factors and ePHR use.
Second, the this study only included participants who were
offered accesses to their ePHRs and accessed their ePHRs at
least once in the past 12 months. Only 34% of US adults
reported that they were offered access to their ePHRs [37], and,
of those patients who were offered ePHR access, only 30% of
patients actually accessed their ePHRs at least once in a year
[11]. In order to promote meaningful use of ePHRs and
maximize the benefit of ePHRs for patients, future studies may
explore the factors that affect offering ePHR access to patients
and patients’ not accessing ePHRs even with access being
granted. Finally, ePHR use in this study was measured by 8
self-reported items regarding the purposes for which participants
used ePHRs, which might not have accurately recorded the
actual use of ePHRs among participants. Future studies may
consider using data including the frequencies and times that
participants login to their ePHR accounts.

Implications for Practice and Future Research
Despite these limitations, this study is the first of its kind to
examine the association between human-technology interaction
factors and ePHR use among US adults and to compare its
different effects between younger adults (18-54 years old) and
older adults (55 years old and older). The findings of this study
provide implications for practice and future research. This study
found that including clinical notes was positively related to
ePHR use in both age groups, which suggests that including
clinical notes as a part of ePHRs might improve the effective
use of ePHRs among patients. Although clinical notes can serve
as a fundamental feature for ePHRs, participants in Woods et
al’s [32] study also demonstrated difficulties in seeing clinical
notes, such as the use of derogatory terms, stress when seeing
detailed personal information, and challenging conversations
with providers. Although our study only examined “including
clinical notes” as a single item, future studies are needed to
explore patients’ preferences on the type of clinical notes that
should be included in ePHRs. This will also maximize the
meaningful use of clinical notes. Moreover, this study found
that accessing ePHRs using a smartphone app was associated
with higher ePHR use among younger adults while ease of
understanding health information in ePHRs was linked to higher

ePHR use among older adults. The design of ePHRs should
provide the option of being accessible through mobile devices
to promote greater ePHR use among young people. For older
adults, providers could add additional notes to explain the health
information recorded in the ePHRs.

Empirical evidence has demonstrated that ePHRs provide
consumers with easy and convenient access to their health data
[1]. As the landscape of personal health care delivery changes
due to increased technological advancements, there will be
continued use of ePHRs. By addressing the concerns related to
clarity in clinical notes for older adults and a simpler app
platform for younger adults, ePHRs can increase access to health
care data for both younger and older adults. With this increased
use and access, it is important to highlight the benefits of using
ePHRs in rural communities. Rural communities are often
racially diverse, older, and tend to have lower incomes with
limited access to health care [38]. In rural communities,
telehealth is being used to address inequities in health care.
Coupled with telehealth options, ePHRs can provide greater
access to health data for individuals who reside in rural
communities. This ease of access is also critical during times
of prolonged crises, such as a pandemic. Since the coronavirus
outbreak in March 2020 in the United States, the country has
dealt with unprecedented circumstances in the medical field as
medical staff continue to serve patient's routine and emergent
health care needs. The use of and access to health care data
through ePHRs has allowed patients to stay in touch with their
providers while allowing protective social distancing measures
to remain in place, especially for older adults who are at higher
risk. Properly educating physicians and consumers on the
benefits of ePHRs and how to use ePHRs to access data at any
time will increase communication between the physicians and
consumers. This will also aid consumers in adjusting to changes
in health care delivery as it allows them to continue to feel
connected to their health care provider during such a critical
time in health care. During a pandemic, voluntary participation
in data sharing via ePHRs would allow health authorities access
to critical data on medical diagnoses that indicate who is at an
elevated risk for additional negative impacts from COVID-19
[39]. This access could allow for valuable protective measures
to be extended for at-risk populations and keep health authorities
apprised of the success or failure of proactive measures to
protect these higher-risk groups.
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Abstract

Background: Comprehensive multi-institutional patient portals that provide patients with web-based access to their data from
across the health system have been shown to improve the provision of patient-centered and integrated care. However, several
factors hinder the implementation of these portals. Although barriers and facilitators to patient portal adoption are well documented,
there is a dearth of evidence examining how to effectively implement multi-institutional patient portals that transcend traditional
boundaries and disparate systems.

Objective: This study aims to explore how the implementation approach of a multi-institutional patient portal impacted the
adoption and use of the technology and to identify the lessons learned to guide the implementation of similar patient portal
models.

Methods: This multimethod study included an analysis of quantitative and qualitative data collected during an evaluation of
the multi-institutional MyChart patient portal that was deployed in Southwestern Ontario, Canada. Descriptive statistics were
performed to understand the use patterns during the first 15 months of implementation (between August 2018 and October 2019).
In addition, 42 qualitative semistructured interviews were conducted with 18 administrative stakeholders, 16 patients, 7 health
care providers, and 1 informal caregiver to understand how the implementation approach influenced user experiences and to
identify strategies for improvement. Qualitative data were analyzed using an inductive thematic analysis approach.

Results: Between August 2018 and October 2019, 15,271 registration emails were sent, with 67.01% (10,233/15,271) registered
for an account across 38 health care sites. The median number of patients registered per site was 19, with considerable variation
(range 1-2114). Of the total number of sites, 55% (21/38) had ≤30 registered patients, whereas only 2 sites had over 1000 registered
patients. Interview participants perceived that the patient experience of the portal would have been improved by enhancing the
data comprehensiveness of the technology. They also attributed the lack of enrollment to the absence of a broad rollout and
marketing strategy across sites. Participants emphasized that provider engagement, change management support, and senior
leadership endorsement were central to fostering uptake. Finally, many stated that regional alignment and policy support should
have been sought to streamline implementation efforts across participating sites.

Conclusions: Without proper management and planning, multi-institutional portals can suffer from minimal adoption. Data
comprehensiveness is the foundational component of these portals and requires aligned policies and a key base of technology
infrastructure across all participating sites. It is important to look beyond the category of the technology (ie, patient portal) and
consider its functionality (eg, data aggregation, appointment scheduling, messaging) to ensure that it aligns with the underlying
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strategic priorities of the deployment. It is also critical to establish a clear vision and ensure buy-ins from organizational leadership
and health care providers to support a cultural shift that will enable a meaningful and widespread engagement.

(J Med Internet Res 2021;23(10):e28924)   doi:10.2196/28924

KEYWORDS

patient portal; electronic health record; patient health record; digital health

Introduction

Background
Effective health care requires patient-centered and integrated
health services coordinated across multidisciplinary teams and
delivery settings [1,2].

Efficient communication and health information exchange
between patients, providers, and caregivers across settings is
currently lacking, jeopardizing patient safety and health system
costs [3-5]. To address this gap, health systems are increasingly
investing in patient portals that enable timely and comprehensive
information access through a single channel by patients [6,7].
Broadly speaking, patient portals offer secure electronic access
to clinical information collected by one or more health care
institutions [8,9]. They are related to but distinct from personal
health records, which store health data compiled, managed, and
updated by patients [10].

Comprehensive patient portals that enable access to data from
multiple health services (ie, internal and external laboratories,
diagnostic images, and discharge reports) have been shown to
reduce duplicate testing [11] and enhance communication
[12,13]. The primary argument for patient portals is not that
they intend to create value for money; rather, they foster patient
empowerment and self-management and improve patients’
engagement in their care [14]. The downstream anticipated
impact of this includes improved health outcomes [12,13,15-18]
and reduced health resource usage [19-22]. However, suboptimal
implementation threatens the potential realization of benefits.
For instance, approximately 90% of the US health care systems
and providers offer patient portals; however, only 15% to 30%
of patients report using these resources [23,24]. Australia has
noted similar adoption rates, with only 22% of citizens registered
on their national portal since its launch in 2012 [25]. Several
factors hinder adoption and use, including privacy concerns
[18], low motivation to enroll [26], design and usability
problems [18,27,28], and issues related to health or technical
literacy [28] and equitable access [29]. In addition, the
implementation of a comprehensive multi-institutional portal
requires system interoperability and interorganizational
coordination, which is often difficult to achieve across
fragmented health services [7,15].

Although barriers and facilitators to patient portal adoption are
well documented [9,14,17,30], there is a dearth of evidence on
how the implementation process interacts with individual and
organizational contexts [13]. This makes it difficult to discern
the specific processes or factors that underpin the success or
failure of the implementation. In response to this knowledge
gap, we conducted an evaluation of a multi-institutional patient

portal deployment to understand the experiences of patients,
health care providers, and administrators.

Objectives
The specific objectives are to explore how the implementation
approach impacts the adoption and usage of a patient portal and
to identify lessons learned when implementing
multi-institutional patient portals that transcend traditional
boundaries and disparate systems.

Methods

Study Design
This multimethod study included an analysis of routinely
collected usage data that were extracted from the portal by the
vendor to understand use patterns during the first 15 months of
implementation (between August 2018 and October 2019). In
addition, qualitative semistructured interviews were conducted
with patients (and their informal caregivers when applicable),
health care providers, and administrative stakeholders to
understand how the implementation approach influenced patient
and provider experiences and overall usage. Ethics approval
was received from the Research Ethics Board of the Women’s
College Hospital (REB approval no. 2019-0035-E). The
reporting of this study was guided by the Consolidated Criteria
for Reporting Qualitative Research checklist [31].

Study Setting
Southwestern Ontario (SWO) is a region of Ontario, Canada,
that includes rural, suburban, and urban populations. The
approximately 3.6 million residents of SWO represent 30% of
Ontario’s population [32]. Over 45,000 health care providers
in SWO securely access publicly stored patient information
through a regional webportal (ClinicalConnect) [32].
ClinicalConnect is a provider-facing viewer that consolidates
data from 72 acute care hospitals, 4 home and community care
organizations, and 4 regional cancer care programs in SWO
[32]. It enables access to 4 provincial data repositories that house
diagnostic imaging reports, drug information, laboratory results,
and acute care information.

In 2017, Hamilton Health Sciences (HHS), a hospital network
consisting of 7 hospitals and a regional cancer center, received
funding from Canada Health Infoway, a not-for-profit
organization funded by the federal government, to deploy a
multi-institutional patient portal for residents in the region [33].
This initiative represents one of the largest deployments of a
patient-facing digital health access channel in Ontario. To
develop the portal, HHS collaborated with Sunnybrook Health
Sciences Centre, a Toronto hospital that adapted its
hospital-developed patient portal (MyChart) for the SWO region.
To enable access to information across multiple systems,
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MyChart was integrated with ClinicalConnect rather than being
directly tethered to individual institutional electronic patient
record systems. Organizations in SWO contributing data to
ClinicalConnect were required to sign agreements to enable
their data to flow to MyChart for patient access.

The MyChart implementation was launched in August 2018,
with a target of 65,000 registered users by December 2019.
MyChart was rolled out in stages, as site agreements were
finalized with the participating organizations. Patient enrollment
was only available in person at each site at the time of this study
but was later made available via the internet in March 2020

because of the COVID-19 pandemic. Participating sites were
responsible for independently determining what data would be
uploaded and with how much delay and for creating
implementation processes, such as onboarding of the patient
and provider to the portal. Participating sites also had the
flexibility to control the availability of portal features (eg, direct
messaging) for patients accessing care at their sites (a full list
of functionalities is given in Textbox 1). As of January 20, 2020,
there were 48 sites contributing data to the regional MyChart
and 38 sites actively offering the portal to their patients out of
a possible 57 sites that had signed data-sharing agreements in
SWO.

Textbox 1. Key functions of the regional MyChart patient portal.

Regional MyChart patient portal functionality

• Access a subset of their clinical information from any location at any time.

• Record and manage certain personal health information electronically.

• Delegate viewing of their record to caregivers and providers who accept a patient’s request to receive access through their own MyChart accounts.

• Send direct messages to authorize MyChart account delegates (ie, clinicians), although very few organizations leveraged this feature.

Participant Recruitment

Overview
Initial recruitment used purposive and snowball sampling of
providers and administrative staff at 2 early adopter
organizations—HHS and Huron Perth Healthcare Alliance.
Patients were recruited through convenience sampling, and
recruitment posters were posted in waiting rooms and hospital
staff notified eligible patients of the study. We used a maximum
variation sampling strategy with the aim of recruiting a
representative patient and provider sample. In particular, age,
sex, health care condition, and geographic location (urban or
rural) were considered. Provider recruitment targeted different
health care professions and diverse clinical areas. Interviews
were also sought with administrative stakeholders representing
a variety of organizational roles and responsibilities in relation
to implementation. Owing to slower than anticipated adoption
of the portal, recruitment was expanded beyond HHS and Huron
Perth Healthcare Alliance to include all partner organizations
in SWO. Interview participants were asked to refer colleagues
or contacts that could provide relevant insights following the
completion of their interview.

Data Collection
Sunnybrook Health Sciences Centre provided aggregate,
deidentified use data between August 2018, when MyChart was
first implemented, and October 2019, the most recent month at
the time of analysis. Data elements included the number of
registered users, total number of log-ins per user, number of
users who granted delegate access, number of users who
recorded personal health information independently, and the
page views for the various sections. In addition, they provided
a summary of the number of users who logged in more than
once and more than five times during October 2019.

Semistructured qualitative interviews, which lasted 30 to 60
minutes, were conducted over telephone between April and

December 2019 with administrative implementation
stakeholders, patients, caregivers, and health care providers who
were informed of the study objectives. The interview guides
included questions on implementation strategy, barriers and
enablers to patient portal use, impact on the Quadruple Aim
framework (patient experience, provider experience, health care
costs, and health outcomes) [34], and suggestions for
improvement. Interviews were conducted by members of the
research team (JB and JG) who had no relationship with eligible
providers or patient or caregiver participants. Some of the
administrative stakeholders were familiar with the interviewers
given their roles in the SWO community. All interviews were
audio recorded and transcribed verbatim by a third party. Verbal
consent was obtained before the interviews, and participants
were given a US $13 gift card as a token of appreciation.

Data Analysis
Aggregate quantitative data were analyzed using descriptive
summary statistics (eg, calculating frequencies and averages)
with Excel software (Microsoft Corporation) to understand use
patterns, including which features of the portal were most
frequently used and how often the portal was accessed.

Qualitative data were analyzed using an inductive thematic
analysis approach, which aimed to identify recurring patterns
across a data set [35]. Two researchers (JB and JG) developed
a preliminary codebook by independently coding the first 3
interview transcripts. The 2 researchers then discussed the codes,
clarified and resolved discrepancies, and created a project
codebook. The codebook was then discussed with the research
team to ensure alignment with the study objectives and applied
to additional transcripts as interviews were completed.
Throughout this process, JB and JG met periodically to
iteratively refine the codebook to reflect new codes, merge
related codes, and resolve discrepancies. Once coding was
complete, codes were synthesized into preliminary themes that
were mapped back to the study objectives. Refinements and
specifications of thematic categories and subcategories and
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relationships between themes were determined through in-depth
discussion and negotiated consensus between members of the
research team (JB, JG, JKF, and LD). NVivo 12 software (QSR
International) was used to assist with coding and analysis.

Results

Quantitative Use Data Findings
Between August 2018 and October 2019, a total of 15,271
registration emails were sent, with 67.01% (10,233/15,271) of
patients registered for an account across 38 sites. The median
number of patients registered per site was 19, with considerable
variation (range 1-2114). Of the total number of sites, 55% had

less than or equal to 30 registered patients (21/38), whereas
only 2 sites had over 1000 registered patients. Among the
registered patients, 92.00% (9,414/10,233) logged in at least
once during the 15-month evaluation period. At the time of this
study (October 2019), only 23.69% (2,424/10,233) had logged
in more than once during the preceding month, with less than
3.83% (392/10,233) accessing the portal more than five times.
High-traffic information pages included radiology exams and
laboratories, discharge summaries, pathology results, and
medications (Table 1). Only 2.98% (305/10,233) of registered
users appointed a delegate, and less than 1% (73/10,233) actively
shared information with their providers. A small number of
patients (140/10,233, 1.37%,) independently recorded data in
their patient health records via the portal.

Table 1. Top information page views accessed between August 2018 and October 2019—views of the lists associated with each category.

Page views (August 2018 to October 2019)Category

46,268Radiology

43,799Laboratory results

18,377Discharge summaries

16,884Pathology results

14,689Medications

13,486Allergies

11,771Microbiology results

11,311Record summary

8507Home and community care

8223Blood bank tests

Qualitative Data Findings
A total of 42 individual interviews were conducted with
stakeholders from 17 organizations within the SWO region to
understand how the implementation unfolded and the factors
underlying the adoption rates. The majority of participants
(11/42, 26%) were recruited from HHS, followed by the Heron
Perth Health Alliance (7/42, 17%) and the London Health
Sciences Centre (5/42, 12%). The interview participants included
18 administrative stakeholders involved in the MyChart

implementation, 16 patients, 7 health care providers, and 1
informal caregiver (Table 2). Administrative stakeholders
included individuals involved in clinical leadership, clerical
roles, patient experience teams, and information technology
(IT). Among the patients and caregiver interviewed, 76.5%
(13/17) had used MyChart, 11.8% (2/17) had registered but had
not accessed it because of log-in challenges, and 11.8% (2/17)
did not have access because of challenges with registration. The
average age of patient or caregiver participants was 54 years,
and all indicated that they were managing a chronic illness.
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Table 2. Characteristics of the interview participants (N=42).

Participants, n (%)Interview participants

18 (43)Administrative stakeholders, (n=42)

17 (40)Patients or caregivers, (n=42)

16 (94)Patients (n=17)

1 (6)Caregivers (n=17)

Gender (n=17)

11 (65)Female

6 (35)Male

Registered MyChart user (n=17)

13 (76)Yes—have registered log-in and used it

2 (12)Yes—have registered but have not used it

2 (12)No

Geographic area

8 (47)Urban (n=32)

4 (23)Rural (n=17)

3 (18)Suburban (n=17)

2 (12)Small town (n=17)

Education (n=17)

77 (41)Bachelor’s degree

6 (35)College diploma or certificate

2 (12)Some college

1 (6)Postgraduate education

1 (6)High school

7 (17)Providers (n=42)

Health profession (n=7)

4 (57)Physicians

2 (29)Nurse or nurse practitioner

1 (14)Nonnursing allied health professional

Five key themes emerged. They described how the
implementation process influenced adoption rates and lessons
learned that can be leveraged to increase the uptake of similar
patient portal models.

Optimize the Patient Experience by Prioritizing Data
Comprehensiveness
All interview participants unanimously endorsed the importance
of leveraging technology to enable access to a comprehensive
patient record, which they believed would reduce health system
fragmentation by streamlining access to information. Patients
perceived the benefits of this to include timely, efficient, and
remote access to their health information, which enabled them
to feel more prepared to manage their health concerns.
Generally, patients had positive perceptions of MyChart because
of its user-friendliness and ability to provide them access to
pertinent health information (eg, test results, radiology reports).
In addition, they felt that their relationships with their providers
could be improved because the patient portal fostered increased

transparency, knowledge, and empowerment. However, several
data gaps were identified that limited perceived value, such as
details related to home and community care (eg, care plans) and
diagnostic images (not just reports). Particular emphasis was
placed on the value of accessing clinic notes:

What’s missing are the clinical notes...So, you’re
sitting with the physician say prior to chemo, that
he’s reviewed A, B, C with you. You know, and
sometimes, and especially if it’s chemo, there is an
unfortunate thing called chemo brain or chemo fog
and you think you’ve asked questions, but you know,
three days later you’re like, did I ask that? So, to go
back and double check that I indeed did ask that
question [helps me make sure] I don’t want to waste
the physician’s time [by following up]. [Participant
40, Patient]

Participants suggested that data comprehensiveness could be
further improved by expanding the scope of the regional data
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to include information currently unavailable in MyChart but
available in other provincial repositories, such as certain drug
and immunization records.

In addition, educational materials (eg, information on how to
interpret laboratory results) were perceived to be valuable in
helping patients when interpreting clinical information and
would likely improve engagement with the portal.
Administrative stakeholders emphasized that core elements that
enable access to comprehensive information, such as
interoperability and integration with electronic medical records,
should be prioritized during implementation. This aligns with
patient motivations for engaging with the portal and its overall
objective as a service within the system. Although extra features
(ie, secure messaging with providers and appointment
reminders) that require additional workflows and provider
engagement were desired by patients, administrative
stakeholders perceived these should be considered based on
local needs and implemented in a graduated manner to keep the
implementation in scope and logistically feasible.

Enhance Adoption by Using a Broad Rollout Strategy
Instead of Targeting Specific Departments
Increasing patient awareness of the portal and implementing a
clear and simple registration process with the aid of hands-on
support were identified as adoption facilitators across participant
groups. Patients generally perceived the registration and
onboarding process to be easy to follow because this was
facilitated through the aid of registration clerks. The low uptake
in this study was attributed to inadequate marketing and
promotion. Many sites used a targeted rollout strategy in select
clinical areas instead of an organization-wide approach, which
failed to harness broader marketing strategies and ultimately
led to patient confusion. This approach was also highlighted as
a potential threat to achieving health equity:

I know that some hospitals choose just kind of
departments or areas to kind of trial it out. I really
don’t recommend that approach. We thought about
it and I just said you know what, it has to be, for any
success, we’re gonna have to do a big bang theory
and do it at all points of registration. So, that would
be my recommendation even for large sites. I know
it seems daunting, but I think the success is far
outweighs for the patient because I don’t think it’s
fair when a patient goes to say chemo and they don’t
have access to their chart, but the next time they go
to DI [diagnostic imaging], they’re asked about
MyChart. [Participant 13, Administrative Stakeholder]

Most administrative and provider participants felt that a broad
rollout strategy would have been more effective, with sites that
implemented this strategy describing more effective advertising
and communication efforts. In addition, participants across
stakeholder groups suggested leveraging diverse patient
registration approaches to improve uptake, such as a
combination of onsite and web-based enrollment options.

Providers Should Be Engaged to Understand and
Mitigate Concerns
Gaining clinical buy-ins and alleviating provider concerns
around open access to health information was a common
challenge acknowledged across participant groups. Providers
were specifically resistant to enabling access to their clinical
notes because of potential misinterpretation by patients and
liability concerns. In contrast, patients expressed a desire to
have open access to all their health information. A related
tension arose between the patient’s desire for real-time access
to information and provider preferences for upload delays to
allow time for review and patient communication (ie, when
information contained a new diagnosis). Many providers
anticipated an increased workload as they expected they would
need to assist with patient onboarding, help patients interpret
medical jargon and resolve patient misinterpretation of their
clinical information. However, these concerns were not realized
during the study period. To foster provider acceptance,
administrative stakeholders suggested that the patient portal
should be framed as a patient service with the clear objective
of promoting patient-centered care instead of as a clinical tool.
Additional enablers to provider endorsement of the technology
included clear, upfront communication about its purpose and
visible clinical champions who could allay concerns among
peers. In the event that additional features were activated (ie,
secure messaging), administrative and provider participants
stated that additional efforts should be made to engage providers
to consider whether and how to align them with existing
workflows:

So when we’re trying to get their [providers’]
attention, we’re trying to explain to them that this is
a patient service, not a clinical project...it’s something
you’re going to offer your patients...and you don’t
have to do anything else. [Participant 1,
Administrative Stakeholder]

Change Management Support and Senior Leadership
Endorsement Is Central to Early Success
The implementation of MyChart required additional
administrative and logistical activities to recruit and onboard
multiple sites. Interviews with administrative stakeholders
revealed that organization size influenced deployment, with
smaller hospitals reporting greater success in rolling out the
portal and encouraging adoption than larger organizations.
Competing priorities and resource constraints introduced
implementation challenges in larger hospitals, which were often
attributed to the upfront time and resources required to develop
an operational model (ie, developing privacy and security
agreements, identifying appropriate age and criteria of consent,
and ensuring organizations have the technical requirements to
contribute). As such, adoption was more successful when
dedicated and protected resources were available to support
upfront change management and implementation requirements:

[T]his is actually transformational change in the way
we approach the health care encounter. That it’s not
just about rolling out access to a portal. And
therefore, you need to have dedicated resources. I’m
going to be frank and candid. It’s not the sort of work
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that can just be done off the side of people’s desks
and it’s almost what – it feels like we weren’t
resourced properly to foster success. [Participant 14,
Provider]

Another challenge to MyChart deployment was the need to
gather stakeholder buy-in from multiple organizations. Within
organizations, administrative stakeholders linked slower
implementation to a lack of strong and overt senior leadership
support. Conversely, rapid portal uptake, engagement, and
onboarding were attributed to visible senior leadership
endorsement. This was because of the senior leaders’ ability to
encourage high organizational motivation and interest to both
contribute to the portal and enroll patients:

The CEO was like, let’s go. They were visibly – like
they were popping by our booth a few times a day
and I think that just – like the optics, it looks good, it
shows that they’re interested. They’re approving of
this initiative...every single executive came and signed
up first thing and they were excited and they were
telling staff about it and prompting staff to get
registered. [Participant 20, Administrative
Stakeholder]

Regional Alignment and Policy Supports Are Required
to Streamline Implementation Efforts
Administrative stakeholders discussed how reconciling
differential IT infrastructure to achieve system interoperability
was a major barrier to expanding the portal across organizations.
Before implementation, HHS had to work with potential
enrollment sites to standardize data (ie, test names and medical
terminology) for data filters to work consistently. Administrative
stakeholders recommended the application of province-wide
data standards to resolve these issues.

In addition, implementation was impeded by the need for
organizations to gather consensus on complex policy
considerations, such as identifying age and capacity to consent
and operationalizing proxy access to delegate users. Although
organizations appreciated that they had the autonomy to make
these decisions to adapt to local needs, participants
recommended the development of provincial guidelines and
best practice approaches to inform organizational policies:

It’s a bigger conversation about how we partner with
families and we don’t have well established policies
or limitations. [Participant 24, Administrative
Stakeholder]

To foster a cohesive and well-integrated digital health
information ecosystem, participants highlighted that the
implementation of multi-institutional portals should be
considered in tandem with institutional or private third-party
offerings. As many hospitals within Ontario have developed
their own in-house, institutionally tethered portals, 1 participant
stated that there needs to be a clearer provincial strategy for
promoting patient access to their health data:

One of the criteria is to basically have shared data
with patients and have them as active participants in
their health and so MyChart is clearly part of that,
but I think we’re going to lose people if everyone has

different systems and if they have ten different apps.
There needs to be a coordinated push on behalf of
the ministry or governing bodies to, not mandate, but
strongly suggest less and less alternatives because
ultimately...you know, I’ve been to all over Ontario.
Ottawa, Toronto, Thunder Bay and I don’t want to
have to keep signing up for new systems wherever I
am. So, I think we need an Ontario-based system.
[Participant 27, Administrative Stakeholder]

Discussion

Principal Findings
Multi-institutional patient portals, such as MyChart, that collect
and house information across organizations within a given
region can enable more effective patient management by
streamlining communication, access to clinical information,
and service coordination [22]. The downstream benefits of such
portals include increased patient engagement [14] and a
reduction in emergency care and hospital admissions [20,22].
Although randomized controlled trials assessing patient portals
are lacking, some randomized controlled trials have shown that
patient portals can reduce hospital readmissions [36], reduce
office visit rates, and result in greater adherence to treatment in
comparison with control groups [16]. Our findings suggest that
data comprehensiveness, organization-wide deployment,
provider engagement, and senior leadership endorsement are
central to achieving these aims.

Despite the high perceived value of multi-institutional patient
portals, MyChart was adopted suboptimally. The population in
SWO is approximately 3.6 million [32], implying that less than
0.3% of individuals within this region registered to use the portal
at the time of this analysis. In comparison, the adoption of
patient portals in other jurisdictions is estimated to reach 5% to
10% of the targeted population per year, with uptake in larger
scale (ie, national or regional) implementations lagging behind
smaller, more targeted deployments [37]. The slow growth of
larger scale patient portals is attributed to challenges in obtaining
alignment and system interoperability across fragmented health
services [7,37]. In the absence of a cohesive regional
implementation strategy, participating organizations of MyChart
had to independently establish processes for marketing patient
enrollment and training, resulting in variations in adoption and
possibly heterogeneous patient experience. Further, a lack of
dedicated resources, change management support, senior
leadership endorsement, and clinical buy-in impeded success
in several organizations. Strategies to improve change
management processes and facilitate senior leadership and
clinician support include clearly articulating the value of the
technology, building consensus on key decisions and operational
processes built around a strategic vision, and investing in the
required infrastructure and resources, such as interoperable
systems and staff training, to foster success [38].

Our findings highlight strategies for the successful
implementation of patient portals. First, the implementation
strategy needs to align with the core objectives of the
technology. In this case, the portal should focus on enabling
access to comprehensive clinical information as an initial
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priority, given that this is the core functionality of interest and
would provide the most benefit to patients. Other features (ie,
direct messaging and appointment booking) can be explored in
consultation with end users once a plan for comprehensive data
access is established and successfully operationalized. Second,
implementation processes should mirror patient experience. A
blanketed rollout approach across an entire organization, rather
than limiting deployment to certain departments, was perceived
to be more conducive to facilitating information access that
transcends traditional health system boundaries. Organizations
that implemented the portal uniformly across the organization
were able to more effectively advertise and communicate to
patients about the portal. Conversely, segmented implementation
exacerbates fragmented access to information, limits patient
and clinician awareness and shared understanding of the purpose
of the technology. This can create a disconnect for patients as
they interact with different services within and across
organizations. It is important to note that introducing
functionality across an organization does not necessarily imply
a one-size-fits-all approach as some flexibility is required to
adapt to specific population needs [38]. For instance, special
considerations regarding sharing clinic notes, proxy consent,
and age of consent should be made for pediatric, mental health,
and geriatric patients because of concerns regarding their
capacity and autonomy [39]. However, interviewees raised the
important point that these issues were better governed by
universal best practices rather than by individual organizational
idiosyncrasies.

Patient portals and other digital technologies can create value
for organizations and health systems but only if the surrounding
sociocultural factors are considered [40]. Effective leadership
and clinical endorsement of technology can reduce behavioral
resistance to change [41]. Patient portals may also precipitate
changing dynamics between patients and providers, which
underpins the cultural shift toward patient-centered care. Similar
to other studies [42,43], we found that tensions between
paternalistic and patient-centered medicine need to be resolved
to facilitate widespread portal use. In tandem, individuals must
be equipped with the necessary time, resources, and tools to
carry out activities required for adoption, such as onsite training,
enrollment, and technical support [43].

At the organizational and system levels, identifying and
developing the right infrastructure is an essential component of
strategic planning [38]. Multi-institutional patient portals require
standard policy and technical infrastructure to enable data
sharing that is consistent across sites. This includes identifying
guidelines and best practices to establish access policies (ie,
proxy access, age of consent, and data delays). The lack of basic
integration and interoperability across institutional boundaries
impedes the data comprehensiveness required for portals to
function effectively in line with their goals [7,15,42]. The
exponential growth of digital technologies across health systems
implies the need for a degree of interoperability in alignment
with more integrated health care [40,42].

Future research should focus on effectively describing and
evaluating the implementation strategies that surround
multi-institutional patient portals (eg, the use of champions,

patient and provider training, addressing beliefs, etc) to identify
effective strategies for promoting uptake. In addition, further
studies should focus on evaluating the effectiveness of patient
portals against their stated aims, including increased patient
engagement in care, improved knowledge, and improved patient
experience.

Limitations
The generalizability of our findings is limited to the early stages
of implementation. Our sample may have been biased toward
early adopters of technology or participants with limited user
engagement. Most patient and provider participants had limited
interactions with the patient portal, and their perspectives may
not reflect the experiences that emerge alongside a more mature
patient portal model. Despite this, all participants believed in
the value of multi-institutional patient portals that offer patients
comprehensive access to their health information in contrast to
institutionally tethered offerings that do not centralize health
information from across the health system. It is important to
note that participants with limited user engagement did not
endorse the current operationalization in its entirety; rather, they
described the features and functions of a future state patient
portal that would provide value to patients. Considerable benefits
would be gained from evaluating the factors associated with
sustained engagement in such a model. Although most
interviews were conducted with individuals who had experience
with the portal, the level of knowledge of and exposure to the
portal varied. Owing to slower-than-anticipated adoption, our
recruitment approach did not seek to discern between high and
low adopters, as there were few high adopters at the time of the
study. Further evaluations of MyChart should examine if there
are characteristic differences (eg, based on patient population,
region, or institution) between high and low users. Perspectives
from diverse and often hard-to-reach patients were not included
(eg, newcomers to Canada, non-English speakers, individuals
experiencing housing insecurity); they may experience barriers
to accessing technology. Consequently, further work is needed
to engage with these populations and determine the impact on
access and patient engagement from an equity perspective.
Despite this, our study provides useful strategies to inform
implementation planning at organizational and system levels.

Conclusions
Although multi-institutional patient portals can enable efficient
access to clinical information from across the health system,
successful implementation can be affected by several factors.
Without proper management and planning, portals can suffer
from minimal adoption from patients and poor support from
providers. Data comprehensiveness is the foundational
component of patient portals and requires aligned policies and
a key base of IT infrastructure across all participating sites. It
is important to look beyond the category of the technology (ie,
patient portal) and consider its functionality (eg, data
aggregation, appointment scheduling, messaging) to ensure that
it aligns with the underlying strategic priorities of the
deployment. Finally, it is critical to establish a clear vision and
ensure buy-in from organizational leadership and health care
providers to support a culture shift that will enable meaningful
and widespread engagement.
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Abstract

Background: Patients’ access to and use of electronic medical records (EMRs) places greater information in their hands, which
helps them better comanage their health, leading to better clinical outcomes. Despite numerous benefits that promote health and
well-being, patients’ acceptance and use of EMRs remains low. We study the impact of predictors that affect the use of EMR by
patients to understand better the underlying causal factors for the lower use of EMR.

Objective: This study aims to examine the critical system (eg, performance expectancy and effort expectancy) and patient
characteristics (eg, health condition, issue involvement, preventive health behaviors, and caregiving status) that influence the
extent of patients’ EMR use.

Methods: We used secondary data collected by Health Information National Trends Survey 5 cycle 3 and performed survey
data analysis using structural equation modeling technique to test our hypotheses. Structural equation modeling is a technique
commonly used to measure and analyze the relationships of observed and latent variables. We also addressed common method
bias to understand if there was any systematic effect on the observed correlation between the measures for the predictor and
predicted variables.

Results: The statistically significant drivers of the extent of EMR use were performance expectancy (β=.253; P<.001), perceived
behavior control (β=.236; P<.001), health knowledge (β=–.071; P=.007), caregiving status (β=.059; P=.013), issue involvement
(β=.356; P<.001), chronic conditions (β=.071; P=.016), and preventive health behavior (β=.076; P=.005). The model accounted
for 32.9% of the variance in the extent of EMR use.

Conclusions: The study found that health characteristics, such as chronic conditions and patient disposition (eg, preventive
health behavior and issue involvement), directly affect the extent of EMR use. The study also revealed that issue involvement
mediates the impact of preventive health behaviors and the presence of chronic conditions on the extent of patients’ EMR use.

(J Med Internet Res 2021;23(10):e30637)   doi:10.2196/30637

KEYWORDS

electronic medical record; patient safety; caregiver; chronic conditions; HINTS dataset; patient technology acceptance model

Introduction

Background
An electronic medical record (EMR), also called the online
medical record system, is a kind of software that stores clinical
information such as medication lists, laboratory results,

physician observations, immunizations, allergies, and discharge
information [1]. Due to the impetus provided by the Health
Information Technology for Economic and Clinical Health Act,
EMR usage by providers and hospital administrators surged
significantly, leading to improved documentation, data
availability, and streamlined order entry to decrease prescription
errors [2].
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Although physician adoption and use of EMRs have been widely
investigated [3-10], patients’ use of EMR warrants further
research. Patient adoption and use of EMRs represent a different
phenomenon contrasted with physician adoption and use of
EMR. For example, patients are not subject to organizational
pressures prevalent in physician adoption and use decisions.
Other factors differentiating the two contexts derive from the
fact that patients may not be familiar with the technology to
access EMR, and their understanding of clinical terms may be
limited.

It is crucial to increase patient use of EMR for various
consequential reasons, specifically patient empowerment.
According to the World Health Organization, patient
empowerment is a process through which people gain greater
control over decisions and actions affecting their health [11].
Patients’ access to and use of medical records empowers them
to take a more active role in managing their health [12] by
placing more information in their hands, which can improve
clinical outcomes. Further, a patient portal built on top of EMR
offers several benefits to patients, including continuous
monitoring of health information, improved interactions with
providers, better patient engagement in health management,
scheduling appointments, and messaging physicians [13].

This research investigates the factors that influence patients’
adoption and use of EMRs using an extended version of the
patient technology acceptance model (PTAM). Specifically, we
focus on the effect of salient patient characteristics such as
health conditions, issue involvement, preventive health
behaviors, and caregiving status on the adoption and use of
EMR systems because they remain understudied.

Hypotheses and Proposed Model

Overview
From a theoretical perspective, the unified theory of acceptance
and use of technology has been employed to understand
technology adoption and use in general [14]. It was adapted to
the health care context with the addition of patient-centered
factors (psychomotor, visual, and cognitive aspects) to study
patients’ adoption of technology [15] and was called PTAM. It
considers perceived usefulness, perceived ease of use, perceived
behavior control, subjective norm, and patient characteristics
(psychomotor, visual, and cognitive aspects) as main predictors
of the adoption and use of health information technologies by
patients. PTAM was originally developed by Or et al [15] for
the general context of patient adoption of technology. Since
EMR is a specific technology for storing medical records, we
had to adapt it to our context.

In this study, we not only considered factors such as
performance expectancy (perceived usefulness), effort
expectancy (perceived ease of use), perceived behavior control,
but also extended the model with patient characteristics that are
not part of the original PTAM, such as health condition,
preventive health behavior, issue involvement, and patients’
caregiving status. Following that, we introduced issue
involvement as a mediator between the extent of EMR use and
(1) chronic conditions and (2) preventive health behavior. Age,
gender, education, and race were used as control variables in
our study. Our proposed research model is illustrated in Figure
1. This adaptation contributes to the development of a theoretical
foundation that could be used to improve our understanding of
patients’ EMR use.
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Figure 1. Research model. PTAM: patient technology acceptance model

Performance Expectancy
Davis [16] defined perceived usefulness as one of the key
predictors of new system adoption. Venkatesh et al [14]
extended this notion of perceived usefulness by defining
performance expectancy as the degree to which a person feels
that using a system will help them perform a job more
efficiently. In keeping with this understanding, we refer to
performance expectancy as the degree to which the patient
believes that using EMRs helps them monitor their health.
Venkatesh et al [14] theorized that performance expectancy
drives the intention to use information systems. Several
researchers have also identified performance expectancy as one
of the critical predictors of eHealth acceptance and use
[15,17-21]. Because EMRs improve patient engagement and
empower patients to access their health information anytime
and anywhere [22], we propose the following hypothesis:

• H1: Performance expectancy is positively related to the
extent of EMR use.

Effort Expectancy
Extending the ease of use construct [16], Venkatesh et al [14]
defined effort expectancy as the degree of comfort associated
with system use. Consistent with Venkatesh et al [14], we define
effort expectancy as the degree of ease associated with
understanding the health information in the online medical
record. Venkatesh et al [14] suggested that effort expectancy

has a positive effect on use intentions. Many researchers have
also identified effort expectancy as one of the critical predictors
of health adoption and use [15,19-21]. Studies have confirmed
that ease of use is an essential predictor of intended use.
Therefore, we propose the following hypothesis:

• H2: Effort expectancy is positively related to the extent of
EMR use.

Perceived Behavioral Control
Or et al [15] defined perceived behavioral control as an
individual’s perception of their ability to do something (ie,
self-efficacy). Many researchers have suggested that
self-efficacy directly determines intent to use, especially online
and mobile applications [23]. Lack of self-efficacy with
computers and the internet is one of the most frequently
identified barriers to adopting and using patient portals [24,25].
Turner et al [26] confirmed that the lack of comfort with
computers is one of the common barriers to patient adoption of
a portal. Thus, we posit that competency with technology is
more likely to generate confidence in using EMRs. We
hypothesize the following:

• H3: Perceived behavioral control is positively related to
the extent of EMR use.
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Seek Health Information
Seek health information (SHI) refers to individuals’ urge to
look for health-related information. Wilson and Lankton [27]
argued that individuals seeking health information are more
likely to adopt eHealth applications because such applications
increase the availability of health information and reduce the
effort needed to access that information. Or et al [15] extended
the same concept and theorized that individuals who need to
review health information are more likely to accept and use
technology. As EMRs can help individuals get their health
information and health history, and based on prior studies
regarding health-information-seeking behavior, we propose the
following hypothesis:

• H4: Seeking health information is positively related to the
extent of EMR use.

Health Knowledge
Or et al [15] defined health knowledge as the knowledge that
individuals feel they have about their health condition. Fowles
et al [28] reported that sharing medical records with individuals
has a modest positive impact on their knowledge. Wilson and
Lankton [27] stated that an individual with little knowledge
about their health is more likely to accept the eHealth tools
managed by providers. Therefore, we hypothesize the following:

• H5: Health knowledge is negatively related to the extent
of EMR use.

Caregiving
Caregiving implies providing paid or unpaid support and making
medical decisions for a patient when appropriate [29,30]. In this
study, we consider only an unpaid caregiver (generally family
members or friends) who is currently caring for or making health
care decisions for someone with a medical condition, behavioral
or physical disability, or other condition.

King et al [31] provided evidence that caregivers use assistive
health technologies (ie, any product, hardware, or software used
to increase, maintain, or improve the functional capabilities of
individuals with disabilities) to better care for children with a
physical disability. Studies have also suggested that caregiver
status strongly influences portal use, especially for caregivers
who provide care for patients with chronic health conditions
[32,33]. Caregivers’ exposure to EMRs enhances their
proficiency in using EMRs and makes them more likely to use
EMRs themselves. Thus, we propose the following hypothesis:

• H6: Caregiving individuals are more likely to use EMRs
extensively.

Issue Involvement
Issue involvement refers to how personally relevant people find
an issue [34]. Abdelhamid et al [35] define issue involvement
in the health care domain as “how relevant a specific health
issue is to a patient.” A more involved patient frequently visits
providers, has several diseases, or has a severe health condition
[36]. Consistent with Angst and Agarwal [36], we consider a
patient with more physician visits (measured in our study as the
number of physician visits in the past 12 months) as more
involved with issues. Prior studies have demonstrated a positive

relationship between issue involvement and the use of eHealth
products [35,36]. Ross et al [37] argued that issue involvement
has a significant positive impact on the adoption and use of
EMRs. They found that EMRs better prepare patients for their
upcoming visits with physicians by enhancing their knowledge
of their medical condition, increasing their sense of control, and
allowing them to seek clarification about treatment. Accordingly,
we hypothesize the following:

• H7: Issue involvement is positively related to the extent of
EMR use.

Chronic Conditions
Wagner et al [38] and Kruse et al [39] advocated for patients’
use of health care systems and available resources to
self-manage their health, especially for chronic health
conditions. Studies have also suggested that patients with
chronic conditions are more likely to use available eHealth
applications to be better informed and manage their health
[40-42]. A literature review [18] confirmed that patients with
comorbidities are more likely to use electronic personal health
record systems. Therefore, we posit that EMRs help patients
track their improvement or deterioration in health and make
informed decisions to better take care of themselves. Hence,
we hypothesize that patients with existing chronic conditions
are more likely to use EMRs.

Broemeling et al [43] demonstrated that a person with a chronic
condition is more likely to visit a physician regularly. We,
therefore, hypothesize that chronic conditions affect issue
involvement (ie, frequency of physician visits). A higher number
of chronic conditions may motivate patients to check their
conditions, diagnostics, or prescriptions more closely, leading
to greater EMR use. Those patients may also want to ensure
that their records are correct to improve patient safety. Hence,
we hypothesize that the extent of the chronic condition increases
issue involvement and the need for frequent doctor visits.

• H8a: The presence of chronic conditions is positively related
to the extent of EMR use.

• H8b: The presence of chronic conditions is positively
related to issue involvement.

Preventive Health Behavior
Kasl et al [44] defined preventive health behavior as “any
activity undertaken by a person who believes himself to be
healthy for preventing disease or detecting disease in an
asymptomatic stage.” People with such drive are likely to
monitor their health conditions through their EMRs. Studies
have suggested that individuals use the available resources and
skills to engage in preventive health behavior [35,45]. These
resources may include accessing their records in EMR systems
and seeking the help of physicians.

In psychology, motivation is described as a reason that drives
action [46]. Thus, we posit that health motivators—in this case,
preventive health behavior—influence people to engage in
behaviors that improve their health outcomes and encourage
frequent EMR use. This reasoning also finds resonance with
earlier studies on the benefits of EMRs and the quality of health
outcomes [47-49]. In this study, we consider a person to be
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involved in preventive health behavior if they exercise and eat
fruits and vegetables as recommended by the US Centers for
Disease Control and Prevention (CDC). This understanding is
similar to the operationalization by Hart et al [50].

Näslund [51] concluded that an individual engaging in
preventive health behavior would have more doctor visits; this
tendency is more pronounced in women. Grembowski et al [52]
argued that individuals with preventive health behavior are more
likely to initiate preventive care and early treatment. Other
studies have suggested that health information technology plays

a significant role in self-management [53,54]. Therefore, we
hypothesize that individuals practicing preventive health
behavior are more likely to visit their physicians often and use
EMRs.

• H9a: Preventive health behavior is positively related to the
extent of EMR use.

• H9b: Preventive health behavior is positively related to
issue involvement.

Figure 1 and Table 1 summarize the hypothesis and definitions
of the variables used in this model.

Table 1. Summary of hypothesis and variables.

RelatesDefined in this study asVariableHypothesis

DVa : extent of EMRb use (EU)c

PositivelyDegree to which the patient believes that using EMRs help them monitor their healthPerformance expectancy
(PE)

H1

PositivelyDegree of ease associated with understanding the health information in the online
medical record

Effort expectancy (EE)H2

PositivelyIndividual's perception of their ability to use electronic meansPerceived behavioral con-
trol (PBC)

H3

PositivelyWhether an individual looked for information about health or medical topic from any
source

Seek health information
(SHI)

H4

NegativelyIf an individual is confident about ability to take good care of healthHealth knowledge (HK)H5

PositivelyIf an individual is providing unpaid care to a patientCaregiving status (CG)H6

PositivelyFrequency of doctor visits in last 12 monthsIssue involvement (II)H7

PositivelyNumber of chronic conditions an individual hasChronic conditions (CC)H8a

PositivelyAn individual is considered to have preventive health behavior if they exercise, eat fruits

and vegetables as recommended by CDCd
Preventive health behavior
(PHB)

H9a

DV: Issue involvement (II)e

PositivelyNumber of chronic conditions an individual hasChronic conditions (CC)H8b

PositivelyAn individual is considered to have preventive health behavior if they exercise, eat fruits
and vegetables as recommended by CDC

Preventive health behavior
(PHB)

H9b

aDV: dependent variable.
bEMR: electronic medical record
cNumber of times the online medical record has been accessed in the last 12 months.
dCDC: Centers for Disease Control and Prevention.
eFrequency of doctor visits in the last 12 months.

Methods

Data Source
We used data collected between January and May of 2019 by
the National Cancer Institute (NCI) for Health Information
National Trends Survey (HINTS) 5 cycle 3 to test our
hypotheses. NCI administered a paper-based questionnaire and
an online questionnaire to survey participants with an overall
response rate of 30.3%. This survey was completed by 5438
participants. These data are publicly available and can be
accessed at the HINTS website [55].

We filtered the data to include only those respondents who had
used EMRs at least once during the previous 12 months. The
resulting sample size was 2110. Data did not include outliers.

Additionally, missing values on critical variables were less than
5%.

Measurements
The main dependent variable, the extent of EMR by the
individual, was measured with a single item. System
characteristics variables, performance expectancy and effort
expectancy, were also measured with single items. Single items
are acceptable if the question does not leave room for
interpretation [56] and is used in information systems research
that uses structural equation modeling (SEM) in the health care
domain [35,36].

The patient characteristic, issue involvement, was measured
with a single item. Other patient-related characteristics such as
caregiving status, seek health information, health knowledge,
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and perceived behavioral control were each measured with a
binary choice question. There were 6 binary-choice questions
for chronic conditions. The number of responses for chronic
conditions was summed for analysis.

A formative measure of preventive health behavior was
constructed using 3 items: the number of cups of fruit each day,
the number of cups of vegetables per day, and the number of
days per week with moderate exercise. According to the CDC
[57], eating 1½ to 2 cups of fruit per day and 2 to 3 cups of
vegetables per day is a healthy eating pattern. The CDC also
recommends physical activity at least 2 days per week [58].
Based on these recommendations, we calculated the score for
preventive health behavior as the sum of the responses to each
item. Gender, age, race, income, and education were used as
controls in the model. Please refer to Multimedia Appendix 1
for a detailed questionnaire, scale, and how they were used in
this study.

Statistical Analysis
In this paper, we used SEM to conduct a path analysis. Although
SEM is predominantly used to model latent variables, it is also

applied to conduct path analysis in a mediation model, and in
our study, we have 2 mediating relationships. First, issue
involvement mediates the relationship between chronic
conditions and the extent of EMR use. Second, issue
involvement also mediates the relationship between preventive
health behavior and the extent of EMR use. Therefore, we use
SEM to test the model similar to prior scholars [59-61]. We
used SEM with robust diagonally weighted least squares
(DWLS) to test the hypotheses. DWLS is ideal for ordinal
outcome variables [62-64]. We ran our model in R (version
4.0.2; R Core Team) using the “lavaan-survey” package.

Results

Descriptive Statistics
Table 2 shows the descriptive statistics of the survey
respondents. The survey included questions about the extent of
participants’ EMR use. Other questions focused on our model
variables, including performance expectancy, effort expectancy,
perceived behavioral control, seek health information, health
knowledge, caregiving, chronic conditions, preventive health
behavior, and issue involvement.
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Table 2. Descriptive statistics.

Sample size, n (%)Characteristics

2110 (100)Total responses

Extent of EMRa use (EU)

896 (42.46)1 to 2 times

679 (32.18)3 to 5 times

280 (13.27)6 to 9 times

255 (12.09)10 or more times

Performance expectancy (PE)

126 (5.97)Don't use

26 (1.23)Not at all useful

145 (6.87)Not very useful

831 (39.38)Somewhat useful

950 (45.02)Very useful

Effort expectancy (EE)

22 (1.04)Very difficult

184 (8.72)Somewhat difficult

979 (46.4)Somewhat easy

883 (41.85)Very easy

Number of chronic conditions (CC) 

696 (32.99)0

678 (32.13)1

445 (21.09)2

209 (9.91)3

68 (3.22)4

13 (0.62)5

1 (0.05)6

Issue involvement (II)

86 (4.08)None

225 (10.66)1 time

390 (18.48)2 times

336 (15.92)3 times

354 (16.78)4 times

438 (20.76)5-9 times

272 (12.89)10 or more times

Caregiver (CG)

383 (18.15)Yes

1682 (79.72)No

Health Knowledge (HK)

15 (0.71)Not confident at all

57 (2.7)A little confident

435 (20.62)Somewhat confident

1030 (48.82)Very confident

552 (26.16)Completely confident
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Sample size, n (%)Characteristics

Perceived behavioral control (PHB)

1701 (80.62)Yes

385 (18.25)No

Seek health information (SHI)

1923 (91.14)Yes

164 (7.77)No

Preventive health behavior (PHB)

515 (24.41)0

729 (34.55)1

537 (25.45)2

329 (15.59)3

Gender  

815 (38.63)Male

1259 (59.67)Female

Education  

231 (10.95)High school or less

1843 (87.35)More than high school

Race

1596 (75.64)White

249 (11.8)Black

148 (7.01)Others

Income, USD

171 (8.1)Less than $20,000

172 (8.15)$20,000 to < $35,000

241 (11.42)$35,000 to <$50,000

382 (18.1)$50,000 to <$75,000

957 (45.36)$75,000 or more

Age (years)

18Min

97Max

54.21Mean

16.14SD

aEMR: electronic medical record.

Reliability and Validity
Table 3 shows the correlations between all the variables.
Correlation coefficients are important as a high correlation
among independent variables indicates a potential bias in
coefficients due to multicollinearity. In this data set, the highest

correlation is 0.41 between perceived expectancy and effort
expectancy. None of the correlations were greater than 0.5, and
they were within the acceptable threshold of 0.6 [65], so
multicollinearity was not a concern in this analysis. Table 3 also
provides the means and standard deviations for the principal
variables.
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Table 3. Correlation matrix.

PHBCCIICGHKSHIPBCPEEEEUMean (SD) 

         1.001.97 (1.03)Extent of EMR use (EU)

        1.000.123.33 (0.67)Effort Expectancy (EE)

       1.000.410.264.22 (1.00)Performance Expectancy (PE)

      1.000.230.100.240.83 (0.38)Perceived behavioral control (PBC)

     1.000.110.02–0.020.070.93 (0.26)Seek Health Information (SHI)

    1.00–0.010.040.130.28–0.043.99 (0.80)Health Knowledge (HK)

   1.00–0.01–0.01–0.020.020.000.060.19 (0.39)Caregiving Status (CG)

  1.00–0.01–0.140.100.080.02–0.070.373.44 (1.71)Issue Involvement (II)

 1.000.26–0.01–0.270.000.02–0.03–0.080.141.20 (1.13)Chronic Conditions (CC)

1.00–0.17–0.040.020.210.050.050.080.080.061.33 (1.00)Preventive Health Behavior (PHB)

Variance Inflation Factor
We used variance inflation factor (VIF) statistics to determine
if data is suffering from multicollinearity. Multicollinearity
refers to the linear relationship between 2 or more predictor

variables [66]. VIF indicates the increase in the variance of a
regression coefficient as a result of multicollinearity. Table 4
shows the VIF for each variable. The VIFs for all variables were
well below 5.0, suggesting that the data did not suffer from
multicollinearity [67].

Table 4. Variance inflation factors.

PHBiCChIIgCGfHKeSHIdPBCcPEbEEaVariable

1.071.161.101.001.201.031.081.261.29VIFj

aEE: effort expectancy.
bPE: performance expectancy.
cPBC: perceived behavioral control.
dSHI: seek health information.
eHK: health knowledge.
fCG: caregiving status.
gII: issue involvement.
hCC: chronic conditions.
iPHB: preventive health behavior.
jVIF: variance inflation factors.

Common Method Variance
Because the data were self-reported and collected through a
single survey, the data may suffer from common method
variance (CMV), which hampers the relationship between the
variables [68]. Therefore, we assessed CMV bias using a marker
variable technique [69]. A marker variable is a variable that is
theoretically unrelated to one or more of the principal variables
measured in the study and typically has a low correlation with
the central variables.

Table 5 shows the correlation between the principal variables
and marker variables. The theoretically unrelated construct
“enjoy time in sun” (ETS) was used as a marker variable. The
correlation between the marker variable ETS and other principal
variables was low, meeting the threshold below 0.1 [69], except
seek health information, which had a correlation of –0.11 with
ETS. Similar findings were obtained using “morning-night
person” as a marker variable (see Multimedia Appendix 1). The
low correlation of the marker variable with the variables in the
model indicates the absence of CMV.
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Table 5. Correlation with marker variables.

PHBjCCiIIhCGgHKfSHIePBCdPEcEEbEUa 

With marker variable “enjoy time in sun”

0.01–0.06-0.070.010.03–0.11–0.030.050.03–0.04Correlation

.77.01.002.66.20<.001.23.02.18.07P value

With marker variable “morning-night person”

–0.090.030.050.01–0.090.01–0.01–0.02–0.040.03Correlation

<.001.27.03.78<.001.57.62.33.09.27P value

aEU: extent of EMR use.
bEE: effort expectancy.
cPE: performance expectancy.
dPBC: perceived behavioral control.
eSHI: seek health information.
fHK: health knowledge.
gCG: caregiving status.
hII: issue involvement.
iCC: chronic conditions.
jPHB: preventive health behavior.

Data Analysis

Overview
Since the NCI administered a paper-based questionnaire and an
online questionnaire to survey participants, we regressed the
dependent variable “extent of EMR use” on the mode of survey
administration. We found that the relationship between the two
was not significant, which means that the mode of survey
administration did not affect the extent of EMR use.

Further, we ran our model in R using the “lavaan-survey”

package. The overall fit statistics (χ2=78.461; P<.001;
comparative fit index=0.784, Tucker–Lewis index=0.982, root
mean square error of approximation=0.056, root mean square
residual=0.000, and goodness-of-fit statistic=0.935) of the
structural model indicated a good model fit [70]. The SEM
results are shown in Table 6. Table 7 presents the mediation
analysis results for issue involvement with chronic conditions
and preventive disease behavior.
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Table 6. Results of structural equation modeling.

SignificantP valueCI upperCI lowerStandard estimatesVariables

DVa: Issue involvement (II)

Yes<.0010.2610.1630.237Chronic conditions (CC)

No.870.055–0.0470.004Preventive health behavior

DV: Extent of EMRb use (EU)

Yes<.0010.3400.2190.253Performance expectancy (PE)

No.080.170–0.0090.047Effort expectancy (EE)

Yes<.0010.8680.5440.236Perceived behavioral control (PBC)

No.280.341–0.0990.027Seek health information (SHI)

Yes.01–0.028–0.176–0.073Health knowledge (HK)

Yes.010.3090.0370.060Caregiving status (CG)

Yes<.0010.4300.3430.353Issue involvement (II)

Yes.020.1270.0130.071Chronic conditions (CC)

Yes.010.1450.0260.076Preventive health behavior (PHB)

Yes<.001–0.097–0.321–0.091Male

Yes.040.1220.0030.055Age

No.520.264–0.1340.017High School or More

No.400.367–0.1460.032Black

No.150.370–0.0550.056White

No.710.054–0.0370.010Income

aDV: dependent variable.
bEMR: electronic medical record.

Table 7. Mediation results of structural equation modeling.

SignificantP valueCI upperCI lowerStandard estimatesMediation analysis

Chronic condition (CC)

Yes.020.1260.0120.071Direct

Yes<.0010.1030.0620.084Indirect through Issue Involvement

Yes<.0010.2050.0990.155Total

Preventive health behavior (PHB)

Yes.0050.1440.0260.076Direct

No.890.021–0.0180.001Indirect through Issue Involvement

Yes.0020.1420.0310.077Total

System Characteristics
H1 theorized a positive relationship between performance
expectancy and the extent of EMR use. Our analysis revealed
a positive and statistically significant path coefficient between
performance expectancy and the extent of EMR use (βPE=.253;
P<.001; see Table 6). This indicates that higher performance
expectancy results in higher EMR use, thus supporting H1. In
line with prior research [15,18-20], we theorized a positive
relationship between effort expectancy and the extent of EMR
use. The path coefficient was positive but statistically
nonsignificant (βEE=.047; P=0.77; see Table 6). Therefore,
additional research is warranted to examine the results further.

Patient Characteristics
H3 anticipated a positive relationship between perceived
behavioral control and the extent of EMR use. The path
coefficient was positive and statistically significant (βPBC=.24;
P<.001; see Table 6), suggesting that patients’ higher perceived
behavioral control results in higher EMR use, supporting H3.
This result is consistent with the findings of prior studies relating
to perceived behavioral control in other domains.

H4 theorized a positive relationship between SIH and the extent
of EMR use. Although the path coefficient was positive, it was
statistically nonsignificant (βSHI=.028; P=.28; see Table 6).
Therefore, H4 was not supported. H5 theorized a negative
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relationship between health knowledge and the extent of EMR
use. The path coefficient was negative and statistically
significant (βHK=–.071; P=.01; see Table 6). Therefore, H5
was supported. H6 theorized a positive relationship between
caregiving status and the extent of EMR use. The path
coefficient was positive and statistically significant (βCG=.06;
P=.01; see Table 6), thus supporting H6.

H7 proposed a positive relationship between issue involvement
and the extent of EMR use. The path coefficient was positive
and statistically significant (βII=.356, P<.001; see Table 6),
suggesting that higher issue involvement results in higher EMR
use. Thus, H7 was supported. H8a argued that a positive
relationship exists between the extent of chronic conditions and
the extent of EMR use. The path coefficient was positive and
significant (βCC=.071; P=.02; see Table 6), suggesting that a
patient with more chronic conditions is more likely to use EMRs
frequently. Thus, H8a was supported. H8b predicted a positive
relationship between the extent of chronic conditions and issue

involvement. The path from chronic conditions to issue
involvement was positive and statistically significant
(βCC=.238; P<.001; see Table 6). The mediation analysis
suggests that issue involvement partially mediates the effect of
chronic conditions on the extent of EMR use.

Monte Carlo simulation, also known as the Monte Carlo method
or a multiple probability simulation, is a mathematical technique
used to estimate the possible outcomes of an uncertain event
[71]. We used Monte Carlo simulation to draw a probability
distribution of the indirect effect of chronic conditions on the
extent of EMR use. Figure 2 provides the probability distribution
of the indirect effect of chronic conditions on the extent of EMR
use. As the Monte Carlo CI [72] of the indirect effect did not
contain zero (CI=0.063-0.104), the mediation of issue
involvement between chronic conditions and the extent of EMR
use is supported (Table 7). The mediation effect of issue
involvement accounted for 48.9% of the impact of chronic
conditions on the extent of EMR use.

Figure 2. Distribution of indirect effect of chronic conditions on the extent of EMR use. EMR: electronic medical record.

H9a argued that a positive relationship exists between preventive
health behavior and the extent of EMR use. The path coefficient
was positive and significant (βPHB=.076; P=.005; see Table
6), suggesting that a patient with preventive health behavior is
more likely to use EMRs frequently. Thus, H9a was supported.
H9b predicted a positive relationship between preventive health
behavior and issue involvement. The path coefficient was
positive but statistically nonsignificant (βPHB=.001; P=.89;

see Table 6). Thus, H9b was not supported, which excludes the
possibility of any mediation.

The study results suggest that, among the patient characteristics,
issue involvement (βII=.356; P<.001) is the most important
factor, followed by perceived behavior control (βPBC=.236;
P<.001). Figure 3 shows the research model with the path
coefficients and their significance, and Table 8 summarizes the
study results.
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Figure 3. Model results. PTAM: patient technology acceptance model

Table 8. Summary of study results.

ResultIndependent variableHypothesis

DVa : Extent of EMRb use (EU)

SupportedPerformance expectancy (PE)H1

Not SupportedEffort expectancy (EE)H2

SupportedPerceived behavioral control (PBC)H3

Not SupportedSeek health information (SHI)H4

SupportedHealth knowledge (HK)H5

SupportedCaregiving status (CG)H6

SupportedIssue involvement (II)H7

SupportedChronic conditions (CC)H8a

SupportedPreventive health behavior (PHB)H9a

DV: Issue Involvement (II)

SupportedChronic conditions (CC)H8b

Not SupportedPreventive health behavior (PHB)H9b

aDV: dependent variable.
bEMR: electronic medical record.
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Discussion

Theoretical Implications
Our study extends the line of research on the PTAM [15] to
explore patients’use of EMRs and examine the impact of factors
that have not been studied by prior research. In line with prior
studies [15,18,19], our statistical analysis showed that
performance expectancy is a critical system characteristic that
influences the patient adoption and use of EMRs. Further, this
study finds perceived behavioral control [24-26] and caregiving
status [32,33] significant variables for patient adoption and use
of EMR. The number of chronic conditions and issue
involvement also significantly impact the extent of EMR use
by patients.

Our study also finds preventive health behavior to be a
significant factor that impacts the extent of EMR use. However,
seek health information is not statistically significant. A typical
EMR captures the patient’s medical history, including
conditions, treatment decisions, medications, procedures,
allergies, progress notes, and immunization records [73].
However, as noted by previous studies [15,27], it has not
evolved into a source of medical information for patients who
usually seek information from providers or the internet.
Therefore, it is not surprising that seek health information
emerged as an insignificant factor in determining the extent of
EMR use. We also find effort expectancy nonsignificant, which
is counterintuitive since several studies have found it critical in
determining the extent of use [14].

Further, the study results suggest that issue involvement is the
most critical patient characteristic, followed by perceived
behavioral control as reflected by the model coefficients. Issue
involvement refers to an individual’s involvement with their
health care issues and reflects their motivation to manage their
health-related decisions. Therefore, it is natural that issue
involvement emerged as a vital patient characteristic. Perceived
behavioral control is another critical determinant of the extent
of EMR use.

The study of the effect of chronic conditions and preventive
health behaviors on the extent of EMR use is one of the most
salient contributions of this article from a theoretical perspective.
Unlike others, patients suffering from chronic conditions engage
in continuous health monitoring, frequent interactions with
medical providers, and an ongoing adjustment of medications.
Such patients also require interactions with medical specialists,
necessitating the frequent transfer of medical information among
several physicians. Given the complexity of care and the
patients’ frequent interactions with providers, the statistical
significance of chronic conditions as a determinant of EMR use
is intuitive. Finally, the study highlights the value of caregiving
in sensitizing and educating people about their health. Caregivers
witness the challenges patients face and develop an empathetic
understanding that increases their awareness and motivates them
to adopt better health practices, including keeping track of
patients’ health information using EMRs.

In a nutshell, the contributions of this study include insights
into how patients’ characteristics and health conditions, along

with their perceived system characteristics, influence the extent
of EMR use. Our model adds (1) patient characteristics, such
as caregiver status and preventive health practices, and (2) health
conditions, such as chronic conditions and issue involvement,
to the PTAM framework.

Practical Implications
Understanding the factors that influence the extent of EMR use
by patients can be crucial in developing processes and systems
that can enhance their adoption and usage. Given the
significance of perceived behavioral control, we can institute
inventions such as developing high-quality training modules
and end-user support services. In addition to demonstrating the
product features, training modules can also educate users on
the potential value and utility of EMRs, thereby enhancing
performance expectancy. The results of this study also suggest
that practitioners and providers should dedicate efforts to
educating and training patients about the benefits of EMR use.
Also, we should promote success stories and best practices of
patients using EMRs through case studies. Further, since
chronically ill patients are more likely to use EMRs, patient
engagement interventions should be directed at them. During
the design and development phases, EMRs should also consider
the role of caregivers.

Study Limitations
This study has several limitations. First, the HINTS data relied
on self-reported information, so there is potential for CMV [68].
Using the marker variable technique [69], we evaluated that
data are not suffering from CMV. Second, the study is based
on secondary data and could only use variables present in the
data. Certain key variables, such as social norms that may
interest a general audience, were not included as these variables
were not captured in the survey. Social norms, commonly
defined as typical behaviors expected from people, are
significant in original PTAM; consequently, the absence of
social norms in this study might have inflated some of the
estimates. However, since the patient adoption and use of EMRs
is a relatively new phenomenon, the social norms around
adopting and using EMRs are not well-established. Likely, its
impact may not have been significant. Future studies should
examine the impact of social factors and analyze their role in
the extent of patients’ EMR use. Third, the operationalization
of chronic conditions was limited to only 6 major chronic
conditions: diabetes, hypertension, heart disease, lung disease,
depression, and cancer. To overcome these limitations,
researchers should examine factors that affect patients’ EMR
use through longitudinal studies that include key variables such
as social norms in addition to the variables in the current study.

Conclusions
Our study contributes to both theory and practice. First, we
described how the phenomenon of patient adoption of EMRs
is different from physician adoption of EMRs. Second, to
understand the factors affecting patients’ EMR use, we adapted
the PTAM to the context of EMR use. This resulted in the
addition of several new patient characteristics (eg, chronic
conditions, preventive health behavior, issue involvement, and
caregiving status) that influence the extent of EMR use. Thus,
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our study contributes to the literature on health information
systems. We also found that effort expectancy had no significant
effect on the extent of patients’ EMR use. We found that health
characteristics, such as chronic conditions, preventive health
behaviors, caregiving status, health knowledge, and issue
involvement directly affect the extent of EMR use. Our analysis
also revealed that issue involvement has a mediating effect on
the impact of the extent of the chronic condition on EMR use.

EMR enables patients to track their health care history and
understand the progress or deterioration in their health
conditions. It also provides an opportunity for patients to
examine their medical records and get the erroneous medical
record corrected. Hence, improving EMR use contributes to
patients’ greater control over decisions and actions and adds to
the larger goal of patient empowerment.
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Abstract

Background: User-friendly information at the point of care for health care professionals should be well structured, rapidly
accessible, comprehensive, and trustworthy. The reliability of information and the associated methodological process must be
clear. There is no standard tool to evaluate the trustworthiness of such point-of-care (POC) information.

Objective: We aim to develop and validate a new tool for assessment of trustworthiness of evidence-based POC resources to
enhance the quality of POC resources and facilitate evidence-based practice.

Methods: We designed the Critical Appraisal of Point-of-Care Information (CAPOCI) tool based on the criteria important for
assessment of trustworthiness of POC information, reported in a previously published review. A group of health care professionals
and methodologists (the authors of this paper) defined criteria for the CAPOCI tool in an iterative process of discussion and pilot
testing until consensus was reached. In the next step, all criteria were subject to content validation with a Delphi study. We invited
an international panel of 10 experts to rate their agreement with the relevance and wording of the criteria and to give feedback.
Consensus was reached when 70% of the experts agreed. When no consensus was reached, we reformulated the criteria based
on the experts’ comments for a next round of the Delphi study. This process was repeated until consensus was reached for each
criterion. In a last step, the interrater reliability of the CAPOCI tool was calculated with a 2-tailed Kendall tau correlation coefficient
to quantify the agreement between 2 users who piloted the CAPOCI tool on 5 POC resources. Two scoring systems were tested:
a 3-point ordinal scale and a 7-point Likert scale.

Results: After validation, the CAPOCI tool was designed with 11 criteria that focused on methodological quality and author-related
information. The criteria assess authorship, literature search, use of preappraised evidence, critical appraisal of evidence, expert
opinions, peer review, timeliness and updating, conflict of interest, and commercial support. Interrater agreement showed substantial
agreement between 2 users for scoring with the 3-point ordinal scale (τ=.621, P<.01) and scoring with the 7-point Likert scale
(τ=.677, P<.01).

Conclusions: The CAPOCI tool may support validation teams in the assessment of trustworthiness of POC resources. It may
also provide guidance for producers of POC resources.

(J Med Internet Res 2021;23(10):e27174)   doi:10.2196/27174
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Introduction

Evidence-based medicine (EBM) aims to integrate the
experience of the health care professional, the values of the
patient, and the best available scientific information to guide
clinical decision making. Back in 1996, Sackett defined EBM
as “the conscientious, explicit, and judicious use of current best
evidence in making decisions about the care of individual
patients.” The practice of EBM means integrating individual
clinical expertise with the best available external clinical
evidence from systematic research [1,2]. However, keeping up
to date with the best available evidence is time-consuming, and
the format of a systematic review is impractical for quickly
answering clinical questions [3]. As more and more health
professions worldwide adopted the EBM concept, the name
shifted in the last decade to evidence-based practice (EBP).
Nowadays, clinical guidelines are the gold standard in EBP to
guide the clinical decision process, but for many health problems
and health care professions, there are no guidelines available
[4]. Technological progress allows rapid and easy access to an
enormous amount of information, but the trustworthiness is
often unclear. Point-of-care (POC) information is defined as
high-quality information needed by health care professionals
when they interact with the patient; this information should be
well structured, quick and easily accessible and, most
importantly, relevant and reliable [5,6]. Many authors have
highlighted the importance of trustworthiness or quality of
web-based POC information [7-12]. For systematic reviews and
clinical guidelines, well-developed critical appraisal tools are
available (eg, AMSTAR [A Measurement Tool to Assess
Systematic Reviews] [13,14] and AGREE II [Appraisal of
Guidelines for Research and Evaluation II] [15]). However,
these tools are not appropriate for the evaluation of POC
information.

Trustworthy POC information sources for health care
professionals require a robust methodological process for
searching, appraisal, and synthesis of the best available evidence
in a reproducible way. Health information for professionals
differs at this point from health information for the lay public,
and consequently the initiatives to evaluate health information
for patients (eg, e-Health Code of Ethics [16], Health on the
Net [17], Journal of the American Medical Association [18],
and DISCERN [19]) are not suitable for the evaluation of POC
information for professionals. A standard tool to evaluate the
trustworthiness of POC information that is not a guideline is
therefore essential.

This study built on the results of a systematic review [20] that
searched for existing tools to assess the trustworthiness of POC
information. The content of existing tools was analyzed, and
the tools were examined for validity and reliability. However,
a tool that is complete, usable, and validated could not be found.
Therefore, the aim of this study was to develop a new tool for
assessment of trustworthiness of evidence-based POC resources
to enhance the quality of POC resources and support health care

professionals to have access to reliable EBP information. This
paper describes the development process and associated validity
of this new tool, which we named the Critical Appraisal of Point
of Care Information (CAPOCI) tool.

Methods

Systematic Review
In a first step, a systematic review was performed to search for
already existing tools to assess trustworthiness of POC
resources. This systematic review has been published as a
separate paper [20]. We aimed to describe and analyze the
content of these tools by documenting the general characteristics,
purpose for which a tool was developed, and criteria and scoring
systems that were used. We also checked whether the included
tools were examined for validity and reliability. Seventeen tools
were included in the review. The tools encompassed a variety
of criteria important for assessment of trustworthiness of POC
information. Only two tools were assessed for both reliability
and validity, but they lacked some essential criteria for
assessment of trustworthiness of health care information for use
at the point of care, pointing to the need to develop a new tool.

Formulation of Criteria for the CAPOCI Tool
In a second step, two methodologists (GB and GL) started from
the results of the systematic review to derive relevant criteria
for the CAPOCI tool. They related the relevance of criteria to
frequency of occurrence in the existing tools and contribution
of the criteria to the trustworthiness of POC information
according to the reviewers. A working group of health care
professionals and methodologists (ie, the authors of this paper)
then discussed the relevance, applicability, and accurate wording
of the different criteria. The further refinement of the items for
the CAPOCI tool was the result of an iterative process of
discussion and pilot testing until consensus was reached for all
criteria, resulting in a tool with 9 criteria.

Content Validation
The content validity of the CAPOCI tool was tested on an
international panel of experts (Multimedia Appendix 1) with
the RAND modified Delphi method [21]. Panel members were
selected based on their authorship of publications in the domain
and their affiliation to relevant institutions. All panel members
received a payment of €250 (US $306) for their time investment.
The whole process was in writing and anonymous, and only the
study coordinator (GL) knew the identity of the panel members.

All panel members received a study protocol and an electronic
questionnaire. They were asked to rate the relevance and
wording (accuracy and correctness) of the different CAPOCI
criteria. The panel members rated their agreement with each
item as strongly agree, agree, disagree, or strongly disagree. If
the answer was disagree or strongly disagree, an explanation
was required.
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The questionnaires were returned to the study coordinator.
Consensus on a criterion was achieved when 70% of the
panelists rated a criterion as strongly agree or agree. Based on
the justification formulated in case of disagreement, the criterion

was reformulated and again presented to all panel members in
a next round. The process was repeated until consensus was
reached for all criteria. Figure 1 shows an overview of the
development process of the CAPOCI tool.

Figure 1. Overview of the development process of the Critical Appraisal of Point of Care Information (CAPOCI) tool. POC: point-of-care.

Scoring Methods for the CAPOCI Tool
The results of the systematic review did not identify the most
appropriate scoring system for the CAPOCI tool. Therefore,
we decided to test 2 scoring systems. The first scoring system

rated each criterion on a 3-point ordinal scale with the following
possible ratings: (1) fulfilled, (2) minor remark, and (3) major
remark. The conditions for awarding one of the 3 ratings were
discussed and defined by the authors of this paper. The second
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scoring system rated each criterion on a 7-point Likert scale,
where a score of 1 indicated fully disagree and a score of 7
indicated fully agree.

Interrater Reliability And Statistical Analysis
The CAPOCI tool was tested for interrater reliability. To this
end, two methodologists (GB and GL) assessed 5 POC resources
used in Belgian health care with the CAPOCI tool, using the 2
scoring systems described above.

The statistical analyses were performed using SPSS (version
24, IBM Corp). A 2-tailed Kendall tau correlation coefficient
was calculated to quantify the agreement between the 2
reviewers for the entire CAPOCI tool per scoring system. Level
of significance was set at .01. In addition, a descriptive analysis
was performed for each criterion separately. We counted how
often a criterion was scored differently by the 2 reviewers for
the 5 evaluated POC resources. For scoring with the Likert
scale, a difference in score of more than 1 was considered a
different score. The reason for interrater disagreement was
documented.

Results

Delphi Study
Based on the results of the systematic review, the CAPOCI tool
was initially defined with 9 criteria. These 9 criteria were then
tested in the Delphi study. Ten experts from a diverse range of
organizations and institutions reputable in EBM worldwide
participated (see Multimedia Appendix 1). One expert dropped
out after the first round.

The 9 criteria were assessed as relevant by all the experts after
the first round, but refinement of the wording was needed. After
4 rounds of the Delphi study, a final version of the CAPOCI
tool was developed including 11 criteria, where the criteria
related to authorship and experience of authors, literature search
and surveillance were split up. Table 1 summarizes the CAPOCI
criteria as defined by the expert panel, together with the
conditions for rating a criterion as fulfilled, minor remark, or
major remark.
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Table 1. The criteria of the CAPOCI tool and the conditions for scoring on a 3-point ordinal scale.

Conditions to rate as
major remark

Conditions to rate as
minor remark

Conditions to rate as fulfilledCAPOCIa criteria

There is no information
available on the au-
thors.

Only a general descrip-
tion is available (eg,
of the editorial board).

Name and affiliations of all authors
are mentioned.

1. Authorship: The authors must be referenced on the website
but do not need to be identified for each individual topic
(clicking and searching may be necessary).

There is no information
available on the exper-
tise of the author team.

The expertise of the
author team is un-
clear.

The expertise of the author team is
demonstrated.

2. Expertise of the authors: The author team is qualified in the
specific domain and can demonstrate their expertise on request.

Literature search seems
to be implemented, but

The description is not
sufficiently detailed to

A systematic search strategy has
been used to search for source infor-

3a. Literature search and surveillance: A systematic search
strategy was used to search for source information.

there is no descriptionbe able to assess;mation. This search strategy is de-

scribed in detail in the EBPb source. of the process or there
is no information on

there are inaccuracies
in the methodological
process. how the literature

search was done.

A systematic selection
process seems imple-

The description is not
sufficiently detailed to

Systematic methods have been used
to select the evidence from the re-

3b. Literature search and surveillance: Systematic methods
were used for selection of the evidence from the search.

mented, but there is nobe able to assess;sults of the literature search. These
methods are described in detail. description of the pro-

cess or there is no infor-
there are inaccuracies
in the methodological
process. mation on how this se-

lection was done.

It is unclear whether a
critical assessment of

The description is not
sufficiently detailed to

An adequate critical assessment of
the quality of scientific evidence has

4. Critical appraisal of the evidence: A critical appraisal has
been implemented to assess the validity of the evidence used.

study data has taken
place.

be able to assess;
there are inaccuracies
in the methodological
process.

been performed, and the procedure
has been described in a transparent
way. The critical assessment serves
as a basis for the interpretation of
the evidence.

The critical appraisal must be scientifically robust and trans-
parent. The critical appraisal assessment has informed the in-
terpretation of the evidence.

It is unclear whether the
authors prioritize evi-

The description is not
sufficiently detailed to

The content of the EBP source is
based on the best available evi-

5. Use of the best available evidence: The content of the EBP
source should be based on the best available evidence, specific

dence synthesis docu-be able to assess;dence, specific to the clinical ques-to the clinical question. Well-designed and conducted evidence
ments over primary
studies.

there are inaccuracies
in the methodological
process.

tion. If available, well-designed and
conducted evidence synthesis docu-
ments are preferred over primary
studies.

synthesis documents, when available, are preferred above
primary studies.

It is unclear whether
expert opinions are cit-

The description is not
sufficiently detailed to

It is clearly stated when expert
opinions are cited to distinguish it

6. Citation of expert opinions: When expert opinions are cited,
this must be clearly indicated in order to distinguish it from

ed or the distinction be-be able to assess. Thefrom empirical evidence. There is aempirical evidence. Experts should be listed along with their
tween expert opinionexpertise of the ex-description of the expertise of theprofessional designation, organization, and a conflicts of inter-

est statement. and empirical evidence
is unclear.

perts is unclear or the
affiliations and decla-
ration of conflicts of
interest are lacking.

experts, along with their profession-
al affiliations, including a declara-
tion of possible conflicts of interest.

There is no information
available about the re-
view process.

Only a general descrip-
tion of the review pro-
cess is available (eg,
“information was re-

There is a detailed description of the
review process of the scientific
quality and clinical applicability of
the EBP source.

7. Review process: The scientific quality and the clinical ap-
plicability of the EBP source is assessed by peer reviewers.

viewed by external re-
viewers”).

Insufficient information
about updates; date of

Updates are per-
formed but not suffi-

The EBP source is frequently updat-
ed in accordance with the develop-

8. Timeliness and updating: The frequency of updates is deter-
mined by the speed of developments in the field and is docu-

last update not dis-
played.

ciently frequently,
which means that the
content may be out of
date.

ments in the field. The frequency of
the updates is documented in the
methodology. The date of first pub-
lication and last update can be found
in the source, as well as information
on the next planned update.

mented in the methodology. The content of the EBP source
is checked and updated when new information is available.
The date of first publication, date of the last update, and data
on the next planned update are clearly displayed in the EBP
source.
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Conditions to rate as
major remark

Conditions to rate as
minor remark

Conditions to rate as fulfilledCAPOCIa criteria

No information about
conflict of interest pro-
cedure available (con-
flicts of interest are not
checked or reported).

Conflict of interest
procedure seems im-
plemented but not re-
ported.

Procedure for conflicts of interest
has been implemented and docu-
mented (conflicts of interest should
not be explicitly stated on the web-
site, but the information must be
able to be submitted to the assessor).

9. Conflicts of interest: There is a formal policy on declaring
and managing financial and nonfinancial conflicts of interest
of the authors and other stakeholders. Possible conflicts of
interest are reported.

There is insufficient in-
formation to judge.

Not applicable.If commercial support is accepted,
this is clearly and publicly an-
nounced and there is no influence
of the financier on the content or the
result of the EBP source.

10. Commercial support: It is clearly described to what extent
commercial support was accepted for developing the content
of the EBP source. The financier has no substantive input and
therefore no influence on the result or the content of the EBP
source. When advertisements on websites are a source of in-
come, this must be clearly stated on the site. A short descrip-
tion of the advertising policy is published on the site. Adver-
tisements and other promotional material must be presented
in such a way that visitors can clearly distinguish between
editorial content.

aCAPOCI: Critical Appraisal of Point of Care Information.
bEBP: evidence-based practice.

Interrater Reliability
Assessment of 5 POC resources with the CAPOCI tool
(Multimedia Appendix 2) showed a substantial agreement
between the reviewers (GB and GL) of .621 (P<.01) for scoring
with the 3-point ordinal scale and .677 (P<.01) for scoring with
the 7-point Likert scale, as calculated by the Kendall tau
correlation coefficient.

The descriptive analysis of agreement between the reviewers
for each criterion separately showed that both scoring systems
lead to similar results (Table 2). There were no interrater

differences in the scoring of criterion 5 (use of the best available
evidence) for the 5 evaluated POC resources. For the other
criteria, the most common reason for disagreement was a
difference in rigor of application of the criterion by the 2
reviewers. For the scoring of criterion 6 (citation of expert
opinion), the information found in the POC resources was
differently interpreted by both reviewers, leading to a different
score. Criterion 8 (timeliness and updating) and 9 (conflict of
interest) were once scored differently because the necessary
information was not always retrieved in the POC resource by
both reviewers.
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Table 2. Descriptive analysis of interrater agreement between 2 reviewers using the CAPOCI criteria on 5 POC resources. Scoring was done on a
3-point scale (fulfilled, minor remark, major remark) and on a 7-point Likert scale.

Reason for interrater disagreementScoring with 7-point
Likert scale; number of
interrater disagreements
(>1) (/5)

Scoring with 3-point
scale; number of inter-
rater disagreements (/5)

CAPOCIa tool

The information was
found/not found in the
POC resource by the
reviewers

The information in the

POCb resource was dif-
ferently interpreted by
the reviewers

Difference in rigor of
application

——c✓01Criterion 1

——✓11Criterion 2

——✓11Criterion 3a

——✓21Criterion 3b

——✓11Criterion 4

———00Criterion 5

—✓—12Criterion 6

——✓22Criterion 7

✓—✓21Criterion 8

✓——11Criterion 9

——✓11Criteron 10

aCAPOCI: Critical Appraisal of Point of Care Information.
bPOC: point-of-care.
cNot applicable.

Discussion

Principal Findings
We developed a uniform, comprehensive, and validated tool
specifically designed for the evaluation of POC information.
The CAPOCI tool allows the systematic evaluation of the
trustworthiness of POC resources, including the methodological
process of searching, appraising, and synthesizing the best
available evidence for a specific health topic.

Content of the CAPOCI Tool
Our systematic review showed that items for assessing POC
resources could be divided into 4 main domains: author-related
information, criteria related to evidence-based methodology,
criteria related to website quality, and criteria related to website
design and usability [20]. The rigor and specificity with which
each of these domains should be evaluated is an interesting
discussion. For the development of the CAPOCI tool, we
focused on the first 2 domains as these directly relate to the
trustworthiness of the information. The tool can be used for
different types of POC resources (eg, interactive websites as
well as online PDFs). Website quality and design and usability
of web-based POC resources can be evaluated by existing tools
for assessment of readability [22], design evaluation, and
accessible health information contents [23,24].

The rigorous reporting of author-related information is a first
important point when we focus on trustworthiness of
(web-based) POC information. In this internet era, where
personal opinions are easily expressed, it is crucial to have one

or more authors who take responsibility for the content of a
POC resource. Clarity and transparency about authorship must
always go hand in hand with transparent and consistent reporting
of conflicts of interest. Users of EBP resources need to be sure
that the provided information reflects the best evidence and
potential influence by competing interests has been minimized.
The disclosure of conflicts of interests in guideline development
has received much attention after reports on undisclosed
financial conflicts of interest in guideline panels [25]. In
response to this, the American College of Physicians Clinical
Guidelines Committee recently published their policy for
disclosure of interests and management of conflicts of interest
in clinical guidelines [26] and the Cochrane Collaboration
announced a new conflict of interest policy in October 2020 to
strengthen user confidence [27].

To fulfill the claim of being evidence-based, a POC resource
should be built on a robust methodological process. First, an
explicit methodology for literature search and surveillance helps
to avoid biases. A literature search should be systematic and
well-documented for transparency and auditability. However,
a systematic search with nonsystematic article selection can
negate the effort for systematic search and surveillance.
Therefore, a systematic strategy for article selection should be
worked out as well, including a clear definition of inclusion and
exclusion criteria for the selection of source information. These
are basic principles of comprehensiveness in literature search
that are important and widely adopted for guideline development
[28], but comprehensiveness is also essential for other POC
resources.
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Once the information is selected, it should be critically appraised
to assess the validity of the evidence it provides and to prevent
inclusion of biased results. Some sources such as Cochrane
systematic reviews are conducted following a strict protocol,
and therefore they can be considered as trustworthy. But there
are an increasing number of systematic reviews available in
which the quality is often suboptimal [29,30]. When a POC
resource is derived from a clinical practice guideline, the
guideline should be critically appraised preferably with the
AGREE II instrument [15]. Despite international efforts for
quality standards of guidelines, development processes of
guidelines still vary substantially, and many guidelines do not
meet basic quality criteria [31].

When the criteria for literature and surveillance and critical
appraisal of evidence are met, the criterion concerning the use
of best available evidence will probably be fulfilled as well. We
added this criterion to the tool to clarify that the content
production process of a POC resource should be based
preferentially on well-designed and conducted evidence
synthesis documents rather than single studies. The best
available evidence can be explained in different ways. The 6S
pyramidal model of Haynes is often used as a conceptual
framework for searching information resources for EBM [32],
suggesting that the best available evidence is always higher up
in the pyramid. The 6S model was later reworked to the
evidence-based health care pyramid 5.0 for accessing
preappraised evidence and guidance [33]. This pyramidal model
adds systematically derived recommendations as a major type
of information and simplifies the overall framework to 5 major
layers of information types. Although these models give a good
perspective on the difference in information types for EBM
while focusing on preappraisal of information, it might be rather
arbitrary since some resources may overflow between layers
and may be difficult to attribute to one specific layer [6].
Furthermore, the best available evidence is also related to the
clinical question to which the POC resource wants to provide
an answer and the associated ideal study design. In
epidemiological studies, the best available evidence will be
observational data; in intervention studies, the best available
evidence will be experimental data; and in studies of human
experience, the best available evidence will be qualitative data.
Levels of evidence frameworks such as the Oxford Centre for
Evidence-Based Medicine table of evidence [34] are useful in
the process of finding the appropriate evidence for a specific
research question, but these frameworks predominantly address
questions related to quantitative studies, while qualitative
research is sometimes the best and most appropriate type of
information to inform policy and planning decisions. Therefore,
the framework with most relevance to the stakeholder group
and most appropriate for the clinical question that is being asked
should be considered when deciding on the best available
evidence for the content of a POC resource.

For some clinical questions concerning rare diseases, best
practice guidance, or treatments that are strongly
context-dependent (eg, resistance for antibiotics), the evidence
may be limited. In these situations, obtaining evidence from
experts can be efficient, and experts may be the only or main
source of evidence. However, the use of expert opinion should

be clearly distinguished from empirical data in a POC resource
[35]. To this end, the use of in-text referencing to published
study data and clear statements on the use of expert opinion
will contribute to more transparency and add to the
trustworthiness of the POC resource.

Peer review, procedures for updating, and clear policies on
conflict of interest and commercial support are basic principles
for EBP that are present in all critical appraisal tools for clinical
trials, systematic reviews, or guidelines [13,14,36]. Because of
the POC aspect, a peer-review policy of a POC resource should
not only address the scientific quality but also the clinical
applicability of the information. To increase the transparency
and auditability of the POC resource, the review process should
be documented. For the same reason, procedures for updating
should be documented. Systematic searches for new inputs
should be executed with a frequency appropriate for the
developments in the field of interest. An update should also be
based upon either higher level of evidence or higher quality
evidence; there is no point in adding new evidence if it is of
lower quality or does not add empirical rigor.

POC resources are often web-based, which makes them very
interesting for biomedical companies for online advertising. It
is possible that a POC resource depends on commercial funding.
In that case, a strict policy that ensures that the funder or
advertiser has no influence on the content of the POC resource
is mandatory. The distinction between content and advertising
must always be very clear to the user.

Scoring Systems
We tested 2 scoring systems for the CAPOCI tool, both showing
good reliability. The purpose of the evaluation of a POC
resource can be a determining factor in the choice of scoring
system. The 7-point Likert scale allows more nuance. It is also
used in the AGREE II instrument and therefore probably familiar
for users. It allows for a quantitative comparison when rating
and comparing different POC sources.

The 3-point scale may be better suited when different reviewers
must formulate a final judgement on a POC resource (eg, for
granting a quality label) in consensus. The predefined conditions
for the 3 categories also allow structured feedback to developers
for POC resources on the criteria where additional information
is required.

Use of the CAPOCI Tool
The CAPOCI tool is valid and reliable instrument that can be
used by health care providers, researchers, and decision and
policy makers for the evaluation of the trustworthiness of POC
resources. Developers of POC resources can also use the tool
as a guide in the development process.

Although the results of the interrater variability tests showed
substantial agreement between reviewers for the CAPOCI tool,
the descriptive analysis showed a difference in rigor of
application between reviewers for 8 of the 11 criteria. In
addition, different reviewers might interpret information in the
POC resource differently, and the necessary information for
evaluation was sometimes not retrieved. Therefore, a robust use
of the CAPOCI tool includes an evaluation by at least 2

J Med Internet Res 2021 | vol. 23 | iss. 10 |e27174 | p.581https://www.jmir.org/2021/10/e27174
(page number not for citation purposes)

Lenaerts et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


independent reviewers who reach a joint final judgment after
discussion in order to reduce subjectivity and inaccuracy in the
evaluation. Furthermore, reviewers should have experience with
EBP methodology or should be trained by an experienced
methodologist. Pilot testing is recommended to mitigate
differences in rigor of application between reviewers and can
be part of training for the good use of the CAPOCI tool.

Strengths and Limitations
The CAPOCI tool is based on a rigorous development process
starting from a systematic review to consider and cover all
possible criteria for the assessment of trustworthiness of POC
information. The author group who defined the initial CAPOCI
criteria consisted of methodologists and health care
professionals, each with broad experience in guideline
development and/or guideline validation.

Of all POC tools that were previously analyzed in our systematic
review, only 2 were validated and tested for reliability [20].
However, these are essential requirements for tools used for
evaluation in the context of EBP that were adopted in the
CAPOCI tool.

Reliability testing was performed by reviewers who were
involved in the development of the tool, which might have
influenced the results. We will use this tool among different
methodologists at our institute. The criteria and scoring methods
will be refined where needed based on the experience and
feedback of the users. Adding examples to the different criteria
may also contribute to a better understanding and ease of use
for less experienced users. Furthermore, content validation was
done with a panel of 10 experts and reliability testing with only
2 reviewers, which can be considered as a limitation of this
study. Using more reviewers or a more extended expert panel
would add to the quality of validity and reliability testing.

Conclusion
With the development of the CAPOCI tool, we filled a gap in
the evaluation of POC information. The CAPOCI tool facilitates
the assessment of trustworthiness in POC resources. It may also
provide guidance for producers of POC resources. Wide use of
the CAPOCI tool may improve the quality and reliability of
POC resources over time and may take EBP in daily practice
to a higher level.
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Abstract

Background: The Internet Gaming Disorder Scale–Short-Form (IGDS9-SF) is among the best with regard to its psychometric
properties. Therefore, clinical psychologists are likely guided to use the IGDS9-SF if they want to assess or screen the disordered
gaming in their practice. However, the information, especially psychometric evidence, concerning the IGDS9-SF has not been
fully examined and summarized.

Objective: This systematic review evaluated the psychometric properties of different language versions of the IGDS9-SF and
assessed its methodological quality in order to improve the clinicians’ understanding of the IGDS9-SF and facilitate its use.

Methods: Systematic literature searches were carried out using Embase, MEDLINE, PsycINFO, PubMed, ScienceDirect, Scopus,
and Web of Science. The review included English-language studies of any research design that have reported at least one
psychometric property of the IGDS9-SF, as defined by the COnsensus-based Standards for the selection of health status
Measurement INstrument (COSMIN), and have aimed at testing the psychometric properties of the IGDS9-SF.

Results: In total, 21 studies comprising 15 language versions of the IGDS9-SF were included. Overall, the IGDS9-SF showed
adequate internal consistency (although some items did not have satisfactory item-total correlation [IT]), excellent criterion
validity, and the ability to distinguish different subgroups with measurement invariance being supported across gender and age.
In terms of factor structure, the IGDS9-SF was shown to have a unidimensional factor structure across all 21 studies.

Conclusions: Although there is insufficient evidence regarding the responsiveness and properties of the IGDS9-SF using item
response theory, the existing evidence supports its use in assessing disordered gaming among individuals.

(J Med Internet Res 2021;23(10):e26821)   doi:10.2196/26821
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Introduction

In the era of technology, internet use has become one of the
essential components of everyone’s life [1]. However, internet
use can be a potential hazardous tool for a minority of
individuals, particularly adolescents and emerging adults [2].
Many websites and mobile applications, including online games,
provide highly interactive features and services (eg, forums)
that attract millions of users worldwide. Users, especially
younger people, may therefore be unable to fully control their
internet use as they encounter challenges to their self-control,
alongside the addictive features of these applications, which
tend to be associated with poor self-control levels among
dysregulated and disordered users [3,4]. Therefore, they may
end up spending a substantial amount of time within different
virtual environments because they want to engage in social
interaction on the internet [2]. In other words, internet use (such
as online communication and gaming) may be a facilitator of
reinforcing social relationships due to peoples’ preference for
online social interaction [5].

Despite the many positive outcomes associated with online
gaming, such as decreased loneliness and promotion of
psychological well-being [6], the negative and dysfunctional
effects of online gaming were observed in a minority of
individuals in a systematic review and meta-analysis
(N=226,247 from 53 studies across 17 countries, including
European, American, and Asian countries, with different
populations, eg, adolescents, gamers, and the general population,
with a prevalence of 3.05% with a 95% confidence interval
between 2.38% and 3.91%) [7]. Its negative impacts on both
physical and mental health (eg, poor sleep quality,
musculoskeletal discomfort, and increased psychological
distress) have been widely reported in recent years [8,9].
Consequently, internet gaming disorder (IGD) was incorporated
into the fifth revision of the American Psychiatric Association’s
(APA) Diagnostic and Statistical Manual of Mental Disorders
(DSM-5) as a tentative disorder and behavioral addiction [10].

Additionally, the 11th revision of the International
Classification of Diseases (ICD-11) also formally recognized
IGD and categorized it as an addictive disorder [11]. However,
diagnosis in the ICD-11 relies upon clinical and functional
impairment by manifesting pathological aspects rather than
biological concepts, such as withdrawal and tolerance, as
suggested in the DSM-5 in relation to IGD [11].

Ever since the emergence of the first internet addiction scale in
1998 [12], many psychometric assessment tools assessing the
addictive effects of problematic internet use have been
developed. More recently, self-report psychometric tests
assessing IGD have been developed to assess the following nine
IGD criteria proposed in the DSM-5 [10]: (1) preoccupation or
obsession with gaming; (2) withdrawal symptoms when unable
to engage in gaming; (3) tolerance, leading to necessity of
spending more time in gaming for satisfying the urge of gaming;
(4) inability to control participation in gaming; (5) not engaging

in other hobbies and entertainment because of gaming; (6)
persisting in excessive gaming irrespective of the psychosocial
problems; (7) lying to family members or others in respect to
the time spent on gaming; (8) using gaming to escape negative
m o o d  s t a t e s ;  a n d  ( 9 )  c o m p r o m i s i n g
occupation/education/significant relationships due to the
involvement in gaming [13].

Currently, there are at least seven psychometric assessment
tools for IGD that have been developed using DSM-5 criteria
[14-17]. Among these seven instruments, two instruments rate
responses using a Likert-type scale, two instruments rate items
using either a Likert-type scale or a dichotomous scale, and one
instrument begins rating items with a Likert-type scale and then
converts to a dichotomous scale. More specifically, the 20-item
Internet Gaming Disorder Test (IGDT-20) and the 9-item
Internet Gaming Disorder Scale–Short-Form (IGDS9-SF) both
use a 5-point Likert scale from 1 (never) to 5 (very often) and
use the scale for scoring [18,19]. The 10-item Internet Gaming
Disorder Test (IGDT-10) uses a 3-point Likert scale (ie,
0=never, 1=sometimes, and 2=often), which is then converted
to a dichotomous score (ie, 0=never, 1=sometimes and often)
[10]. The 27-item Internet Gaming Disorder Scale (IGDS) [20]
and the IGDS9-SF [18] use either a 6-point Likert scale from
0 (never) to 5 (every day or almost every day) or a dichotomous
scale (0=no and 1=yes).

Among the aforementioned psychometric instruments, the
IGDS9-SF emerges as a robust and concise psychometric tool
for assessing individuals with IGD, with a recent study
identifying this tool as having great support in relation to its
sound psychometric properties and significant advantages in
comparison to most existing tools for IGD [21]. The IGDS9-SF
includes all nine IGD criteria proposed by the APA in the
DSM-5, with the features of conciseness and brief administration
time, which is of great pragmatic utility in busy clinical settings
when screening for the risk of IGD. Moreover, the psychometric
properties of the IGDS9-SF have been widely assessed,
including structural validity, internal consistency, cross-cultural
validity/measurement invariance, reliability, measurement error,
criterion validity, convergent validity, and discriminative or
known-group validity.

In the current literature, the IGDS9-SF has been translated into
17 languages: Chinese, with three sublanguages of traditional
Chinese in Hong Kong [22-24], traditional Chinese in Taiwan
[22-24], and simplified Chinese in mainland China [25];
Albanian [26]; Italian [26]; English [26]; European and South
American Portuguese [27,28]; Slovenian [29]; Persian [30];
Polish [31]; Spanish [32-34]; Turkish [35]; German [36]; Czech
[37]; Malay [38]; and Korean [39]. As a screening tool, the
IGDS9-SF can help clinicians in assessing IGD severity and
the detrimental health impacts on the individual’s life with
reasonable accuracy in a time-efficient way. Therefore, it has
increasingly been psychometrically examined and used widely
in epidemiological studies [40].
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Although the psychometric properties of the IGDS9-SF have
been examined among different populations, to the best of our
knowledge, there is no systematic review of the IGDS9-SF
reporting its psychometric characteristics in depth. Dispersed
information in the extant literature regarding the IGDS9-SF
with varying sample sizes and across different countries makes
it timely to investigate whether clinicians should be adopting
the IGDS9-SF for assessment of IGD. More specifically, there
are a number of questions that are best answered by carrying
out a systematic review of the psychometric properties of the
IGDS9-SF.

First, the IGDS9-SF may have different psychometric features
across different language versions, and it is unclear whether the
existing psychometric evidence for different language versions
of the IGDS9-SF is equivalent. Second, prior psychometric
testing studies on the IGDS9-SF need to be evaluated for their
methodological quality.

Without formal assessment of the quality of previous studies
on the IGDS9-SF, the results pertaining to its psychometric
properties may be biased. For the sake of improving clinicians’
understanding and facilitating the use of IGDS9-SF across other
contexts beyond research settings, this systematic review
incorporated different items of evidence concerning the
psychometric features of the IGDS9-SF across a wide range of
populations. More specifically, if the psychometric properties
of the IGDS9-SF are found to be supported across different
contexts, clinicians can use the IGDS9-SF criteria to exchange
their expert opinions using the same signs, symptoms, and
components. For example, a clinician in Taiwan can use
IGDS9-SF scores to assess the IGD severity level of a disordered
gamer, and this information can be well understood and correctly
interpreted by clinicians in other countries.

Furthermore, when carrying out psychological assessment,
clinicians are required by professional governing bodies (eg,
the American Psychological Association, the British
Psychological Society, the Australian Psychological Society)
to adopt valid and reliable psychometric tools to support the
adoption of evidence-based practices. Therefore, this review is
of importance to clinicians working with disordered gamers.

Methods

This review followed the recommended flow of the Preferred
Reporting Items of Systematic Reviews and Meta-analyses
(PRISMA) guidelines [41]. The evaluation of the psychometric
properties of the IGDS9-SF was conducted with reference to
the COnsensus-based Standards for the selection of health status
Measurement INstrument (COSMIN) guidelines for systematic
reviews of patient-reported outcome measures (PROMs) [42].
The review protocol was registered in the international
prospective register of systematic reviews (PROSPERO;
registration no. CRD42020198376).

Search Strategy
A literature search was carried out using Embase, MEDLINE,
PsycINFO, PubMed, ScienceDirect, Scopus, and Web of Science
(these seven databases were used because they are commonly
used databases in this field of psychology) to retrieve relevant

studies published up to March 31, 2020, with the following
search strategy: IGDS9-SF [All fields] OR IGDS-SF9 [All
fields] OR IGD-SF [All fields] OR Internet Gaming Disorder
Scale-Short-form [All fields] OR Internet Gaming Disorder
Scale Short form [All fields] OR Internet Gaming Disorder
Scale - 9-Item Short Form [All fields] OR 9-item Internet
Gaming Disorder Scale - Short Form [All fields]. Slight
modifications were made to the search strategy in order to
optimize the search within each database (Multimedia Appendix
1).

A total of 2533 journal articles were identified. Duplicates
(n=200) were removed using EndNote. The titles and abstracts
of the remaining journal articles (n=2333) were screened for
eligibility by two authors independently (ie, the same two
authors who screened all 2333 journal articles). Of these, 2286
articles did not focus on the IGDS9-SF and were removed. Full
texts of all potential articles were then retrieved (n=47) and
screened using the same procedure. Of these, 26 were removed
because of the following reasons: (1) the study did not test the
psychometric properties of the IGDS9-SF (n=22), (2) the study
was a non-peer-reviewed conference paper (n=3), or (3) the
study was a review paper (n=1). The remaining 21 studies were
evaluated and analyzed in this systematic review.

Study Selection
The review included only English-language studies of all types
of research design under the condition that they (1) reported at
least one psychometric property of the IGDS9-SF (eg, internal
consistency, reliability, measurement error, content validity,
construct validity, criterion validity, or responsiveness), as
defined by COSMIN, and (ii) aimed at testing the psychometric
properties of the IGDS9-SF. Exclusion criteria were nonrefereed
studies, review studies, conference proceedings, dissertations,
commentaries, editorials, or letters to journal editors. The
aforementioned inclusion and exclusion criteria were applied
to all paper titles and abstracts, and screening of full texts.

Evaluation of Psychometric Properties
The psychometric properties of the included studies were
evaluated by five authors (TYJC, SWTM, LYN, LYJP, and
YLEW), and each study was independently assessed by any
two of the five authors using the COSMIN Risk-of-Bias
checklist [43] according to the user manual of the COSMIN
methodology for systematic reviews of PROMs. Following this,
the corresponding author (C-YL) verified the evaluation results
made by the five authors. The checklist comprised eight
assessment properties: structural validity (ie, the property
assessing whether the IGDS9-SF has a unidimensional
structure), internal consistency (ie, the property assessing
whether the nine items in the IGDS9-SF assess the same
underlying construct, ie, IGD), cross-cultural
validity/measurement invariance (ie, the property assessing
whether the IGDS9-SF is interpreted similarly across different
subgroups/cultures), reliability (ie, the property assessing
whether the IGDS9-SF can be reproduced), measurement error
(ie, the property reporting the error that cannot be assessed using
the IGDS9-SF), criterion validity (ie, the property assessing the
association between the IGDS9-SF and the gold standard
assessing the same construct of IGD), hypothesis testing for
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construct validity (ie, the property assessing the association
between the IGDS9-SF and a tool assessing a similar construct
of IGD [ie, concurrent validity] or a tool assessing a construct
different from IGD [ie, discriminant validity]), and
responsiveness (ie, the property assessing whether the IGDS9-SF
can effectively detect the improvement of IGD when effective
treatment is given). It was noted that ΔCFI of >–0.01 would be
used for evaluation of measurement invariance (where CFI is
the comparative fit index) [44]. In the evaluation of criterion,
concurrent, and convergent validity, coefficient values greater
than or equal to 0.5 indicated strong correlation, values between
0.3 and 0.5 indicated fair correlation, and values between 0.1
and 0.3 indicated poor correlation [45].

Ranging from 3 to 13 items, each property was scored on a
4-point scale with four predefined options: very good (V),
adequate (A), doubtful (D), and inadequate (I) [43]. The overall
score of a psychometric property was graded based on the
worst-score-counts principle [43]. Psychometric properties that
were not available in the published study were marked as not
applicable (NA). In this review, structural validity, internal
consistency, cross-cultural validity/measurement invariance,
reliability, measurement error, criterion validity, concurrent
validity, convergent validity, and discriminant validity were
synthesized, evaluated, and reported. Furthermore, additional
psychometric properties, including the floor and ceiling effects
and item-total correlation (IT), were also reported.

Assessments of the Quality of Statistical Findings
The quality of the statistical results of each reported
measurement property of the IGDS9-SF was rated against the
updated criteria for good measurement properties based on
Terwee et al [46] and Prinsen et al [47]. Each criterion was rated
as sufficient (+), insufficient (–), or indeterminate (?), with each
result being compared against the criterion and reported in the
results table.

Results

Study Selection
Of the 2533 identified studies, 200 were duplicates and 2333
were screened for abstracts (Figure 1). A total of 47 studies met
the inclusion criteria and underwent subsequent full-text
screening, of which 26 studies were further excluded due to the
following reasons: the focus was not on the IGDS9-SF (n=22),
they were conference proceedings (n=3), or they were review
studies that compared different instruments without detailed
information and quality assessment of each instrument (n=1).
Therefore, a total of 21 studies on 15 language versions of the
IGDS9-SF (ie, English, European Portuguese, South American
Portuguese, Spanish, Albanian, Italian, Turkish, Slovenian,
Polish, Persian, Malay, Korean, and Chinese, with three
sublanguages of traditional Chinese in Hong Kong, traditional
Chinese in Taiwan, and simplified Chinese in mainland China)
were found to be relevant and included in the qualitative
synthesis.
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Figure 1. Flowchart of study selection [41]. IGDS9-SF: Internet Gaming Disorder Scale–Short-Form.

Demographic Features
In terms of sample characteristics across all eligible studies,
nine studies included gamers [19,26,31,38,39,48-51], two studies
included people from gaming halls [26,52], one study comprised
e-sports tournament (Electronic Sports League [ESL]) amateur
e-sport players [48], and two studies included adults from the
general community who played massively multiplayer online
(MMO) games [38,51]. In addition, nine studies included
university students [22-24,26,28,35,39,48,52,53], two studies
included high school students [28,30], and two studies included
students without specifying the education level [26,52].

Furthermore, one study included students learning English in
a private institution and students in a private teaching institution
[36]. The remaining studies included students in the sixth to
ninth grades [29], students in the eighth grade [29], primary
students in the fourth to sixth grades [24], and vocational
training students [31]. The characteristics and demographics of
the included studies are summarized in Table 1. Although these
studies recruited participants with different demographic
characteristics, the findings on the properties of the IGDS9-SF
were similar, and the psychometric properties are summarized
in Table 2. Detailed information about the psychometric
properties is reported descriptively in subsequent sections.
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Table 1. Characteristics of included studies and psychometric properties of the IGDS9-SFa not included in COSMINb.

Others (not included
in COSMIN)

Testing periodAge (years)Sample sizePopulationStudy designAuthor/country

Skewness=0.21-2.41

Kurtosis=−1.06-6.74

3 months (for
testing temporal
invariance)

Hong Kong

24.18 ± 4.92

Taiwan

20.51 ± 1.22

Hong Kong 304
(67.4% female)

Taiwan 336 (50.3%
female)

University studentsCross-sectionalChen et al
[24]/Hong
Kong and Tai-
wan

ITd=0.47-0.67N/Ac18.35 ± 2.13535 (21.5% female)Vocational training
students

Cross-sectionalBeranuy et al
[32]/Spain

No item showed abso-
lute values of skew-

N/AOverall 25.94 ± 8.91

Albania 31.38 ± 10.97

USA 29.09 ± 10.72

UK 29.50 ± 9.48

Italy 21.62 ± 3.9

Overall 1411 (36.4%
female)

Albania 228 (50.9%
female)

USA 237

(21.7% female)

UK 275

(13.9% female)

Italy 671

(45.4% female)

Albania and Italy:
People from schools,
universities, and gam-
ing halls

USA and UK: En-
glish-speaking gamers
from popular online
gaming forums

Cross-sectionalde Palo et al
[26]/Albania,
USA, UK, and
Italy

ness >2 or values of
kurtosis >7

IT=0.663-0.826N/AN/A457 (62.4% female)University students,
active internet gamers,

Cross-sectionalEvren et al
[48]/Turkey

and ESL Turkey ama-
teur e-sport players

N/AN/AOverall 28.64 ± 8.79

Male 27.94 ± 7.95

Female 20.09 ± 9.29

868 (39.7% female)Internet gamersCross-sectionalGomez et al
[49]/USA

IT=0.68-0.85N/AHong Kong 24.08 ±
5.06

Taiwan 20.51 ± 1.22

Hong Kong 306
(67.6% female)

Taiwan 336

(50.3% female)

University studentsCross-sectionalLeung et al
[22]/Taiwan
and Hong Kong

No item showed abso-
lute values of skew-

N/A21.62 ± 3.90687 (45.4% female)Students from Italian
schools, universities,
and gaming hall

Cross-sectionalMonacis et al
[52]/Italy

ness >2 or values of
kurtosis >7

Floor effect=3.8%-
5.6%

Ceiling effect=0.2%-
0.8%

N/A27 ± 9.021060 (14.9% female)English-speaking
gamers from 58 differ-
ent countries

Cross-sectionalPontes and
Griffiths
[19]/English-
speaking coun-
tries

No item showed abso-
lute values of skew-

N/A13 ± 1.64509 (47.9% female)Students in sixth, sev-
enth, eighth, and ninth

Cross-sectionalPontes and
Griffiths
[27]/Portugal ness >3 or values of

kurtosis >9
grades of a major lo-
cated in the Algarve

N/AN/AUSA 32.57 ± 11.33

India 30.37 ± 8.90

UK 41.61 ± 14.03

USA 405 (38% fe-
male)

India 336 (32.4% fe-
male)

UK 272 (49.3% fe-
male)

English-speaking
gamers from English-
speaking online gam-
ing forums that are
popular among
gamers

Cross-sectionalPontes et al
[50]/USA, In-
dia, and UK

No item showed abso-
lute values of skew-

N/A13.44 ± 0.591071 (49.8% female)Students in eighth
grade

Cross-sectionalPontes et al
[29]/Slovenia

ness >3 or values of
kurtosis >9

Skewness=–0.08-1.51

Kurtosis=–0.91-1.19

N/A20 ± 4.33377 (17.4% female)GamersCross-sectionalSchivinski et al
[31]/Poland
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Others (not included
in COSMIN)

Testing periodAge (years)Sample sizePopulationStudy designAuthor/country

No item showed abso-
lute values of skew-
ness >3 or values of
kurtosis >9

IT=0.342-0.668

N/A20.3 ± 5.4555 (42.5% female)High school and col-
lege students

Cross-sectionalSevero et al
[28]/Brazil

N/A60-90 daysAustralia

22.53 ± 3.04

USA

22.35 ± 2.82

Australia 61

(26.2% female)

USA 120

(40.2% female)

Emerging adults from
the general communi-
ty who played mas-
sively multiplayer on-
line (MMO) games

LongitudinalStavropoulos et
al [54]/USA
and Australia

IT=0.54-0.74

Floor effect=0.8%

Ceiling effect=1.8%

2 weeks (for
testing test-
retest reliabili-
ty)

15.6 ± 1.22363 (35.2% female)High school adoles-
cents

Cross-sectionalWu et al
[30]/Iran

IT=0.527-0.724

Floor effect=21%

Ceiling effect=0%

N/A21.64 ± 8.11307 (67.6% female)University studentsCross-sectionalYam et al
[23]/Hong
Kong

N/AN/AAustralia 25.72 ± 5.52

USA 25.23 ± 2.76

UK 29.49 ± 9.47

Total 15.54 ± 0.65

Australia 171 (23.4%
female)

USA 463 (42.1% fe-
male)

UK 281 (13.9% fe-
male)

Total 915

(55.1 female)

Internet gamersCross-sectionalStavropoulos et
al [51]/Aus-
tralia, USA, and
UK

Floor effect=9%

Ceiling effect=0%

Group 4: 2
weeks (for test-
ing test- retest
reliability)

Group 1, 12.50 ± 1.20

Group 2, 23.94 ± 1.52

Group 3, 15.83 ± 4.16

Group 4, 13.84 ± 1.59

Group 1, 35

(54% female)

Group 2, 33

(42% female)

Group 3, 455 (46%
female)

Group 4, 64

(48% female)

Group 1: Students
learning in English in
a private institution

Group 2: University
students learning in
English

Group 3: Students
from fifth grade to fi-
nal year of university

Group 4: Students in
a private teaching insti-
tution

Cross-sectionalArıcak et al
[35]/Turkey

IT=0.55-0.76

Floor effect=24.6%

Ceiling effect=0%

N/A10.37 ± 0.951108 (51.7% female)Primary school chil-
dren in fourth to sixth
grades

Cross-sectionalChen et al
[25]/mainland
China

IT=0.49-0.68N/A23.5 ± 6.29594 (29.6% female)Korean internet game
users from major on-
line gaming forums,
universities, counsel-
ing centers, and li-
braries located in the
greater Seoul area,
Gyeonggi and
Chungcheong
Provinces of Korea

Cross-sectionalKim and Ko
[39]/Korea
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Others (not included
in COSMIN)

Testing periodAge (years)Sample sizePopulationStudy designAuthor/country

No item showed abso-
lute values of skew-
ness >2 or values of
kurtosis >7

Floor effect=0.1%

Ceiling effect=1.7%

N/A21.96 ± 2.371050 (25.1% female)Youth who played

MOBAe
Cross-sectionalT’ng and Pau

[38]/Malaysia

aIGDS9-SF: Internet Gaming Disorder Scale–Short-Form.
bCOSMIN: COnsensus-based Standards for the selection of health status Measurement Instrument.
cN/A: not available.
dIT: item-total correlation
eMOBA: multiplayer online battle arena

Table 2. Summarized psychometric properties of the IGDS9-SFa in the analyzed studies.

Result (ratingd)Meth qualcNPsychometric property included in COSMINb

I19,049Structural validity • One factor (+)

V19,049Internal consistency • .810-.963 (+)

I7352Cross-cultural validity • Age (+) full invariance
• Gender (?) partial invariance
• Time on gaming (+) partial invariance
• Country (–) partial invariance

D2962Reliability • ICCe=.94
• Pearson correlation=.756-.87

D2962Measurement error • 0.16-2.27 (?)

V457Criterion validity • r=.988 (+)

V12,323Concurrent validity • Absolute r=.00-.556
• Absolute β=.103-.663

V6149Convergent validity • Absolute r=.06-.827

D1142Discriminative validity • Significant difference found in age and
gender

aIGDS9-SF: Internet Gaming Disorder Scale–Short-Form.
bCOSMIN: Consensus-based Standards for the selection of health status Measurement Instrument.
cCOSMIN score after removing the sample size item from the rating: V, very good; A, adequate; D, doubtful; I, inadequate; N, not applicable.
dQuality score of the measurement property: +, sufficient; -, insufficient; ?, indeterminate.
eICC: intraclass correlation coefficient.

Structural Validity
All studies reported the structural validity of the IGDS9-SF for
the 15 versions (n=19,049). Of the 21 studies, 14 demonstrated
very good methodological quality and had a positive rating for
the quality of statistical findings; 6 studies with good to excellent
methodological quality showed an indeterminate rating on the
quality of statistical findings due to the absence of the
standardized root-mean-square residual (SRMR; Supplementary
Table S1 in Multimedia Appendix 2); and 1 study related to the
Turkish version and with poor methodological quality had an
indeterminate rating on the quality of statistical findings of

structural validity (CFI=.987, root-mean-square error of
approximation [RMSEA]=.064).

In addition, one study performed Rasch analysis to test the
person separation reliability, person separation index, item
separation reliability, and item separation index of the Persian
version of the IGDS9-SF. The results showed doubtful
methodological quality and a positive rating for the quality of
statistical findings (person separation reliability=.86, person
separation index=2.50, item separation reliability=1.00, item
separation index=28.79). The study also reported an acceptable
range of infit (0.79-1.37) and outfit mean square (0.74-1.34),
as well as the range of item difficulties (–1.06-1.57).
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Internal Consistency
All studies evaluated the internal consistency of the IGDS9-SF
for the 15 versions (n=19,049). All studies had very good
methodological quality and showed a positive rating for the
quality of statistical findings concerning internal consistency
(Cronbach α=.810-.963 and person separation reliability=.86;
see Supplementary Table S1 in Multimedia Appendix 2).

Cross-Cultural Validity/Measurement Invariance
Of the 21 studies, 9 examined the measurement invariance of
the IGDS9-SF across different factors (n=7352; see
Supplementary Table S2 in Multimedia Appendix 2). The
measurement invariance across age and gender was found to
be fully or partially supported in these studies. Furthermore,
one study on the Persian version found that partial invariance
is supported across hours spent online gaming per week.

In addition, four studies reported the measurement invariance
across multiple countries, and one study supported full
invariance across the traditional Chinese (Hong Kong and
Taiwan) versions. Partial metric and scalar invariance were
supported across Albania, the United States, the United
Kingdom, and Italy but neither across the United States, the
United Kingdom, and India nor across the United States, the
United Kingdom, and Australia.

Furthermore, one study examined the differential item
functioning (DIF) contrast across gender and time spent gaming
using Rasch analysis; three DIF items were found, namely Item
4, “Fail to control or cease gaming activities” concerning gender
(DIF contrast=–0.55); item 4 concerning time spent online
gaming per week (DIF contrast=–0.67); and item 9, “Jeopardize
or lose an important thing because of gaming activity”
concerning time spent online gaming per week (DIF
contrast=.61).

Reliability
Reliability of the IGDS9-SF was evaluated in four studies on
four versions (n=2962). The studies investigated the test-retest
reliability of the IGDS9-SF (ie, traditional Chinese [Hong Kong
and Taiwan], Persian, and Turkish versions), and all
demonstrated fair methodological quality. All studies also
demonstrated a positive rating for the quality of statistical
findings (Supplementary Table S2 in Multimedia Appendix 2),
indicating the high reliability of the IGDS9-SF.

Measurement Error
The above-mentioned four studies on four versions also
examined the measurement errors in using the IGDS9-SF
(n=2962; see Supplementary Table S3 in Multimedia Appendix
2). Of the four studies, three demonstrated doubtful
methodological quality in traditional Chinese (Hong Kong and
Taiwan) and Turkish versions, while the remaining study on
the Persian version showed very good methodological quality.
The standard error of measurement (SEM) was reported in two
studies on the traditional Chinese (Hong Kong and Taiwan) and
Persian versions. The SEM range of the four included studies
was from 0.16 to 2.27. Given that only one study on the
traditional Chinese (Hong Kong and Taiwan) versions reported
the minimal important change (MIC) in the IGDS9-SF (smallest

real difference=.44), the quality of this statistical finding remains
indeterminate (Supplementary Table S3 in Multimedia Appendix
2).

Criterion Validity
One study on the Turkish version evaluated criterion validity
and showed very good methodological quality (Supplementary
Table S3 in Multimedia Appendix 2). This study reported a
strong correlation between the IGDS9-SF and the 27-item IGDS
(r=.988) and demonstrated a positive rating for the quality of
statistical findings.

Concurrent Validity
Of the 21 studies, 11 using 11 versions evaluated the concurrent
validity of the IGDS9-SF (Supplementary Table S4 in
Multimedia Appendix 2). Very good methodological quality
was noted in all 11 studies. Given the coefficient range (either
the Pearson r correlation or the standardized regression
coefficient) below 0.7, the rating for the quality of their
statistical results was negative.

Construct Validity (Convergent and Discriminant)
Of the 21 studies, 10 evaluated the convergent validity of the
IGDS9-SF. Very good methodological quality was demonstrated
in seven studies: traditional Chinese (Hong Kong and Taiwan),
simplified Chinese, Spanish, Italian, European Portuguese,
South American Portuguese, and Korean versions of the
IGDS9-SF. Another three studies on the traditional Chinese
(Hong Kong and Taiwan), English, and Turkish versions showed
inadequate methodological quality. All 10 studies had a positive
rating for the statistical quality (Supplementary Table S4 in
Multimedia Appendix 2).

In addition, two studies evaluated the discriminative validity of
the IGDS9-SF (Supplementary Table S5 in Multimedia
Appendix 2). Both studies on the Turkish and Italian versions
of the IGDS9-SF demonstrated very good methodological
quality and had a positive rating for the statistical quality.
Furthermore, two studies on the Italian and Turkish versions
demonstrated significant gender differences on the IGDS9-SF
score, with males having a higher level of IGD than females:
t(451)=5.73, P=.001, d=.54 versus t(676.317)=6.61, P<.001.
The study on the Italian version also showed significant age
differences on the score, with young adults obtaining higher
scores than old adults: t(648.267)=10.03 and P<.001.

Other Psychometric Properties

Floor and Ceiling Effects
Floor and ceiling effects of the IGDS9-SF were reported in six
studies on the English, traditional Chinese (Hong Kong),
simplified Chinese, Persian, Turkish, and Malay versions. The
study on the English version of the IGDS9-SF reported more
gamers at floor-level scores (3.8%-5.6%) than at the ceiling
level (0.2%-0.8%). The study on the Persian version of the
IGDS9-SF reported a 1.8% ceiling effect and a 0.8% floor effect,
whereas studies on the traditional Chinese (Hong Kong) and
simplified Chinese versions reported no ceiling effect but a
relatively high floor effect (21%-24.6%). Another study on the
Turkish version did not report any ceiling effect of the
IGDS9-SF but reported a 9% floor effect. A study on the Malay
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version of the IGDS9-SF reported a 1.7% ceiling effect and a
0.1% floor effect. Except for the studies on the traditional and
simplified Chinese versions, the distribution of scoring on the
IGDS9-SF in the related studies indicated acceptable floor and
ceiling effects (ie, an effect less than 15%) [46].

IT
IT was reported in eight studies and ranged from 0.342 to 0.86
(Table 1). The items with the lowest IT in the Spanish version
of the IGDS9-SF were item 7 (“Have you deceived any of your
significant others because of the amount of your gaming
activity?”) and item 8 (“Do you play to temporarily escape or
relieve a negative mood?”) (IT=.47), while the lowest IT was
in the traditional Chinese (Taiwan) version, which was found
for item 5 (“Have you lost interest in previous hobbies because
of your engagement with gaming?”) and item 7 (“Have you
deceived any of your significant others because the amount of
your gaming activity?”) (IT=.74).

Two studies on the traditional Chinese (Hong Kong) and Turkish
versions also had the lowest IT correlation on item 7
(IT=.663-.68). Item 9 (“Have you jeopardized an important
relationship, job, or educational or career opportunity because
of your gaming activity?”) demonstrated the lowest IT in the
South American Portuguese, traditional Chinese (Hong Kong),
and simplified Chinese versions (IT=.342-.55), while the item
with the lowest IT in the Persian version was item 4 (“Do you
systematically fail when trying to control or cease your gaming
activity?”) (IT=.54).

Discussion

Principal Findings
The quality of methodology and the quality of statistical findings
for each psychometric property of the IGDS9-SF were evaluated
for all 21 eligible studies. The evidence regarding the
psychometric properties of the IGDS9-SF was summarized
based on the existing evidence. In general, the IGDS9-SF
demonstrated good internal consistency, although some items
did not have satisfactory IT, especially items 7 (Spanish,
Chinese, South American Portuguese, Turkish and Persian), 8
(Spanish, Chinese, and South American Portuguese), and 9
(Chinese, South American Portuguese, Turkish, and Persian).
However, the IGDS9-SF has excellent criterion validity, as
evidenced by the strong correlation with the 27-item IGDS [20].
Furthermore, the IGDS9-SF can distinguish different subgroups
when assessing disordered gaming, with measurement invariance
supported across both gender and age. In addition, the structure
validity of the IGDS9-SF has been verified as a unidimensional
structure among all 21 studies. Based on the aforementioned
findings, the IGDS9-SF can best be used for clinicians to assess
an individual’s IGD severity level.

Internal Consistency and IT
All nine items of the IGDS9-SF demonstrated satisfactory IT
(greater than 0.4) [22,23,25,30,32,48], except for items 7, 8,
and 9 in one specific study [28]. Several plausible reasons for
the unsatisfactory ITs are discussed here. The deception criterion
(ie, item 7) may be influenced by the living status and external
attitudes (eg, parents’ perception) on gaming behaviors [55,56]

and therefore may be less associated with other IGDS9-SF items.
According to previous findings, parents of a child living with
them and indulging in excessive online gaming are usually
aware of their child’s problematic gaming behavior and thus
deception may not be a central IGD symptom [40]. This idea
is supported by studies showing that the deception criterion is
not associated with higher IGD severity [10]. If the severity of
IGD in the population included is not high, a low IT may be
reported. Furthermore, the deception criterion has shown low
diagnostic accuracy in discriminating disordered gamers from
nonproblematic gamers in previous studies due to the
acceptability and accessibility of the internet [55] as well as the
age of population investigated [40].

In relation to compromising occupation/education or a
significant relationship due to the involvement in gaming (ie,
item 9), a simpler criterion that only covers
occupational/educational aspects is more appropriate than
concurrently conflating relationships and
occupational/educational loss [56]. For instance, the item may
have greater clinical utility if it is split into two (ie, one
reflecting the compromising of occupation/education and the
other reflecting the compromising of significant relationships).
Moreover, because the majority of the studies reviewed recruited
individuals in full-time education, these particular participants
might not feel that they have compromised their education,
when responding to this item.

The behavior of escaping from adverse moods by gaming (ie,
item 8) is reported as a criterion that is unable to differentiate
between disordered and nondisordered gamers [57]. Internet
use as a form of escapism could be considered as a coping
strategy of a nondisordered gamer as much as that of a
disordered gamer [58]. It is further supported by other studies
showing that item 8 has the lowest specificity and diagnostic
accuracy in discriminating disordered gamers and nondisordered
gamers [20,40].

Validity
The IGDS9-SF demonstrated a strong correlation with the
27-item IGDS [48], showing good criterion validity as expected.
Like the IGDS9-SF, the 27-item IGDS was developed in
accordance with the nine IGD criteria in the DSM-5. Therefore,
the criterion validity of the IGDS9-SF is illustrated by the strong
correlation observed with another psychometric test developed
using the same DSM-5 criteria (ie, the 27-item IGDS) to
measure IGD.

In addition to criterion validity, the concurrent validity of the
IGDS9-SF was supported by the positive correlation between
the IGDS9-SF score and the hours spent on online activities
(eg, smartphone use, social media use, and gaming), with the
correlations between the IGDS9-SF and gaming frequency being
the most significant [19,22,24,25,28-31]. This implies that the
frequency of gaming is positively associated with the severity
of IGD.

In addition, a positive association was found between IGDS9-SF
scores and three psychological symptoms (ie, depression,
anxiety, and stress) [25,30]. This finding indicates that
individuals with IGD might have a higher chance of suffering
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from mental distress, as evidenced by recent longitudinal
findings [59]. One of the potential reasons underpinning this
phenomenon might be the fact that excessive use of the internet
can result in social withdrawal when an individual engages in
gaming with features encouraging social disconnection (eg,
features that increase social comparison and rumination [60,61]),
which may lead to poorer psychological well-being among a
minority of individuals [62]. This idea is also aligned with the
time displacement hypothesis, which posits that the development
and maintenance of social relationships require continuous
commitment toward understanding, learning about other
individuals, and communicating with them [63].

Although the IGDS9-SF is positively associated with other
similar measures (eg, Mobile Phone-Related Experiences
Questionnaire [CERM] and Online Gambling Disorder
Questionnaire [OGD-Q]) [22-25,32,52], it only shows
low-to-moderate correlation in most of the studies reviewed
(r=.06-.440) [22-24,32]. The aforementioned measurements
mainly focus on the conflicts and problems of smartphone use,
social media use, and online gambling. These results show that
the association of IGD with online gaming is greater than that
with social media use or mobile phone use, which reaffirms that
the IGDS9-SF has adequate psychometric properties when
assessing the specific construct of IGD. One study showed an
expected negative correlation between the IGDS9-SF and
KIDSCREEN-27 [32]—an instrument assessing the quality of
life—further supporting the notion that more severe IGD levels
will likely lead to a poorer quality of life, such as physical or
psychological well-being (eg, [59,64]).

Factor Structure and Measurement Invariance
All 21 studies demonstrated the unidimensional structure of the
IGDS9-SF and were supported by both confirmatory factor
analysis and Rasch analysis. All factor loadings reported across
the studies reviewed were satisfactory. Moreover, measurement
invariance across gender [22,25,30,52] and age [32,52] was
fully supported in most studies. However, measurement
invariance across countries [26,50,51] and time spent gaming
[30] was only partially supported. This phenomenon might be
associated with the key cultural differences between the
individualistic and collectivist countries. Research also suggests
that cultural differences might be a plausible reason affecting
the response patterns of psychometric instruments [65].

Item Response Theory and Rasch Analysis
In addition to the most commonly used classical test theory
(CTT) in the included studies, only two included studies used
item response theory (or Rasch analysis) [31,49] for a better
understanding of the psychometric properties of the IGD criteria
beyond CTT. There is currently insufficient evidence on Rasch
findings regarding the IGDS9-SF, given the scarcity of studies,
and therefore future studies using Rasch-based models are
required to provide further psychometric information about the
IGDS9-SF.

Strengths and Limitations
This systematic review had several strengths. First, a
comprehensive search strategy was adopted to identify and
evaluate potential studies. Second, the review evaluated studies

with an accepted set of criteria, that is, both methodological
quality (COSMIN) and statistical quality. Moreover, all 21
eligible studies included for evaluation in the systematic review
had the strength of having good sample sizes (ie, N>100) based
on the COSMIN risk-of-bias checklist. Therefore, this review
took advantage of the good sample sizes of the studies evaluated
to increase the accuracy in the summarized psychometric
properties of the IGDS9-SF.

This review also had potential limitations. In the study selection
stage, the language was limited to only English and each
included study was assessed by only two authors (and these
authors were not necessarily the same two for each paper). More
specifically, although consensus was achieved in accordance
with COSMIN guidelines, the authors who rated the quality of
each study may have used slightly varied rating styles.
Nevertheless, the COSMIN guidelines provided clear and
concrete instructions for the evaluation of the studies, so the
use of different authors in the study evaluation made it unlikely
that this led to serious bias. Additionally, evaluation of the
results was verified by the corresponding author, who is an
expert psychometrician, which further minimized the possibility
of evaluation bias. Some psychometric properties of the
IGDS9-SF (eg, responsiveness) were not evaluated in any of
the eligible studies. More specifically, responsiveness as an
important psychometric property to understand whether an
instrument is sensitive in detecting change was not carried out
in any of the 21 studies. Further studies investigating
responsiveness are therefore required. Finally, this systematic
review did not use the Google Scholar database to supplement
the literature search concerning the psychometric properties of
the IGDS9-SF. Therefore, some studies may have been missed
in this systematic review.

Implications for Clinical Practice and Future
Directions
The IGDS9-SF was designed both as a brief screening tool to
assist clinicians in assessing IGD severity as well as for use in
epidemiological studies [19]. Given that disordered gaming has
been recognized by both the APA [13] and the World Health
Organization [66], clinicians and other mental health
professionals need to have a robust psychometric tool to assess
IGD. Therefore, this review provides strong evidence enabling
practitioners to better understand the psychometric features of
the IGDS9-SF.

In sum, the IGDS9-SF is a time-efficient and psychometrically
sound tool that can help clinicians screen for potential patients
who may need more detailed clinical evaluation regarding their
gaming behaviors. The use of the IGDS9-SF may also help in
busy clinical settings by saving evaluation time in diagnosing
and assessing IGD in patients. Indeed, a recent review of all
screening instruments currently available for disordererd gaming
(n=32) reported that the IGDS9-SF was among the best tools
with regard to its psychometric properties when compared with
all the others similar tools [21]. In terms of administration, the
IGDS9-SF takes only a few minutes for individuals to complete
it by themselves. This can substantially reduce the time for
clinicians to diagnose and assess IGD symptoms. To this end,
clinical studies have suggested adopting a cutoff of 32 points
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when diagnosing between disordered and nondisordered gamers
[67]. Moreover, due to the robust psychometric properties
reported across 15 language versions, the IGDS9-SF can also
be used in worldwide epidemiological studies examining IGD
[40]. Given its brevity and multilanguage capability, the
IGDS9-SF can be used in collecting valid and reliable data
concerning IGD symptoms in a practical and efficient way that
minimizes survey fatigue and can also be used for cross-cultural
comparisons in different countries to help advance our
understanding of IGD.

Conclusion
This systematic review summarized and reviewed evidence
from various populations regarding the IGDS9-SF with regard
to its structural validity, internal consistency, cross-cultural
validity/measurement invariance, reliability, measurement error,

criterion validity, convergent validity, and discriminative or
known-group validity. Overall, there was strong evidence
demonstrating that the IGDS9-SF has good internal consistency
and excellent criterion validity for wide-ranging populations.
Responsiveness and reliability as two important psychometric
properties of the IGDS9-SF require more evidence because few
studies have evaluated them. Regarding the psychometric
evidence of different language versions, it was found that all
versions of the IGDS9-SF present strong psychometric
properties, except for the concurrent validity of the traditional
Chinese (Hong Kong and Taiwan), simplified Chinese, Polish,
and Persian versions. As such, the psychometric properties of
the IGDS9-SF are robust, and the findings regarding its
cross-cultural psychometric features in different language
versions have been further clarified. Therefore, the IGDS9-SF
can be used widely within clinical and research settings.
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DIF: differential item functioning
DSM-5: Diagnostic and Statistical Manual of Mental Disorders, 5th Edition
ESL: Electronic Sports League
ICD-11: International Classification of Diseases, 11th revision
IGD: internet gaming disorder
IGDS9-SF: Internet Gaming Disorder Scale–Short-Form
IGDT: Internet Gaming Disorder Test
IT: item-total correlation
MIC: minimal important change
MMO: massively multiplayer online
MOBA: multiplayer online battle arena
OGD-Q: Online Gambling Disorder Questionnaire
PROM: patient-reported outcome measure
RMSEA: root-mean-square error of approximation
SEM: standard error of measurement
SRMR: standardized root-mean-square residual
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Abstract

Background: Online pro–eating disorder (pro-ED) communities are considered harmful because of their detrimental effects
on their users’ body dissatisfaction, dieting, and help seeking. To date, it is unknown to which extent participation in pro-ED
communities affects users’ body weight and desired weight loss.

Objective: This study aims to investigate the changes in the current and desired body weight of users of a pro-ED community
(r/proed) on the social media website Reddit over time.

Methods: Data on 1170 users and the unsolicited weight information they shared with the pro-ED community were collected
over a period of 15 months. Linear growth models were used to model changes in the users’ current and desired BMI over time.

Results: Both current and desired BMI decreased over time, with a predicted rate of 0.087 and 0.015 BMI points per week,
respectively. Weight loss was moderated by the users’ activity level in the community, with more active users losing more weight.
Users with a higher baseline BMI experienced greater weight loss, but even users with a very low baseline weight (BMI <17

kg/m2) lost weight during their participation. In addition, users decreased their desired weight over time, with many pursuing
extremely low, unrealistic weight goals. Changes in the desired weight were moderated by the baseline current BMI and baseline
desired BMI. Users with higher desired weight and lower body weight at baseline decreased their desired weight more over time.

Conclusions: This is the first study to demonstrate the detrimental effects of pro-ED communities in a longitudinal study based
on a large data set of user-generated online data. The results extend the literature detailing the harmful effects of online pro-ED
communities by showing users’ weight loss, decreases in desired weight, and that higher activity levels lead to greater weight
loss. Users could be driven to pursue very low, unrealistic weight loss goals by images of very thin bodies presented in these
communities.

(J Med Internet Res 2021;23(10):e27153)   doi:10.2196/27153

KEYWORDS

pro-eating disorder communities; weight loss; body weight; social media; linear growth models; eating disorders; pro-ED; Reddit

Introduction

Background
Eating disorders (EDs) are severe mental disorders. Many
individuals with EDs strive to lose weight to achieve a thin
ideal, that is, an ideally slim body type portrayed as attractive

in the media. Low body weight and marked weight loss
contribute to the emergence of physical conditions and elevated
mortality rates observed in individuals with ED [1-3].

Online pro-ED communities, also called pro-ana and pro-mia
communities for anorexia nervosa and bulimia nervosa,
respectively, are widespread over the internet and attract a large
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number of vulnerable or impaired users. These communities
exist on social media platforms [4] and as self-hosted websites
and blogs [5]. They have been identified as harmful to their
users: participation leads to increases in ED behaviors while
discouraging help seeking and recovery, thereby prolonging the
duration of the mental disorder [6,7]. This has led to the ban or
removal of pro-ED content and communities from social media
platforms [8,9] and, in at least one instance, to the passing of a
law that fines websites for hosting content that promotes
excessive thinness and dieting [10]. Positive impacts of
participating in these communities, such as receiving social
support from similar others and feeling less alone with a
stigmatized condition, have also been noted [11,12]. However,
it has been suggested that this support is conditional on
following unhealthy group norms and that it reinforces ED
thoughts and behaviors [7,13,14].

One of the central mechanisms through which ED behaviors
are promoted in these communities is tips and tricks for extreme
weight loss, which often include behaviors such as the use of
laxatives or diet pills, purging, fasting, and extreme dietary or
exercise regimes [15-17]. This is potentially harmful, as
adolescents report learning about new weight loss methods on
pro-ED websites and using them afterward [5,18]. In addition,
exposure to pro-ED websites is associated with increases in
dieting [19].

But literature on the body weight and weight loss of users of
pro-ED communities is scarce. Users show a variety of different
body weights, with the majority having a weight in the healthy
weight category as defined by the BMI classification of the

World Health Organization (BMI: weight in kg/height in m2;

underweight BMI: <18.5 kg/m2, healthy weight BMI: 18.5-24.99

kg/m2, overweight BMI: 25.0-29.99 kg/m2, and obese BMI ≥30

kg/m2 [20]) as well as sizable groups that have body weights
in the underweight, overweight, and obese ranges [5]. Body
dissatisfaction and concerns about body shape and weight tend
to be high in users of pro-ED websites, which could lead them
to pay close attention to their current weight and weight changes
[12,19]. Many users of pro-ED communities use apps and
web-based tools to track their body weight and food intake
[21-23]. Pro-ED communities provide similar functions as
weight tracking apps with check-ins or status updates, allowing
users to share personal information, such as their current body
weight, height, age, or gender, with the online community
[4,12,24].

Individuals with EDs report lower desired weights than
individuals without EDs [25]. Desired weights lower than the
current weight or lower than the recommended healthy weight
are associated with unhealthy behaviors in adolescents [26] and
elevated ED severity in individuals with ED [27-29]. Specific
features of pro-ED communities could encourage their users to
lower their desired weight. They often compare themselves with
other users in terms of weight and compete to be as thin as
possible [7]. Another common feature of pro-ED communities,
thinspiration content, for example, images of unrealistically
thin female body shapes, is another source for comparison [15].
Exposure to thinspiration and physical appearance comparisons

are positively related to ED symptoms in individuals with ED
[30].

An individual’s desired weight can change over time [31,32].
Frequent changes are associated with a number of strategies to
control weight and increases in physical activity [33]. Users
could be encouraged to adopt lower and lower desired weights
during their participation in pro-ED communities to align
themselves more closely with the propagated thin ideal.

The level of user activity in a pro-ED community is positively
associated with disordered eating and ED-related impairment
[5]. In weight loss communities, higher levels of activity are
related to greater weight loss over time [34-36].

Objectives
Although the detrimental effects of pro-ED communities are
frequently emphasized, studies demonstrating these effects
longitudinally for users of a pro-ED community are lacking.
This study aims at investigating the effects by modeling weight
loss and changes in desired weight over the course of
participation. In addition, although some studies have noted the
existence of voluntarily shared weight information in pro-ED
communities, the majority of studies used surveys or laboratory
experiments to assess data outside of online communities. To
our knowledge, this is the first study that uses data from a
pro-ED community to calculate BMI and desired BMI and
model their changes longitudinally.

In this study, we explored the pro-ED community r/proed on
the social media website Reddit [37]. Reddit consists of
thousands of communities called subreddits dedicated to topics
such as sports, music, movies, news, politics, or videogames as
well as physical health and mental disorders. Reddit users can
write posts or comment on other users’ posts in these
communities. The r/proed community, similar to other pro-ED
communities, featured tips and tricks such as circumventing
minimums for weight and daily intake in a fitness tracker app
[23], thinspiration, and discussions about topics such as
low-calorie foods or binge eating as well as social support and
treatment [17]. Besides being one of the largest and most active
communities related to EDs on Reddit [17], r/proed also had
one feature that was relevant for this study—users could display
a text field called flair next to their username on all their posts
and comments in r/proed. The flair (the term is used by Reddit
users for both the singular and plural forms) contained
self-reported height, current body weight, desired weight, age,
and gender. It was possible for users to create, change, or update
their flair with new information at any time, thereby allowing
us to estimate changes in reported weight values over time. The
r/proed community was banned on November 15, 2018, by
Reddit’s administrators for violating the website’s content
policy, namely, for posting of content that encourages physical
harm [38].

We hypothesize that participation in r/proed is associated with
weight loss. In addition, we hypothesize that users set lower
desired weights over time to align themselves more closely with
the propagated thin ideal. Furthermore, we hypothesize that the
level of activity in the r/proed is associated with the changes in
BMI and desired BMI of the users. Highly active users are
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expected to lose more weight and decrease their desired BMI
compared with less active users.

Methods

Data Collection
Data from the r/proed community and its users were collected
over a period of 15 months between August 15, 2017, and
November 14, 2018, until its ban. We assessed current and
desired BMI using the values for height and current or desired
weight at the time they appeared in the users’ flair in r/proed.
The values in the flair had to be coded manually, as they could
not be assigned automatically to one of the weight categories
because of ambiguity of the category to which they belonged.
In addition, the units for height and weight measurements were
omitted from some flair requiring educated guesses to determine
which measurement system was used. Three independent raters
manually coded a third of the flair texts for height, body weight,
and desired weight. All 3 raters also coded a common set of
322 flair texts to assess interrater reliability for height, current
weight, and desired weight. The intraclass correlation
coefficients (ICCs) were 1, 0.98, and 0.98. The variable
representing activity levels was calculated as the average number
of posts and comments a user writes in the pro-ED community
per week. After rating, all values for height and weight were
converted to meters and kilograms, respectively.

As the data accessed through the official Reddit application
programming interface for this study were publicly available,
no application for ethics approval was considered necessary.
We do not report any personally identifying information in this
paper to protect the privacy of all users.

Data Analysis
We estimated separate linear growth models for the current and
desired weights with individual measurement time points nested
in users. The first available values for the current and desired
BMIs of each user were treated as their respective baseline
values. The variable time was calculated as weeks between the
baseline and the respective time points. The current and desired
BMIs were person centered around their respective baseline
values. Baseline BMI, baseline desired BMI, and activity levels
were grand mean centered and standardized. All linear growth

models were estimated with maximum likelihood estimation
and the Nelder-Mead optimizer using the R package lme4 [39].

We estimated four models for the current BMI by iteratively
adding predictors in each model. The first model was an
intercept-only model with random effects from users. This model
was used to calculate ICCs to determine the amount of variance
due to between-person differences. In the second model, a
random slope and the fixed effect for time were added. In the
third and fourth models, we added interactions of time with
standardized baseline BMI and activity levels, respectively.

A similar procedure was adopted for the desired BMI values.
The first model was an intercept-only model, whereas in the
second model, time was added. The three following models
added the interaction between time and the standardized baseline
desired BMI, standardized first current BMI, and the activity
level variable.

Interaction effects in the linear growth models were illustrated
by simulations using the R package merTools. The graphs of
the simulation results are provided.

Results

Descriptive Statistics
A total of 16,241 different flair texts were created by 5372 users
during the data collection period. Of the 5372 users, 4101 had
to be excluded from the analysis because they had only one
measurement point for the current and desired weight. We
performed sanity checks of the coded data and excluded 13
users because they had unrealistic values for height, current, or
desired weight, such as a goal weight of 0 or a current weight
BMI of 100, or because their flair showed implausible changes
over time, such as a height increase of 5 cm in 1 day. The final
data set consisted of 1170 users with 5193 flair texts. The
descriptive statistics of the sample are presented in Table 1. At
baseline, the average BMI was 22.32 (SD 4.08), whereas the
average desired BMI was 18.55 (SD 2.33). Users participated
in the community for an average of 25.00 weeks (SD 19.36)
during our data collection. Overall, 1.2% (14/1170) users
participated from the beginning of data collection to the last
week before the community was banned, and 50% (585/1170)
users participated for more than 20 weeks.
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Table 1. Demographics, participation characteristics, and baseline values for the current and desired weight of users of an eating disorder community
on Reddit (n=1170).

Values

Demographics

Gendera, n (%)

891 (76.15)Female

63 (5.38)Male

25 (2.14)Nonbinary

9 (0.77)Transgender

Ageb (years)

22.54 (4.68)Value, mean (SD)

22 (13.60-59.00)Value, median (range)

Participation characteristics

Number of flair texts

4.44 (3.93)Value, mean (SD)

3 (2-62)Value, median (range)

Timec

13.27 (14.67)Value, mean (SD)

7.59 (0.00-64.68)Value, median (range)

Activity leveld

7.68 (29.85)Value, mean (SD)

2.75 (0.0-759.32)Value, median (range)

Baseline values

Height (cm)

164.91 (7.72)Value, mean (SD)

165.10 (142.24-195.58)Value, median (range)

Current weight (kg)

60.80 (12.42)Value, mean (SD)

58.29 (34.47-135.35)Value, median (range)

Current BMI (kg/m2)e

22.32 (4.08)Value, mean (SD)

21.48 (14.20-46.74)Value, median (range)

Desired BMI (kg/m2)f

18.55 (2.33)Value, mean (SD)

18.31 (12.02-42.29)Value, median (range)

aOverall, 15.56% (182/1170) of users did not report their gender.
bOverall, 50.85% (595/1170) of users did not report their age.
cWeeks between the first and last flair of a user.
dNumber of posts and comments of a user per week.
eCurrent BMI = (current weight in kg)/(height in m2).
fDesired BMI = (desired weight in kg)/(height in m2).

Linear Growth Models for the Current BMI
The ICC for BMI, calculated using the intercept-only model,
was 0.38, indicating considerable variance between users.

Compared with the intercept-only model, the three subsequent
models, each adding one additional predictor, showed marked
improvements in the goodness-of-fit measures Akaike
information criterion (AIC) and Bayesian information criterion
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(BIC). The fourth model had the lowest AIC and BIC values
and thus was chosen as the final model (results for all four
models are provided in Table 2).

The final model shows that users lost weight over time, with a
predicted rate of 0.087 BMI points per week. Users with a higher

baseline BMI and higher activity levels experienced greater
weight loss. The interaction between time and baseline BMI on
weight loss is shown in Figure 1. It shows that even users with
low BMIs at baseline (BMIs between 15 and 18.24) lost some
weight during their participation in the pro-ED community.

Table 2. Linear growth models for the current BMI of 1170 users of an eating disorder community on Reddit.

Model 4Model 3Model 2Model 1

Fixed effect estimates (SE)

−0.165 (0.013)−0.169 (0.013)−0.165 (0.013)−0.473 (0.025)Intercept

−0.087 (0.005)−0.072 (0.004)−0.074 (0.004)—aTime

−0.043 (0.004)−0.044 (0.004)——Time×baseline current BMI interactionb

−0.118 (0.020)———Time×activity interactionb

Random effects variance

0.0690.0680.0680.512Intercept

0.2500.2510.2500.829Residual

0.0090.0090.011—Slope

Goodness-of-fit measures

10,353.94810,387.65410,504.54115,172.918Akaike information criterion

10,406.38910,433.54010,543.87115,192.584Bayesian information criterion

−5168.974−5186.827−5246.271−7583.459Log likelihood

a—: not applicable.
bMain effects of baseline current BMI and activity were excluded from their models as their inclusion lowered the model fit.

Figure 1. Interaction effects of time and baseline current BMI on current weight BMI change of 1170 users of an eating disorder community on Reddit.
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Figure 2 shows the interaction between the activity level and
time on weight loss. Although greater activity levels were
associated with greater weight loss for users at mean or above

mean activity levels, users with low activity levels were
predicted to gain weight.

Figure 2. Interaction effects of time and activity level on current weight BMI change of 1170 users of an eating disorder community on Reddit.

Linear Growth Models for the Desired BMI
The intercept-only model for the desired BMI has an ICC of
0.41, which indicates substantial variance between users. The
three subsequent models showed marked improvements in the
AIC and BIC fit measures. Including the interaction of activity
and the time variable (model 5) does not improve the model fit.

Therefore, the fourth model was considered as the final model
(Table 3).

On average, users’ desired weight decreased by 0.014 BMI
points per week. Those with average or above average baseline
desired BMIs reduced their desired weight, whereas those with
below average baseline desired BMI increased their desired
BMI over time. Figure 3 illustrates the interactions of time and
baseline desired BMI on desired BMI graphically.
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Table 3. Linear growth models for the desired BMI of 1170 users of an eating disorder community on Reddit.

Model 5Model 4Model 3Model 2Model 1

Fixed effect estimates (SE)

0.003 (0.017)0.002 (0.017)0.002 (0.017)−0.003 (0.01)−0.075 (0.021)Intercept

−0.015 (0.003)−0.014 (0.003)−0.015 (0.003)−0.015 (0.003)—aTime

−0.033 (0.003)−0.033 (0.003)−0.017 (0.003)——Time×baseline desired BMI interac-

tionb

0.026 (0.003)0.026 (0.003)———Time×baseline current BMI interac-

tionb

−0.010 (0.015)————Time×activity interactionb

Random effects variance

0.1870.1870.1870.1850.379Intercept

0.3350.3350.3360.3350.534Residual

0.0030.0030.0040.004—Slope

Goodness-of-fit measures

11540.41511538.86311593.60911627.82812999.600Akaike information criterion

11599.41111591.30411639.49411667.15913019.265Bayesian information criterion

−5761.208−5761.432−5789.804−5807.914−6496.800Log likelihood

a—: not applicable.
bMain effects of baseline desired BMI, baseline current BMI, and activity were excluded from their models as their inclusion lowered the model fit.

Figure 3. Interaction effects of time and baseline desired BMI on desired weight BMI change of 1170 users of an eating disorder community on Reddit.

The interaction between baseline current BMI and time on
desired BMI was positive, indicating that a higher baseline
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current BMI was associated with a slower decrease or even an
increase in desired BMI over time. Figure 4 illustrates this

interaction.

Figure 4. Interaction effects of time and baseline current BMI on desired weight BMI change of 1170 users of an eating disorder community on Reddit.

Discussion

Principal Findings
This study is the first to investigate changes in the current and
desired BMI over a period of 15 months using user-generated
data from an online pro-ED community. We were able to
demonstrate sustained decreases in the BMI of r/proed users
over the course of their participation. Although baseline BMI
moderated the effect of time, even participants with very low

baseline BMIs of 15-17 kg/m2 still lost weight. The fact that
even users with very low baseline BMIs lost weight over the
course of their participation is alarming, as this exacerbates the
risks associated with low body weight. However, weight loss
is also related to clinical complications in individuals with body
weight above the underweight category [3]. In addition, the
level of activity in the r/proed community was associated with
weight loss. The more active users contributed to the pro-ED
community, the more weight they lost over time (Figure 2). In
addition to evidence that more active users experience greater
ED-related impairment [5], our results suggest that they are also
at greater risk of unhealthy weight loss over the course of their
participation. Baseline BMI as a moderator of weight loss over
time is consistent with results from a case study on a weight
loss community on Reddit [36]. Those at higher baseline BMIs
might have been more motivated to lose weight by a perception
of excess weight in a community that puts a high value on the

thin ideal [36]. In addition to decreases in BMI, we could also
demonstrate decreases in users’ desired BMIs over the course
of their participation. This suggests that users did not have one
fixed weight goal but that ever-decreasing weight goals stayed
out of their reach, even when they were losing weight. Baseline
BMI moderated changes in the desired BMI (Figure 4). Users
with higher baseline BMI increased their desired BMI from
initially more unrealistic to healthier values over time. However,
users with average or below average baseline BMI decreased
their desired BMI over time. This is concerning, as these users
are very likely to experience high body weight dissatisfaction
although they already had low or underweight body weights.

The interaction of baseline desired BMI and time (Figure 3)
demonstrates that the desired BMI of the users aligns over time.
In a way, the pro-ED community moves toward a common
middle ground of desired weight. Such a concurrence in the
level of desired BMI could be because of posts of thinspiration
images featuring women of similar, thin body types or because
of users comparing and adjusting to the desired weight in the
flair of other users.

In summary, the results strongly support the detrimental effects
of participating in online pro-ED communities and point to the
risks associated with these communities. In view of these risks,
potential benefits such as receiving social support and reducing
loneliness appear negligible [11].
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Users’average desired BMI at baseline was just above the cutoff
for underweight and thus at a similar level to that of a sample
of women with ED [25] but considerably lower than that of a
population sample [32]. In this study, the sample’s average
baseline desired weight was 20% lower than the average baseline
current weight and thus higher than the recommended realistic
weight loss goals of 5%-10% below the actual body weight
[40]. Users pursuing unrealistic weight loss goals that extend
into the underweight range point to the influence of thinspiration
and social comparisons on weight goal setting. A lower desired
weight in relation to actual body weight has also been linked
to greater severity of ED [27,28].

We could not identify the specific processes and factors that
caused these effects and yielded weight loss or decrease in the
desired BMI. Cross-sectional and experimental studies have
shown that exposure to pro-ED communities is linked to
increased dieting and body dissatisfaction; however, it is unclear
whether these are enduring effects [19]. In addition, online
pro-ED communities are considered harmful because they
decrease the likelihood of seeking help and lead to increased
ED symptoms [7,19,41]. Moreover, encouragement and social
reinforcement from other users may foster extreme weight loss
techniques [11].

Strengths and Limitations
Our analyses show that a high number of users used features
such as flair to self-report their height, current, and desired
weight in the pro-ED community and that it is possible to
reliably extract meaningful information on ED impairment from
online ED communities. Although self-reports of weight and
height can be inaccurate, users of pro-ED communities, young
women and women with EDs, tend to report their height and
weight more accurately [42]. The results of this study apply
only to active users in the pro-ED community. It remains unclear
whether the findings can be generalized to lurkers who do not
actively contribute to the community. In addition, we could not
determine whether individuals were active with more than one
Reddit account during the period of our study, either using
multiple accounts simultaneously or sequentially. Another
limitation of the study is that its observational study design does
not allow to conclude causality. However, conducting
randomized controlled trials to investigate the detrimental effects
of potentially harmful online communities longitudinally is not
feasible. The users’ activity on other social media platforms
besides Reddit, such as Facebook or Instagram, was not assessed
in this study. These platforms can also have detrimental effects
on ED symptomatology [43,44]. However, the moderating

effects of the activity level support the validity of the results.
Although changes in BMI and desired BMI can be considered
valid proxies for ED impairment in this population (especially
for the subgroup of users with very low BMIs), they represent
only one aspect of ED-related impairment, and more
comprehensive assessments of ED impairment would be
beneficial.

Conclusions
In November 2018, the administrators of Reddit issued a ban
on the r/proed community. Although the subject of this study
no longer exists, we consider its results to be an important
addition to the literature. They can inform our understanding
of other newly created or existing communities with similar
processes and effects to those in r/proed. After the ban of
r/proed, almost immediately, new communities appeared in its
place, with most of them being quickly taken down by Reddit’s
administrators. One such community, r/EDAnonymous [45],
has avoided a ban so far, possibly because of its stricter rules
that do not allow weight and height measurements in flair. This
is unlikely to prevent or stop detrimental effects, such as weight
loss and decreases in desired weight, as we showed in this study,
instead rendering these processes invisible to social media
admins and researchers. Uncovering these processes was only
possible by studying the now-banned r/proed.

In general, it seems unlikely that it will be possible to ban
pro-ED communities completely from the internet or even from
major social media platforms, such as Pinterest, Instagram, and
Tumblr [46]. Therefore, it is of utmost importance to learn more
about the detrimental effects of these communities, their social
structures, the processes that take place, and the factors
mediating the effects of web-based communication on ED
symptomatology or mental health in general. Future research
should focus on identifying the mechanisms that occur within
online communities. Observational studies, such as this study,
have to complement cross-sectional and experimental research
to gain a deeper understanding of the processes and social
structures in these communities and to counteract potentially
detrimental effects on their users. The deeper understanding
gained from this study and other similar research is also relevant
for clinical work. Therapists should discuss social media habits
and potentially harmful social media use with their clients.
Therapeutic and preventive interventions for EDs, especially
those for adolescents and emerging adults, should work toward
healthier use of social media, that is, by teaching social media
literacy [47].
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Abstract

Background: Tracing frequent users of health care services is highly relevant to policymakers and clinicians, enabling them
to avoid wasting scarce resources. Data collection on frequent users from all possible health care providers may be cumbersome
due to patient privacy, competition, incompatible information systems, and the efforts involved.

Objective: This study explored the use of a single key source, emergency medical services (EMS) records, to trace and reveal
frequent users’ health care consumption patterns.

Methods: A retrospective study was performed analyzing EMS calls from the province of Drenthe in the Netherlands between
2012 and 2017. Process mining was applied to identify the structure of patient routings (ie, their consecutive visits to hospitals,
nursing homes, and EMS). Routings are used to identify and quantify frequent users, recognizing frail elderly users as a focal
group. The structure of these routes was analyzed at the patient and group levels, aiming to gain insight into regional coordination
issues and workload distributions among health care providers.

Results: Frail elderly users aged 70 years or more represented over 50% of frequent users, making 4 or more calls per year.
Over the period of observation, their annual number and the number of calls increased from 395 to 628 and 2607 to 3615,
respectively. Structural analysis based on process mining revealed two categories of frail elderly users: low-complexity patients
who need dialysis, radiation therapy, or hyperbaric medicine, involving a few health care providers, and high-complexity patients
for whom routings appear chaotic.

Conclusions: This efficient approach exploits the role of EMS as the unique regional “ferryman,” while the combined use of
EMS data and process mining allows for the effective and efficient tracing of frequent users’ utilization of health care services.
The approach informs regional policymakers and clinicians by quantifying and detailing frequent user consumption patterns to
support subsequent policy adaptations.

(J Med Internet Res 2021;23(10):e27499)   doi:10.2196/27499
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Introduction

A large part of regional health care consumption is attributed
to “frequent users” (ie, patients who make repeated calls to
hospital and nursing health care services) [1]. Although
definitions differ, a threshold of 4 to 5 calls or more per year is
generally used to classify a patient as a “frequent user” [2,3].

While frequent users represent a minority of emergency
department (ED) patients (4.5%-8%), they may account for up
to 21%-28% of all ED visits [4]. Frequent users appear
heterogeneous as a group; however, they may be clustered into
distinct categories relating to their health care needs and the
health services provided to them [5].
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The high workload and costs incurred by frequent users make
them a relevant target group for regional policymakers and
clinicians to consider as they attempt to make the best use of
scarce resources. For example, due to the various health care
needs related to advanced age, the “frail elderly” are known to
be frequent users [6-9]. Their frailty is related to their status of
being extremely vulnerable to endogenous and exogenous
stressors, exposing them to a higher risk of negative
health-related outcomes [8]. Importantly, they are often
confronted with fragmented health care [6], inappropriate or
delayed triage at EDs [10], and incorrect referrals. These
observations suggest an inappropriate approach to their health
care needs and the potential unnecessary use of health care
services. Once their frailness is identified, advanced health care
planning may be used to improve their health care continuity
[8,11,12]. Therefore, tracing frequent users and their (shared)
consumption patterns is a prerequisite for assessing the
efficiency and effectiveness of current clinical practice,
undertaking appropriate actions to improve it, and evaluating
the added value of these actions and related policy changes.

Notably, many frequent users do not make calls to a single
health care provider but are network users, making consecutive
visits to multiple health care providers. Apart from their
preferences, their network use may be explained, for example,
by specialized health care needs. Thus, tracing frequent users
requires a network-based approach, including all regional health
care providers. Unfortunately, collecting data by interviewing
health care providers or even extracting data from their local
records tends to be cumbersome. Rules on patient privacy,
competition among health care providers, incompatibility of
information systems, and the effort required may present hurdles
that are not easily overcome, adding to data collection costs.
Most research designs limit their scope to single or related health
care providers, with a primary focus on hospitals [13]. As a
result, many frequent users may be overlooked. Moreover, their
routings along different health care providers may appear
fragmented due to a lack of information on major health care
providers outside hospitals, such as nursing homes, which are
particularly relevant to the frail elderly.

This article explores an alternative approach to tracing frequent
users, relying on emergency medical services (EMS) data (ie,
records of ambulance rides containing patient and logistic data).
Acting as the “ferrymen” in the regional health care network,
EMS theoretically direct subacute or acute patient routings,
starting with a time-ordered sequence of ambulance rides.
Therefore, their databases potentially offer an efficient means
for identifying and tracing frequent users. Importantly, the EMS
patient population is likely to accommodate many frequent users
[14,15]. Moreover, patients served by EMS tend to require
substantial health care resources, as indicated by their need for
mobile nursing services and transport. However, the potential
of using EMS data to identify frequent users and their
consumption patterns has hardly been acknowledged in the
literature [16].

This study aimed to show how the analysis of EMS records may
contribute to tracing frequent users on a regional scale,
especially the frail elderly, and reveal their health care
consumption patterns. The novel analysis technique of process

mining is instrumental to the study, enabling the automated
identification of patient routings (ie, identifying health care
providers consulted over time by combining the records related
to ambulance rides). Frequent users can be identified by
quantifying their number of ambulance rides via process mining.
In turn, their consumption patterns are reflected in their routings,
specifying health care providers and specialties involved over
time. The aggregation of patient routings establishes trends in
their annual demand for health care and the associated workload
distribution over the network. Process mining has an advantage
over other mapping techniques as it uses factual observations
retrieved from data rather than man-made process models.
Process mining has been successfully used to analyze health
care processes, usually in an intrahospital context [17-27].
However, its application to regional health care networks is
new.

As relevant background information, we briefly summarize that
the Dutch system for chronic healthcare has for a long time been
funded through national funds under the General Act Special
Care Costs [28]. However, this funding scheme was deemed
too inefficient and generous. Accordingly, as of January 1, 2015,
a major system change was introduced, accompanied by new
legislation (ie, the Long-term Care Act ) [29]. The execution
and implementation of health care for less severe indications
in the home setting were transferred to the municipalities to
achieve a better match and a more efficient system. The transfer
was expected to result in more elderly people remaining in their
homes, thus reducing chronic (elderly) health care costs. As of
spring 2021, these expectations, to a large extent, have not
materialized or even worsened the situation. Our study reveals
problems that have emerged since the system’s change,
including subsequent nursing home closures.

Using EMS records of the province of Drenthe, the Netherlands,
this study shows how ambulance data allows for effective and
efficient tracing and quantification of frequent users of health
care services on a regional scale, considering frail elderly users
as a focal group. The proposed approach builds on the role of
EMS as the regional “ferryman,” implying the utilization of a
single key source for data collection, covering many health care
providers at the same time (ie, hospitals, nursing homes, and
EMS). Process mining adds to the efficiency of the approach
by enabling automated mapping of patient routings (ie, their
consecutive visits to health care providers). Furthermore, the
structure of patient routes is analyzed at patient and group levels,
allowing us to gain insight into regional coordination issues and
workload distributions among health care providers, which is
helpful to policymakers and clinicians. In particular, we seek
evidence for the effects of the Dutch governmental policies
described above, including the impact of higher health care need
entry requirements for nursing home admissions on regional
health care consumption [30-32].

Methods

The Health Care Network of the Province of Drenthe
The province of Drenthe has a population of 491,867, with a
population density of 183 inhabitants per square kilometer [33].
Hospital care is provided by 4 hospitals within the province and
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by several hospitals located in neighboring provinces. Among
the 4 hospitals, 3 offer basic treatment, and 1 hospital has the
necessary skills and resources to treat multilevel trauma. The
reasons for referral to hospitals outside the province include
being close to the patient scene, patient preferences, level of
health care, or specialization related to specific treatments.
Nursing care is also provided by a few dozen nursing homes,
mainly located within the province. EMS is provided by a single
operator, relying on a network of 17 bases in 14 towns or
villages in Drenthe. Its services include both urgent (A-rides)
and planned (B-rides) patient transport to hospitals and planned
(B-rides) transport to nursing homes. B-rides are legitimized
by patient health care needs prohibiting self-transport or
transport by taxi. A-rides assume the presence of staff and
equipment, enabling advanced life support (ALS; ie, advanced
health care for critical patients). In contrast, B-rides may be
offered with either ALS or basic life support, setting less strict
medical skillsets and equipment requirements.

Data
Patient data were collected from EMS records of ambulance
rides performed between January 1, 2012, and December 31,
2017. The data collected included the ride dates and times,
destinations (ie, health care providers), patient age, urgency (A
or B), and health care providers’ medical specialty as indicated
by the patient’s health care needs. A unique identification
number assigned to each patient identified patients’ routings
along different health care providers and services by combining
their records and organizing them according to ambulance ride
dates.

Based on our focus on the frail elderly population, frequent
users, and EMS scope of services, 3 categories of health care
providers were distinguished: hospitals, nursing homes, and the
EMS. The latter was considered a formal health care provider
when the treatment provided by the ambulance paramedics on
the scene sufficed to address patient health care needs,
designated EMS “see and treat” (EMS-S&T). This inclusion
may also serve as an indicator of inappropriate or fragmented
health care [6].

Process Mining
Like many regions worldwide, the province of Drenthe has
increasing numbers of frail elderly people who utilize a
significant part of the regional health care system. In terms of
their visits to regional hospitals and nursing homes, their
consumption patterns remain largely unknown, as regional
health care providers do not disclose this type of patient
information.

Process mining is a technique combining data science and
process management to support the identification and analysis
of operational processes (ie, sequential activities undertaken by
an organization in satisfying its customers), thereby relying on
event logs (ie, recordings of respective activities) stored in a
database [34]. Process mining has been successfully used to
map health care processes, clarifying how patients are served
as a net effect of activities performed by health care providers.
So far, most examples of its use in health care are related to an
intrahospital context [17-27]. By automatically generating

process maps using factual observations retrieved from data,
process mining has important advantages over other modeling
techniques that rely on manual observations of the actual system
or inspection of documents [17,34].

EMS records referring to single rides are anonymized, cleaned
by removing empty records (ie, records not relating to patients),
and inspected for data accuracy to allow for process mining. If
a record lacks information on the health care provider (eg, the
destination of a ride), it was marked “unknown.” Subsequently,
Disco (version 2.2.0; Fluxicon) [35], a tool used to perform the
process mining, traced patient routings by combining and
ordering (time-wise) patient records referring to unique patients.

The health care consumption of frequent users (ie, patients
meeting a threshold of 4 ambulance rides to regional health care
providers within a year) is quantified by presenting their
numbers and the number of calls, including annual trend figures
and the distribution of frequencies. Frail elderly users (patients
70 years of age or more) were considered a subgroup among
frequent users. They were analyzed for urgency using the
ambulance ride categories A (urgent) and B (planned) as a proxy
and for the volume of recognized categories of frequent users
among them, specifically patients known to be in frequent need
of dialysis, radiation therapy, or hyperbaric medicine (DRH).
The “known” patient categories depend on local insight, thereby
relying on EMS staff and records. For “unknown” patient
categories, such a classification is lacking.

The health care consumption of frail elderly users was assessed
at two levels (the patient level and the patient group level) using
process mining for structural analysis. At the patient level,
patient routings along the various health care providers are
identified by the ride destinations, including the specialties
being consulted. Patients are distinguished by two categories
(low complexity and high complexity) as indicated by their
routings. This complexity is considered from the perspective
of health care consumption uncertainty. For instance,
low-complexity patients are the “known” patients, involving
few health care providers, and high-complexity patients are
those for whom routings might not be fully understood.
Although the term “low complexity” might suggest that these
patients have a relatively mild health condition, they are frail
and consume many resources and should also be recognized as
a relevant subgroup.

Ethics Approval and Consent to Participate
Since the data originally were routinely collected for
administrative purposes and completely anonymized, this study
does not fall within the scope of the Medical Research Involving
Human Subjects Act (Wet Medisch-weteschappelijk Onderzoek
2021) [31]. Accordingly, we obtained a full waiver for using
anonymized data from the EMS services from the Medical
Ethics Review Board of the University Medical Center
Groningen (reference number METc 2018/402).
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Results

Quantifying Frequent Users

Overview
Table 1 provides an overview of all patients served by regional
health care providers based on EMS records. In total, 126,758
unique patients were identified between 2012 and 2017,
involving 212,967 calls for services and omitting 2494 records

not linked to patients. Table 1 shows call volumes have
increased 25% over the years, from 31,300 to 39,235 calls.
Similar changes are observed for frequent users' general health
care consumption, including frail elderly users. Frequent users
account for approximately 16% of total regional health care
consumption, of which more than half is attributable to the frail
elderly. The number of frail elderly users increased from 395
to 628 (59%), and their calls rose from 2607 to 3615 (39%).
Strikingly, the largest growth in frail elderly users was observed
from 2013 to 2015, increasing from 320 to 548 (71%) patients.

Table 1. Overview of patients served by regional health care providers.

Frail elderly, n (%)bFrail elderly, nFrequent users, n (%)aFrequent users, nAll patient calls, NAll patients, NYear

2607 (52)3955051 (16)73131,30022,5512012

2428 (52)3204636 (14)62532,35923,7942013

2792 (49)4465681 (16)84434,56824,3552014

3169 (53)5485976 (16)98736,74225,6772015

3333 (52)5616449 (17)99938,76327,1462016

3615 (58)6286258 (16)104339,23527,6712017

17,9442898 (2700)c34,0515229 (4734)c212,967151,194 (126,758)cTotal

aCalls made by frequent users as a percentage of calls from all patients.
bCalls made by frail elderly users as a percentage of calls from frequent users.
cNumber of unique patients involved.

Frail Elderly
Details on the health care needs for frail elderly users and their
urgency are shown in Table 2, which are categorized by
distinguishing their EMS calls according to the medical specialty
requested and the urgency of the ride (Tables 1 and 2). For
example, among the 395 frail elderly users in 2012 (Table 1),
302 (76%) patients had been transported at least once in an
urgent ride (A), while 345 (87%) patients had used at least 1
planned ride (B; Table 2). In addition, among patients
transported in planned rides, 75 (19%) patients required dialysis,
radiation therapy, or hyperbaric medicine (B-DRH), and 326
(83%) patients had other diverse health care needs and urgencies
(B-other). The 2 patient groups overlap due to comorbidity;
therefore, the sum of their patient numbers exceeds the overall

annual number of frail elderly users. The right-hand side of
Table 2 shows the number of calls, indicating the number of
rides associated with the groupings mentioned above.

Table 2 reveals the number of urgent (A) calls among frail
elderly users more than doubled between 2012 and 2017 (from
825 to 1729, 110%), in contrast to the modest growth in calls
for rides planned in advance (B; from 1782 to 1886, 6%). In
addition, between 2012 and 2017, the number of frail elderly
users requiring either specific, predictable treatment or other
treatments (Table 2, see columns B-DRH and B-other) increased
from 75 to 104 (39%) and 326 to 487 (49%), respectively.
However, annual calls made by DRH patients diminished
between 2012 and 2017 (from 728 to 502, –31%), while a
considerable growth in the number of calls made had occurred
for the remaining group (from 1054 to 1384, 31%).
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Table 2. Health care needs and urgency for frail elderly users.

Frail elderly callsFrail elderly populationYear

Health care needs, nUrgency of health care, nAll, NHealth care needs, nUrgency of health care, nAll, N

B-otherB-DRHBAA+BB-otherdB-DRHcBAAa+Bb

105472817828252607326753453023952012

86190317646642428256642712583202013

1033740177310192792353743703724462014

1158533169114783169395834084735482015

1206575178115523333398994174985612016

13845021886172936154871045015616282017

6696398110,677726717,9442,215

(2119)e
499 (480)e2312

(842)e
2464 (2303)e2898

(2700)e
Total

aA: urgent transport.
bB: planned transport.
cB-DRH: patients in need of dialysis, radiation therapy, or hyperbaric medicine making use of EMS planned transport.
dB-other: patients with health care needs other than dialysis, radiation therapy, or hyperbaric medicine making use of EMS planned transport.
eNumber of unique patients involved.

Identifying Regional Health Care Consumption
Patterns Among Frail Elderly Users

Patient Level: Low- and High-Complexity Patients
Consumption patterns for frail elderly users are captured by
ordered ride lists and process maps (Tables 3 and 4; Figures 1
and 2). Tables 3 and 4 show an excerpt of the routings of 2
frequent users, patient A and patient B, respectively. Patient A
needs dialysis and is served by a single hospital (RegHospital
1). Patient A’s routing exhibits low complexity, which is clearly
shown by the process map in Figure 1. It illustrates how the

patient was treated 145 times by RegHospital 1 while living in
the nursing home between 2012 and 2017. Arcs in Figure 1
summarize information on the sequence of services consumed;
for example, a ride to RegHospital 1 is directly followed by a
ride to the nursing home 117 times, and a ride to the nursing
home is directly followed by a ride to RegHospital 1 118 times.
In some cases, transport to or from the hospital has not been
organized by the EMS provider under study. For instance, a
ride to RegHospital 1 is followed by another ride to RegHospital
1 27 times. Similarly, a ride to the nursing home is followed by
another ride to the nursing home 27 times.

Table 3. Excerpt from the routings of patient A.

SpecialtyDestinationUrgencyTimeDate

Other specialtiesNursing homeB16:06:152012-01-06

Internal medicineNursing homeB15:46:062012-01-19

Other specialtiesRegHospital 1-dialysisB09:30:562012-01-20

Other specialtiesRegHospital 1-dialysisB10:15:322012-01-23

Internal medicineNursing homeB15:16:492012-01-23

Other specialtiesRegHospital 1-dialysisB09:11:572012-01-25
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Table 4. Excerpt from the routings of patient B.

SpecialtyActivityUrgencyTimeDateID

OSbEMS-S&TaA106:50:392013-09-131

OSHospital AA102:42:142013-06-022

OSHospital AA213:50:062013-06-163

PcHospital AA100:04:432013-07-024

OSHospital AA220:40:562014-02-015

OSUnknownA223:09:412014-02-016

OSHospital AA122:26:422014-11-267

PHospital AA111:22:002014-12-068

SurgeryHospital AA112:51:392014-12-089

OSUnknownB16:14:382014-12-0810

PHospital AA111:42:492014-02-1711

OSRegHospital 2B09:37:522014-04-0212

GeneralRegHospital 4A108:43:232015-09-0513

UnknownUnknownB11:04:532015-09-0514

GeneralHospital DA201:51:152015-09-2315

GeneralHospital DA207:57:292015-10-2216

PHospital AA209:56:392015-02-0617

PNursing homeA211:56:252015-02-0618

PHospital AA111:05:342015-02-1219

PNursing homeB12:47:122015-02-1220

OSHospital AB08:57:592015-02-2621

OSNursing homeB10:47:322015-02-2622

OSHospital AA108:16:582015-01-0723

OSUnknownA110:02:352015-01-0724

SurgeryRegHospital 1A111:48:102015-01-0725

OSEMS-S&TA105:22:402015-03-1526

OSHospital AA216:09:122015-01-1127

OSRegHospital 1B17:46:082015-01-1128

PHospital AA214:39:222015-04-3029

PUnknownB16:02:482015-04-3030

PHospital AB08:55:442015-01-1431

PHospital AA216:47:332015-06-2332

PUnknownB19:00:122015-06-2333

GeneralHospital AA110:43:342015-06-2834

PRegHospital 1A121:01:322015-06-2835

GeneralHospital DA111:45:132015-07-1036

IMdRegHospital 1A112:09:242015-07-1237

IMUnknownB14:21:532015-07-1238

PHospital AA221:39:062015-01-2139

PHospital DA208:58:032016-01-1440

PHospital DA122:08:362016-01-0241
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aEMS-S&T: emergency medical services “see and treat.”
bOS: other specialties.
cP: pulmonology.
dIM: internal medicine.

Figure 1. The process map of low complexity patient A.

Figure 2. The process map of high complexity patient B. EMS-S&T: emergency medical services “see and treat.”

Whereas routings for patient A exhibit low complexity, other
patients may have more complex routings, as illustrated by
patient B in Table 4 and Figure 2. Patient B is among the very
frequent users (between 2012 and 2017), with 41 ambulance
rides and diverse health care needs as indicated by the specialties
attending to the patient’s treatment, thus relying on several
health care providers.

Patient Group Level: “Unknown” Patients
Figure 3 and Figure 4 show the workload distribution for frail
elderly users who did not belong to a known category for 2012

(326 patients) and 2017 (487 patients; Table 2, see column
B-other). Only the health care providers involved in at least 30
treatments and had arcs with frequencies of at least 8 are shown.
The number of treatments provided by all health care providers
rose considerably between 2012 (Figure 3) and 2017 (Figure
4), although the growth rate is quite different across health care
providers. This is paralleled by the higher connectivity among
health care providers in 2017, as indicated by the arc frequencies
and new arcs (Figure 4, see arcs marked in red). However,
developments were not necessarily unidirectional, as connections
may disappear over the years (Figure 3, see arcs marked green).
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Figure 3. Process maps of 2012 aggregated routings for frail elderly patients (non-dialysis, radiation therapy, or hyperbaric medicine). EMS-S&T:
emergency medical services “see and treat.”
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Figure 4. Process maps of 2017 aggregated routings for frail elderly patients (non-dialysis, radiation therapy, or hyperbaric medicine). EMS-S&T:
emergency medical services “see and treat.”

Discussion

Principal Findings
Frequent users, defined as patients making repeated calls to
regional health care services, have a high impact on health care
capacities and resource management. Tracing frequent users
and their (shared) consumption patterns may be instrumental
in regional policymaking. In this study, we combined EMS
records and process mining in the Dutch province of Drenthe
to trace frequent users and discern different types of users. The
approach allowed us to develop and assess patient routings
along various regional health care providers by combining their
records on ambulance rides. This study demonstrates that this
approach can effectively and efficiently trace and quantify
frequent users and assess their consumption patterns.
Considering frail elderly users as a focal group, the effectiveness
of the approach benefits from its broad scope, spanning a large
group of health care providers, including nursing homes.
Moreover, using EMS records as a single source of data
guaranteed the availability of data on all regional hospitals.
Notably, data collection and analysis costs were low as the
approach relied on a single data source that is routinely collected
and the use of automated data analysis by process mining.

Process mining of EMS records confirms the relevance and
impact of frail elderly users as a subgroup of frequent users

[6-8], representing over 50% of frequent users and meeting a
threshold of 4 calls in 1 year. Moreover, the number of frail
elderly users and the number of calls they made to health care
providers significantly increased during the observation period.
Strikingly, the largest growth in frail elderly users was observed
in 2014 and 2015, increasing by 100 patients a year, from 320
in 2013 to 548 patients in 2015 (71%). Also, the urgency of
their calls increased as indicated by a steep increase in the
number of urgent rides in this category (from 664 in 2013 to
1478 in 2015, 123%), substantially exceeding the background
annual growth rate of EMS transports of 5.1% over the
observation period [30,36].

Our observations parallel structural changes in the Dutch
healthcare system of elderly health care (Wet Maatschappelijke
Ondersteuning 2015) [37]. Closure of health care homes and
stricter health care need entry requirements for nursing homes
forced the elderly to continue living independently in their
homes for as long as possible [32,38,39]. Although the
respective transformations intended to reduce chronic health
care costs, they resulted in more hospital admissions and acute
situations that were no longer manageable in the home setting,
which indeed may be considered counterproductive. We feel
the structural change in the trend observed in EMS figures for
2014 and 2015 may indicate an unwanted and unexpected impact
of national policy changes. Quantifying the health care
consumption of the frail elderly population may be helpful to
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policymakers by showing their impact on the system and
revealing the urgency to address their needs. Furthermore,
understanding the health care consumption of the frail elderly
can lead to discussions about residential and other health care
homes or other forms of home health care. Our findings reveal
a need for further action, such as capacity extensions, tailored
home health care services, or advanced health care planning to
improve elderly health care and its coordination.

Based on process mining, the structural analysis of patient
consumption patterns revealed 2 patient groups: low-complexity
“known” patients who require DRH and “unknown” patients
often linked to complex routings and the use of several regional
health care providers. Importantly, while the known group of
frail elderly patients exhibited a growth rate mirroring
demographic changes, the unknown group exhibited growth at
a much higher pace, implying increased and unpredictable
workloads. The workload related to the latter group tends to be
increasingly distributed over the several regional health care
providers, requiring them to become better connected over time
to provide the best health care for the patients they jointly serve.
This may be explained by ongoing regional specialization,
calling for regional coordination in identifying and addressing
patient needs and managing capacities. As a result, process
mining further identifies the health care providers involved and
the nature of their involvement in terms of specialties.

Of patients with high call frequencies, we evaluated 2 specific
cases and noted that some of these patients might be considered
low complex. For example, patient A needed frequent dialysis
treatments but was mainly served by a single health care
provider. Alternatively, patient B was associated with multiple
health care providers. The latter patient may benefit from
scrutinizing their treatment plan and organizing advanced health
care planning if deemed necessary. However, using this method
to identify such cases would assume that potential privacy issues

are recognized and resolved, which is beyond the scope of this
paper.

Policymakers and clinicians may use the results of our analyses
to engage in discussions or assess the current standard of care.
Our results indicate that frequent users with no clear indication,
such as dialysis, are “shopping and hopping,” representing an
unmet need while utilizing excessive resources. The onus is on
general practitioners and nursing home specialists to address
this challenge. Advanced care planning and timely and
appropriate care at the right location for this category of frequent
users might enhance their quality of life while saving scarce
resources. Providing sound evidence for the latter would require
a different type of study.

Limitations
This study also has limitations. Firstly, only the frail elderly
were studied at some depth, using EMS records for only one
province in the Netherlands. Nevertheless, while health care
consumption patterns are likely to be affected by regional
characteristics, it is expected that the success of the proposed
approach is not dependent on the latter. Secondly, EMS records
only include frequent users who are not capable of self-transport.
Thus, frequent users who do not or rarely use EMS will not be
traced by the proposed approach. Thirdly, as it is explorative,
the paper highlights the potential of the proposed approach in
tracing frequent users and enhancing regional policymaking.
Ongoing and future research should be directed toward
confirming and expanding the method, including comparisons
with alternative approaches.

Conclusions
The combined use of EMS data and process mining allows for
the effective and efficient tracing of frequent users of health
care services. The approach supports regional policymakers and
clinicians by quantifying and detailing frequent user
consumption patterns to support subsequent policy adaptations.
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Abstract

Background: Prior literature suggests that psychosocial factors adversely impact health and health care utilization outcomes.
However, psychosocial factors are typically not captured by the structured data in electronic medical records (EMRs) but are
rather recorded as free text in different types of clinical notes.

Objective: We here propose a text-mining approach to analyze EMRs to identify older adults with key psychosocial factors
that predict adverse health care utilization outcomes, measured by 30-day readmission. The psychological factors were appended
to the LACE (Length of stay, Acuity of the admission, Comorbidity of the patient, and Emergency department use) Index for
Readmission to improve the prediction of readmission risk.

Methods: We performed a retrospective analysis using EMR notes of 43,216 hospitalization encounters in a hospital from
January 1, 2017 to February 28, 2019. The mean age of the cohort was 67.51 years (SD 15.87), the mean length of stay was 5.57
days (SD 10.41), and the mean intensive care unit stay was 5% (SD 22%). We employed text-mining techniques to extract
psychosocial topics that are representative of these patients and tested the utility of these topics in predicting 30-day hospital
readmission beyond the predictive value of the LACE Index for Readmission.

Results: The added text-mined factors improved the area under the receiver operating characteristic curve of the readmission
prediction by 8.46% for geriatric patients, 6.99% for the general hospital population, and 6.64% for frequent admitters. Medical
social workers and case managers captured more of the psychosocial text topics than physicians.

Conclusions: The results of this study demonstrate the feasibility of extracting psychosocial factors from EMR clinical notes
and the value of these notes in improving readmission risk prediction. Psychosocial profiles of patients can be curated and
quantified from text mining clinical notes and these profiles can be successfully applied to artificial intelligence models to improve
readmission risk prediction.

(J Med Internet Res 2021;23(10):e26486)   doi:10.2196/26486
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Introduction

Background
Hospital readmission of older adults is a significant challenge
for the individual, caregivers, and health system. For individuals,
readmissions can be distressing, may compromise quality of
care, and increase the risk of adverse health outcomes. For
caregivers, readmission is often burdensome and increases their
health care spending. As for health systems, readmissions often
cause resource demands and financial costs to escalate [1]. The
30-day readmission rate among patients aged 65 years or older
in Singapore has been reported to be 19% [2], which is
comparable to the readmission rate of Medicare patients in the
United States, most of whom are older adults [3]. Significant
risk factors for hospital readmission in adults aged 65 years and
older include (a) sociodemographic factors such as higher age,
male gender, ethnicity, and poor living conditions; (b)
health-related factors such as poor overall condition,
comorbidity, functional disability, and recent hospital
admissions; and (c) organizational factors such as prolonged
length of stay in the index hospitalization and discharge
destination [4,5]. These risk factors have been used extensively
in predictive models for hospital readmission by health service
researchers worldwide [6-10]. Recently, other readmission
predictors such as those in the psychosocial domain have begun
to receive more attention.

Psychosocial factors can be defined as “the combination and
interplay of psychological and social factors that potentially
influence health, injury, illness, and disease” [11]. However, a
review of the medical literature suggests that different medical
specialties have slightly different definitions of psychological
factors [11-17]. Based on the various factors identified in earlier
studies, we observed that psychosocial factors can be divided
into three relevant dimensions: (1) individual psychological
well-being, (2) social structures, and (3) resources. Individual
psychological well-being factors include psychological
conditions such as mood [11,18], attitude [11,19], coping
mechanism [11,17], depression [15,16,20], perceived control
[13,19], and psychological distress [16,17,21]. Social structures
represent the conditions of the environment in which the
individual lives, including support structures [11,14,16,17],
social relationships [14,18], social norms [19], and family life
[22]. Finally, resources represent the means available to the
individual, such as financial means, accessibility to health care
[13,14], and the health service system [19].

Prior research has shown that these factors—depressive
symptoms [23], poor social support, and financial
stress—contribute to hospital readmission for specific patient
subgroups such as those with chronic obstructive lung disease,
chronic kidney disease, and heart failure [24-26]. In general,
psychosocial factors could play a significant role in the hospital
readmission of older adults and account for a significant
proportion of the readmission risk. At the same time,
psychosocial factors are indicators of a patient’s complex needs
that are amenable to tailored care interventions. Such
interventions can improve the patient’s clinical outcomes and
reduce the utilization of health care resources.

Literature Review
There are two conceptual models in the extant literature that
link psychosocial factors to hospital readmissions for older
adults. The first is Andersen’s [27] Behavioral Model of Health
Services Use that posits an individual’s use of health services
as a function of predisposing, enabling, and need factors.
Psychosocial factors (ie, individual-level and structural-level
variables) can be categorized as the model’s predisposing and
enabling factors, respectively. The other is Adler and Stewart’s
[28] Pathways Linking Socioeconomic Status and Health model,
which suggests that environmental resources and constraints,
as well as psychological influences are mechanisms that lead
to health outcomes such as hospital readmission. Individual-level
and structural-level psychosocial factors map to the model’s
psychological and environmental variables.

In contrast to the numerous clinically related risk factors that
are stored as structured data in electronic medical records
(EMRs), most psychosocial factors are recorded as free text in
the patient’s clinical notes such as the initial and progress
clinical notes of physicians, allied health professionals, case
managers, and social workers. Such unstructured textual data
in the EMR represent a potentially rich and untapped source of
data related to patients’ psychosocial factors. The manual
extraction of psychosocial keywords from unstructured data is
challenging and impractical given the copious and
ever-increasing amount of clinical notes recorded in a typical
EMR system. As such, there have been systematic efforts by
clinicians to capture social and behavioral data, including
psychosocial information, as structured data in EMR systems
[29]. However, the effectiveness of these efforts in different
health care contexts remains unclear. At the same time, other
researchers have begun to apply text-mining techniques to
efficiently extract and analyze unstructured text data in EMR
clinical notes to identify these psychosocial factors.

Text-mining techniques represent a broad range of approaches
for analyzing and processing semistructured and unstructured
text data to construct structured data. By using powerful
algorithms applied to large textual documents such as those
typically found in EMR systems, text mining can “turn text into
numbers” to be used for further analysis. Topic modeling, which
is a specific domain in text mining that examines individual
words to identify common topics and concepts, holds significant
promise for extracting psychosocial factors from EMR clinical
notes.

To date, only a few text-mining studies have set out to identify
individuals with psychosocial factors using EMR data [30]. As
such, we have limited evidence on the effectiveness of extracting
psychosocial information from EMRs for the purpose of
secondary health care research or routine clinical care.

Objective
This study proposes a text-mining approach to identify older
adults with key psychosocial factors obtained from clinical notes
to help predict adverse health and health care utilization
outcomes. To validate the efficacy of including psychological
factors in the predictive model, we append these psychosocial
factors to the commonly used LACE (Length of stay, Acuity
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of the admission, Comorbidity of the patient, and Emergency
department use) Index for Readmission [31] to improve
readmission risk prediction accuracy on an independent,
hold-out sample of patients.

Methods

Design
The study was a retrospective analysis of EMR data captured
by the EPIC system over a 26-month period from January 1,
2017 to February 28, 2019. Ethical approval was provided by
the Domain-Specific Review Board of the National Healthcare
Group, Singapore (2018/01072).

Settings and Data Context
The sample consists of 9393 patients with 43,216 admission
encounters in a 26-month period from all wards in Ng Teng
Fong General Hospital, Singapore. Each clinical record was
classified by the role of the author. In this sample, clinical
records were authored by physicians, medical social workers,
or case managers. Specifically, medical social workers and case
managers are assigned to some patients who may require
additional social support upon hospital admission. The dataset
consists of two cohorts of patients. The first cohort includes
892 patients (3282 admission encounters) identified by the
hospital as frequently readmitted patients (“Frequent Admitters”
cohort). This cohort consists of patients who (1) are frequently
admitted to the hospital despite having their acute medical needs
met, (2) have medical conditions that require multidisciplinary
care, (3) show signs of caregiver stress, (4) encounter frequent
falls (more than two falls in the last 12 months) and require
functional management at home, or (5) face medication
management issues (eg, noncompliance to their medication
regime). The second cohort consists of 9377 randomly selected
patients (39,934 admission encounters) admitted to the hospital
(“Standard” cohort). The “Standard” cohort consists of patients

admitted to the hospital’s inpatient wards during the sampling
period. The purpose of including the “frequent admitters” cohort
was to oversample the frequent readmission cases and facilitate
the training of the text-mining algorithm to extract psychosocial
topics often associated with readmission risks. This type of
oversampling method is commonly applied in health care
research to train machine-learning algorithms [32,33]. The
combined cohorts were randomly split into a training dataset
and a hold-out/test dataset to ensure that both the training and
test dataset had similar distributions of patients in the “frequent
admitters” and “standard” cohorts. The training dataset
comprised 30,252 admission encounters and the hold-out/test
dataset comprised 12,964 admission encounters. The unit of
analysis is each admission encounter.

We used the 10-fold cross-validation method to train and
validate the model with the training dataset. The validated model
was subsequently tested against the hold-out/test dataset in four
ways. First, we used the “Combined” test dataset, which is the
dataset compiled to have a similar distribution as the training
dataset, containing proportionally more “frequent admitters” to
ensure that the model was tested using a similar distribution of
patients as that used to train the model. Second, we used the
“Standard” test dataset, which was the sample randomly drawn
among patients from the hospital; this sample represents a
typical patient that a hospital encounters. We used this dataset
to test for the generalizability of the model and to rule out
overfitting. Third, we used a “Frequent” test dataset, consisting
of “frequent admitters,” which was mainly used to test the fit
of the model in predicting frequent admitters, as a key concern
for many hospitals. Finally, we used a “Geriatrics” test dataset,
comprising only geriatric patients (≥65 years old selected from
the “standard” cohort test dataset), to test if the model works
for the geriatric specialty where it is likely to be deployed.
Additional details and procedures of cohort selection are shown
in Figure 1.
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Figure 1. Sampling methodology. All values represent the admission encounters. For the “frequent admitters” cohort (3282 encounters), there are 892
unique patients and for the “standard” cohort (39,934 encounters), there are 9377 unique patients. The “geriatrics” cohort represents a subsample of
patient encounters within the “standard” cohort where the age of the patient at time of encounter is greater or equal to 65 years.

Data Processing and Algorithm Development
For each admission encounter, we combined the clinical notes
written by authors with similar roles (eg, all notes written by
physicians were combined as physician’s notes). The notes were
combined based on the author’s role (physician, medical social
worker, and case manager) because each role would potentially
document similar issues. Hence, it is more efficient to mine the
unstructured clinical notes for each role to identify common or
similar topics. We combined the notes for each admission
encounter instead of analyzing each note entry as the unit of
analysis because a patient’s psychosocial conditions are less
likely to vary for each admission encounter.

We then applied natural language processing text mining to the
clinical notes in the training dataset. We used the latent Dirichlet
allocation (LDA) topic modeling algorithm to extract the
common topics present in the clinical notes and then numerically
weighed each topic’s intensity (loadings) in the clinical notes.
A vector of lexicographically related words represents each
topic due to the frequent occurrence of these words in proximity
across different notes. A high loading value represents the
presence of the topic in the clinical note. This process was
performed separately for the physician, medical social worker,
and case manager notes. A total of 100 topics were extracted

from each set of notes based on the clinician’s role (ie,
physician, medical social worker, case manager).

Two geriatric specialists reviewed and classified these 100 topics
into broader themes, specifically dividing them into psychosocial
issues or nonpsychosocial-related issues. Additionally, we
conducted four interviews with a group of medical social
workers and case managers to triangulate if this classification
is appropriate. It is important to note that this added
classification into broader themes by clinicians is solely to
facilitate the reporting and interpretation of results. These
broader themes were not used in the subsequent development
of the readmission risk model, and only the LDA classification
loadings were used in the training of the readmission risk model.
Further details of the text mining procedure are provided in
Multimedia Appendix 1.

We combined the topic’s intensity (loadings) for each set of
notes with structured predictors of readmission established in
the LACE Index for Readmission as predictors for estimating
readmission risk. As readmission risk is a function of various
factors beyond psychosocial factors, we incorporated the LACE
index to take into account some of the factors reported in the
literature. The LACE index is a score commonly used to predict
a patient’s 30-day hospital readmission risk [31]. The index
consists of the following variables: (1) the length of stay (L),
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(2) the acuity of the current or previous admission (A), (3)
comorbidities of the patient as measured by the Charlson
Comorbidity Index score (C), and (4) the number of visits to
the emergency department in the preceding 6 months (E).

The readmission risk model was fitted using the gradient
boosting trees (GBT) algorithm to predict the outcome of
readmission within the next 30 days from the discharge date of
the current admission. GBT uses an ensemble of multiple trees
to generate more accurate prediction models for classification
and regression. The algorithm’s premise is to build a series of
trees, where each tree is trained with the objective to correct
the misclassification errors of the previous tree in the series.

We tested the model’s predictive accuracy using the four
different hold-out test samples described above. To assess the
predictive value of the clinical notes, we fitted a LACE baseline

readmission model without using the topics from the notes. We
then compared this baseline model against models that include
the physician notes and social notes (ie, medical social worker
notes and case manager notes) jointly and separately.

Results

Evaluating the Predictive Value of Psychosocial
Information
As expected, we observed that physicians record fewer
psychosocial issues than medical social workers and case
managers (Table 1). The more detailed distribution of the
specific topics extracted is provided in Tables A1-A3 of
Multimedia Appendix 1.

The descriptive statistics of the variables used in the readmission
risk model for each test cohort are provided in Table 2.

Table 1. Distribution of psychosocial topics (N=100).

Proportion of nonpsychosocial topics, n (%)Proportion of psychosocial topics, n (%)Role of author

75 (75)25 (25)Physician

0 (0)100 (100)Medical social worker

12 (12)88 (88)Case manager

Table 2. Descriptive statistics of variables in the LACE (Length of stay, Acuity of the admission, Comorbidity of the patient, and Emergency department
use) readmission model (patient encounter level).

Combined cohortd,
mean (SD)

Geriatrics cohortc,
mean (SD)

Standard cohortb,
mean (SD)

Frequent cohorta,
mean (SD)

Variable

67.51 (15.87)77.62 (8.09)67.07 (15.98)72.94 (13.24)Age (years)

0.54 (0.50)0.50 (0.50)0.55 (0.50)0.50 (0.50)Gender (1: Male, 0: Female)

5.57 (10.41)6.65 (10.81)5.47 (10.15)6.73 (13.18)Length of stay (days)

0.42 (1.20)0.49 (1.38)0.41 (1.18)0.47 (1.39)Charlson Comorbidity Index

0.56 (0.50)0.58 (0.49)0.57 (0.50)0.50 (0.50)Emergency department admission (1: Yes, 0: No)

0.05 (0.22)0.04 (0.21)0.05 (0.22)0.03 (0.17)Intensive care unit stay (1: Yes, 0: No)

1.50 (2.82)1.47 (2.44)1.39 (2.77)2.86 (3.07)Emergency department visits in last 6 months

aPatients identified by the hospital as frequent readmission patients.
bSample of a typical hospital patient.
cSubset of patients in the “Standard” sample who are 65 years of age or older.
dCombination of the “Frequent” and “Standard” samples.

The area under the receiver operating characteristic curve
(AUROC) of the LACE baseline predictive model ranged from
0.8288 to 0.8397 (Table 3) for the four different test cohorts
(Frequent, Standard, Geriatrics, and Combined). The baseline
model only considered common factors identified in the prior
literature associated with readmission risks and did not include
psychosocial factors extracted from the clinical notes. The
receiver operating characteristic curve is a plot representing the
diagnostic ability of a binary classifier while varying the
discriminatory threshold (ie, the cut-off value to reclassify one

state to the other). With varying discriminatory threshold values,
the different sets of true positive rate (sensitivity) are plotted
against the corresponding false positive rates (1–specificity).
Thus, AUROC is a representation of the overall performance
of the classifier.

Adding the text-mined notes from the medical social workers
and case managers increased the AUROC of the model to
0.8573-0.8707. Further appending the clinical notes from
physicians increased the AUROC to 0.8952-0.9100.
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Table 3. Results of the readmissions prediction model.

NPVcPPVbSpecificitySensitivityAUROCaModel

LACEd baseline

0.74380.74660.78400.70210.8288Frequente

0.81560.66490.76060.73410.8302Standardf

0.79940.67130.73280.74790.8254Geriatricsg

0.82210.66960.77570.73030.8397Combinedh

LACE baseline+sociali

0.77670.73940.75730.75980.8573Frequent

0.83750.69220.77960.76610.8621Standard

0.82670.72280.78320.77490.8686Geriatrics

0.84900.68960.78250.77630.8707Combined

LACE baseline+physicianj+social

0.83540.80010.81360.82320.8952Frequent

0.87760.75090.82350.82240.9001Standard

0.87160.78430.83310.83180.9100Geriatrics

0.88450.75340.83180.82540.9069Combined

aAUROC: area under the receiving operating characteristic curve.
bPPV: positive predictive value.
cNPV: negative predictive value.
dLACE: Length of stay, Acuity of the admission, Comorbidity of the patient, and Emergency department use.
eHold-out sample of patients identified by the hospital as frequent readmission patients.
fHold-out sample of a typical hospital patient.
gSubset of patients in the “Standard” sample who are 65 years or older.
hCombination of “Frequent” and “Standard” hold-out samples.
iSocial represents the text-mined notes that medical social workers and case managers provided.
jPhysician represents the text-mined notes provided by physicians.

Comparison Across Patient Profiles
The addition of textual information improved the AUROC of
the readmission model. This improvement was particularly more
significant for geriatric patients than for other cohorts of patients

(Table 4). For geriatric patients, notes from the medical social
workers and case managers improved the AUROC by 4.32%.
Combining these notes with physician notes further improved
the AUROC by 8.46% compared with the baseline LACE
readmission model.

Table 4. Improvements of prediction (area under receiver operating characteristic curve) over the baseline LACE (Length of stay, Acuity of the
admission, Comorbidity of the patient, and Emergency department use) model for different test cohorts.

Combined cohortdGeriatrics cohortcStandard cohortbFrequent cohortaNotes

3.10%4.32%3.19%2.85%Sociale

6.72%8.46%6.99%6.64%Social and physicianf

aHold-out sample of patients identified by the hospital as frequent readmission patients.
bHold-out sample of a typical hospital patient.
cSubset of patients in the “Standard” sample who are 65 years or older.
dCombination of “Frequent” and “Standard” hold-out samples.
eThe readmission model with clinical notes from the medical social worker and case manager.
fThe readmission model with clinical notes from the medical social workers and case managers.
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Discussion

Principal Findings
The AUROC of our readmission risk model was higher than
the typical accuracy of readmission predictive models, ranging
from 0.66 to 0.83, as reported in an earlier review of 30 studies
[6]. The results also suggest that the readmission predictive
algorithm’s performance for all four cohorts (frequent admitters,
standard, geriatrics, and the combination of frequent and
standard groups) are relatively similar. Thus, this model can be
applied to geriatric patients as the typical pool of patients who
require additional management for readmission risks. Further,
when taking into account the psychosocial information captured
by nonphysicians (ie, medical social workers and case managers)
by adding social topics, the prediction accuracy improved by
0.0285-0.0432. When we added the physicians’ textual clinical
notes, the AUROC further increased by 0.0362-0.0414 in
different cohorts.

Overall, the results show that with the addition of text-mined
clinical notes from physicians and other clinicians, the AUROC
of readmission prediction improves by 0.0664 to 0.0842,
suggesting the added benefits of extracting psychosocial
information from textual clinical notes in predicting readmission
risk.

This study shows that clinicians could leverage natural language
processing to gain more information from the EMR system
beyond the traditional structured data commonly used to predict
readmission risk. Specifically, this study establishes a proof of
concept for the use of text-mining techniques with EMR
unstructured free text to identify psychosocial predictors of
hospital readmission, particularly among geriatric patients. In
doing so, our findings support the viability of the psychosocial
approach in potentially reducing readmission rates. Thus, our
study represents a T2 translational stage (to patients) of research,

paving the way toward the T3 translational stage (to practice).
In terms of development along the translational pathway, the
next phase will focus on proof of value of embedding
text-mining techniques in prediction models used to identify
the risk of early readmission among hospitalized patients. The
purpose of this phase is to perform a comprehensive geriatric
assessment for high-risk patients with the goal of offering
tailored care management. By managing patients’ specific
physical and psychosocial needs, we should observe
improvement in the quality of care and a reduction in
unnecessary health care utilization. In this way, precious heath
care resources can be optimally allocated to patients who will
obtain the greatest benefit. This strategy is particularly relevant
for older hospitalized patients, who are more likely to have
unmet psychosocial needs and for whom our augmented risk
prediction model performs the best. To achieve proof of value,
future research could use quasiexperimental designs to compare
the feasibility and effectiveness of a product that combines
text-mined psychosocial factors in a state-of-the-art prediction
model with those of a product that only has a prediction model.

Beyond the application of text-mining techniques to the
prediction of hospital readmission, this study also presents the
broader and extended possibility of using the same technical
approach developed for the EMR to identify a set of
underdiagnosed clinical conditions in older adults, which will
have an important influence on their health and health care
utilization outcomes.

Conclusion
Psychosocial profiles of patients can be curated and quantified
from text mining clinical notes, and these profiles can be
successfully applied to artificial intelligence models to predict
readmission risks. The use of text mining improved the accuracy
of predicting readmission, and this improved predictive accuracy
was higher for geriatric patients than for other patient cohorts.
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Abstract

Background: As-needed (PRN) opioid orders with duplicate indications can lead to medication errors and opioid-related adverse
drug events.

Objective: The objective of our study was to build and validate real-time alerts that detect duplicate PRN opioid orders and
assist clinicians in optimizing the safety of opioid orders.

Methods: This single-center, prospective study used an iterative, 3-step process to refine alert performance by advancing from
small sample evaluations of positive predictive values (PPVs) (step 1) through intensive evaluations of accuracy (step 2) to
evaluations of clinical impact (step 3). Validation cohorts were randomly sampled from eligible patients for each step.

Results: During step 1, the PPV was 100% (one-sided, 97.5% CI 70%-100%) for moderate and severe pain alerts. During step
2, duplication of 1 or more PRN opioid orders was identified for 17% (34/201; 95% CI, 12%-23%) of patients during chart review.
This bundle of alerts showed 94% sensitivity (95% CI 80%-99%) and 96% specificity (95% CI 92%-98%) for identifying patients
who had duplicate PRN opioid orders. During step 3, at least 1 intervention was made to the medication profile for 77% (46/60;
95% CI 64%-87%) of patients, and at least 1 inappropriate duplicate PRN opioid order was discontinued for 53% (32/60; 95%
CI 40%-66%) of patients.

Conclusions: The bundle of alerts developed in this study was validated against chart review by a pharmacist and identified
patients who benefited from medication safety interventions to optimize PRN opioid orders.

(J Med Internet Res 2021;23(10):e28235)   doi:10.2196/28235

KEYWORDS

opioid stewardship; pain; as-needed opioids; duplicate orders; automated alerts

Introduction

Duplicate as-needed (PRN) opioid orders that are indicated for
the same pain level can lead to medication errors, opioid-related
adverse drug events, and confusion among bedside nurses.
Hospital accreditation standards and pain management
guidelines recommend constructing mutually exclusive pain
levels for PRN opioid orders to establish clear indications and
avoid therapeutic duplication of pain scales for PRN indications

[1-4]. The proportion of patients having multiple PRN opioid
orders with a duplicate indication was among the critical quality
indicators established for an Opioid Stewardship Program across
a multihospital health system [5]. Therefore, there is a need to
develop clinical decision support and automated processes to
optimize this high-priority quality indicator.

Epic is an electronic health record (EHR) system with one of
the largest market shares among hospitals in the United States;
however, the current functionality of Epic does not allow for
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triggering drug-drug interactions or best practice alerts based
on the PRN indication field specified in medication orders [6].
The purpose of this project was to build and validate real-time
alerts within a third-party pharmacovigilance software that
detect PRN opioid orders with a duplicate pain indication and
provide clinicians with a clinically impactful tool to optimize
the safety of PRN opioid orders in the hospital EHR.

Methods

Study Description
This was a prospective, program development study. Several
study activities were observational and aimed to detect
medication safety events in the EHR. One study activity was
interventional where a clinical pharmacist improved patient care
using real-time alerts in accordance with a new hospital policy.
The hospital’s Institutional Review Board approved this study
with a waiver of informed consent.

The Houston Methodist Opioid Stewardship Program
collaborated with VigiLanz Corporation, a third-party
pharmacovigilance software company that receives real-time
data from the hospital’s EHR and creates condition-based alerts
that identify specific patient situations or medical events. For
example, if a new order for warfarin was placed in the EHR
without any international normalized ratio values in the previous
24 hours, an alert would be generated to notify the pharmacist
to initiate appropriate therapy monitoring interventions. Other
areas of alerting include drug interactions, lab monitoring,
antibiotic culture mismatch, medication dosage adjustments,
treatment-related adverse events, and other therapy elements
[7].

A set of VigiLanz alerts was created to detect patients with 2
or more PRN opioid orders with duplicate pain category
indications. The hospital EHR that was used across the Houston

Methodist health system to send data to VigiLanz and inform
the alerts was Epic 2018 (Epic Systems Corporation).

Best Practices for Medication Safety
Through interprofessional stakeholder engagement among
pharmacists, nurses, physicians, and medication safety
specialists, the Houston Methodist Opioid Stewardship Program
established best practices for inpatient prescribing of PRN opioid
orders to reduce the risk of medication errors. Unless clear
parameters are provided, multiple PRN opioid orders for the
same pain level are inappropriate and may cause confusion
within the care team and lead to duplicate opioid administration.
Therefore, the Opioid Stewardship Program created a schema
to categorize multiple PRN opioid orders for the same pain level
as appropriate or inappropriate using the following medication
order attributes: (1) route and formulation, (2) use of the linked
order group functionality in Epic, and (3) clear administration
instructions. For example, a patient might have a PRN order
for oral oxycodone for severe pain along with intravenous
morphine PRN for severe pain to be administered as an
alternative if the patient cannot tolerate oral intake. When
duplicate PRN opioid orders for the same pain level are
necessary, clear administration instructions should be provided
to the bedside nurse to guide selection of the appropriate
medication, and orders may be placed in a linked order group.
In Epic, orders that are linked using the “OR” linking logic
provide a safety enhancement feature that would notify nurses
about the risk of duplicate administration if one of the orders
was about to be administered too soon following the
administration of another order in the linked group. To empower
clinical pharmacists to resolve duplicate PRN opioid orders
using their clinical judgment, the Opioid Stewardship Program
developed a hospital policy that organized duplications into 5
categories and authorized pharmacists to provide specific
interventions for each category, as shown in Table 1.

Table 1. Categorization of multiple as-needed opioid orders as appropriate or inappropriate.

Evaluation of dataCollected informationCategory

Potential medication safety interventionAppropriate

duplication

Linked ordersClear administration

instructions

Same route and

formulation

No change neededYesYesYesNoa1

Clarify administration instructionsbNoYesNoNoa2

May add orders to a linked order group using the “OR”
linking logic

NoNoYesNoa3

Clarify administration instructions and may link ordersbNoNoNoNoa4

Discontinue all but one of the duplicate ordersNoYes or NoYes or NoYes5

aTwo orders with the same route (eg, oral) are allowed as long as the orders have different formulations (eg, oral tablet and oral liquid) with clear
administration instructions and use the “link” functionality in Epic for enhanced administration safety.
bExamples of administration instructions were suggested based on the medication formulation or route as follows: For oral tablets, the instruction was
“Give if patient can receive oral tablet medication.” For oral solutions, the instruction was “Give if patient cannot receive oral tablet medication but can
receive oral solution medication.” For intravenous injections, the instruction was “Give if patient is not able to receive oral medication.”

Logic to Trigger Real-Time Alerts
Houston Methodist used a Health Level 7 (HL7) message
interface to transmit medication order data from the EHR to the
third-party pharmacovigilance software in real time. The

relevant medication order variables included in this HL7
message were the medication name, route, frequency, dose,
administration instructions, start date and time, and PRN
indication. The order linking information in Epic was not
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included in the HL7 message and was not used by the alerts to
categorize multiple PRN opioid orders as appropriate or
inappropriate. Investigators developed operational definitions
for types of duplications and then created a bundle of alerts to
identify each of the operational definitions given in Table 2.
Duplicate PRN opioid orders were classified into explicit
duplicates that specified pain levels as mild, moderate, or severe
and implicit duplicates where at least one of the duplicate orders

had unclear PRN instructions that did not specify the pain scale
range. Alerts were censored for opioid orders that were verified
while a patient was in an operating room or a procedural area
due to the temporary nature and unique medical record workflow
of these opioid orders. To reduce alert fatigue for end users,
each alert was set to create no more than 1 activation every 24
hours for the same patient.

Table 2. Classification of duplicate as-needed opioid orders.

ExampleVigiLanz alert nameDuplicates

Explicit duplicates

Tramadol 50 mg POb every 8 hours PRN for mild pain (score 1-3)

AND

acetaminophen-codeine 300-30 mg PO every 4 hours PRN for mild pain
(score 1-3)

Opioids PRN for mild pain2 or more PRNa opioid orders for mild
pain

Hydrocodone-acetaminophen 5-325 mg PO every 6 hours PRN for mod-
erate pain (score 4-6)

AND

tramadol 50 mg PO every 6 hours PRN for moderate pain (score 4-6)

Opioids PRN for moderate
pain

2 or more PRN opioid orders for mod-
erate pain

Hydromorphone 1 mg IVc every 4 hours PRN for severe pain (score 7-
10)

AND

fentanyl 25 mcg IV every 3 hours PRN for severe pain (score 7-10)

Opioids PRN for severe pain2 or more PRN opioid orders for severe
pain

Implicit duplicates

Hydrocodone-acetaminophen 10-325 mg PO every 6 hours PRN for pain

AND

morphine 15 mg PO every 6 hours PRN for severe pain (score 7-10)

Opioids PRN for pain2 or more PRN opioid orders where at
least one order has unclear PRN instruc-

tionsd

Hydromorphone IV PCA

AND

morphine 2 mg IV every 4 hours PRN for severe pain (score 7-10)

Opioid PRN PCAAn opioid PCAe order and another IV

PRN opioid ordered separatelyf

aPRN: as-needed.
bPO: oral.
cIV: intravenous.
dThe PRN instructions did not specify the pain scale range.
ePCA: patient-controlled analgesia.
fThis includes orders for any pain level (mild, moderate, or severe).

3-Step Process for Specifying, Refining, and Validating
Real-Time Alerts
The investigators designed and implemented a 3-step process
to develop a bundle of real-time alerts, validate their accuracy,
and evaluate their clinical impact when used by pharmacists to
identify duplicate PRN opioid orders, as indicated in Figure 1.
This process was designed to quickly identify and resolve errors
in alert performance by advancing from small sample, positive

predictive value (PPV) evaluations (step 1) to intensive accuracy
evaluations (step 2) and clinical impact evaluations (step 3). As
medical record alerts commonly generate false positives that
contribute to alert fatigue, our process measured and optimized
the PPV as the first step [8]. After each step, the investigators
would determine if the bundle of alerts needed further
configuration (fail) or could be advanced to the next step of
testing (pass). Results for the final bundle of alerts that passed
all 3 steps are reported in this paper.
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Figure 1. Alert development process. This 3-step process efficiently pilot-tested, revised, and validated bundles of alerts to detect duplicate as-needed
opioid orders.

Step 1: Evaluation of PPV
On September 4, 2018, 10 active alerts for duplicate PRN opioid
orders for each of the 2 most common types of alerts (moderate
and severe pain) were randomly sampled from alerts generated
from August 31, 2018 to September 4, 2018. Alerts were
validated against active medication orders on the patients’
profiles by a pharmacist. Alerts identifying duplicate orders that
were confirmed by the pharmacist’s chart review were
categorized as true positive, and alerts that were not confirmed
were categorized as false positive. The PPV was calculated by
dividing the number of true positive alerts by the total number
of alerts. The sample size of 10 was chosen to quickly identify
and resolve errors in alert performance.

Step 2: Evaluation of Accuracy
A cross-sectional analysis of patients hospitalized on or after
August 31, 2018, was conducted over 5 consecutive weekdays
(September 6, 2018 until September 12, 2018). Patients admitted
to acute care floors or intensive care units were randomly
sampled once per day, and a patient could not be sampled more
than once. Operating rooms, postanesthesia care units,
catheterization labs, and other procedural areas were excluded
from sampling. A pharmacist and a pharmacy intern conducted
chart review to collect active PRN opioid names, doses, routes,
frequencies, and PRN indications for each included patient.
Alert-specific data were collected, including alert names,
triggering opioid orders, and start and end dates of the triggering
orders. As a patient may have more than one set of duplicate
PRN opioid orders or more than one alert, this analysis was
conducted at the patient level to match the workflow of
medication profile review by clinicians.

It is recommended that medical record alerts be evaluated like
diagnostic tests by calculating the performance characteristics
of accuracy, sensitivity, specificity, PPV, and negative predictive
value (NPV) [8]. Duplicate PRN opioid orders identified through
this chart review served as the reference standard for this
validation of duplicate opioid alerts to identify true and false
positives and negatives. Accuracy was the number of patients
correctly classified by the alerts (true positives plus true
negatives) divided by the total number of patients evaluated.
Sensitivity was the proportion of patients with duplicate PRN
opioid orders who had an alert. Specificity was the proportion
of patients without duplicate PRN opioid orders who did not
have an alert. PPV was the proportion of patients with an alert
who had duplicate PRN opioid orders. NPV was the proportion

of patients with no alerts who did not have duplicate PRN opioid
orders.

Step 3: Evaluation of Clinical Impact and Face Validity
Step 3 included 60 patients identified from a random sample of
patients with an alert on a specific calendar day (or the previous
calendar day) over 6 nonconsecutive days in September and
October 2018, and a patient could not be sampled more than
once. A pharmacist conducted medication profile review in the
EHR to optimize the PRN opioid orders in accordance with the
algorithm described in Table 1 through the following actions:
(1) discontinuing one or more duplicate PRN opioid orders, (2)
clarifying order administration instructions, (3) contacting the
prescriber or the bedside nurse, (4) changing the pain level
indication, and (5) assigning PRN opioid orders to linked order
groups in the medical record to prevent duplicate administration
of orders with different routes or formulations. Whenever PRN
opioid orders were discontinued, the pharmacist documented
the rationale for discontinuation (orders with older start dates,
no recent administration, documented adverse events, or no
associated order set). For each patient, the pharmacist recorded
a start time when the alerts and patient’s medical record were
opened to evaluate active PRN opioid orders. The pharmacist
then recorded an end time after completing all necessary actions
and documenting interventions in the pharmacovigilance
software. The time in minutes between each start and end time
was calculated. To estimate the time effort for future
implementation of this program into routine practice for clinical
pharmacists and other health care professionals, linear regression
was conducted to estimate the time needed by the pharmacist
to conduct chart review and resolve duplicate PRN opioid orders
based on the extent of actions taken.

Results

Step 1: Evaluation of PPV
During the study period for step 1, 9% (10/114) of moderate
pain alerts and 14% (10/71) of severe pain alerts were randomly
sampled and evaluated. The PPV was 100% (one-sided, 97.5%
CI 70%-100%) for moderate alerts and 100% (one-sided, 97.5%
CI 70%-100%) for severe alerts. The investigators interpreted
this as success and advanced to step 2.

Step 2: Evaluation of Accuracy
During the study period for step 2, 30% (201/662) of eligible
patients were randomly sampled and had 241 active PRN opioid
orders, as observed in Table 3. Chart review identified 1 or more
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PRN opioid order duplications for 17% (34/201; 95% CI,
12%-23%) of patients. Of these 34 patients, duplication was
identified for the moderate pain scale in 12 (35%), severe pain
scale in 9 (26%), both moderate and severe pain scales in 7
(21%), and unclear PRN instructions that did not specify the
pain scale range in 6 (18%). This bundle of alerts showed high
sensitivity (94%) and specificity (96%) for identifying patients

who had duplicate PRN opioid orders, as indicated in Tables 4
and 5. Investigators interpreted this as success and advanced to
step 3. On September 18, 2018 (after step 2 was completed), 2
implicit alerts were added to the bundle to identify duplication
between orders with unclear PRN indications (“breakthrough
pain” or “any pain”) and any other PRN opioid order.

Table 3. Prevalence of active as-needed opioid orders in step 2 (N=241).

Frequency, n (%)Pain scorePRNa indication pain category

3 (1)1-3Mild

123 (51)4-6Moderate

93 (39)7-10Severe

2 (1)1-6Mild and moderate

6 (2)4-10Moderate and severe

5 (2)Not specifiedPatient-controlled analgesia

9 (4)Not specifiedUnspecified pain category

aPRN: as-needed.

Table 4. Comparison of chart review reference standard with the bundle of alerts in step 2 (N=201).

Reference standardAlert fired

TotalNo active duplicate ordersActive duplicate orders

397 (false positive)32 (true positive)Alert

162160 (true negative)2 (false negative)No alert

20116734Total

Table 5. Performance characteristics of the bundle of alerts in step 2 (N=201).

95% CI (%)Value (%)Performance characteristics

80-9994Sensitivity

92-9896Specificity

67-9382PPVa

96-10099NPVb

92-9896Accuracy

aPPV: positive predictive value.
bNPV: negative predictive value.

Step 3: Evaluation of Clinical Impact and Face Validity
During the study period of 6 nonconsecutive days for step 3,
12% of the eligible patients (60/481) were randomly sampled,
who accounted for 12% of the unique eligible alerts (79/678).
A pharmacist reviewed the charts of all the patients. At least 1
intervention was made to the medication profile for 77% (46/60;
95% CI 64%-87%) of patients, which was interpreted by
investigators as having a meaningful clinical impact and face
validity. The most common actions taken for these 60 patients
were discontinuing inappropriate duplicate PRN opioid orders
(32, 53%), linking PRN opioid orders (21, 35%), and clarifying
administration instructions (19, 32%), as shown in Figure 2.

Using linear regression estimates, the average time needed by
the pharmacist to assess alerts, resolve issues, and document
interventions was 5 minutes (95% CI 2-9 minutes) if no action
was needed, 7 minutes (95% CI 5-10 minutes) if 1 or more
orders were discontinued, 14 minutes (95% CI 11-16 minutes)
if advanced modifications were performed for at least 1 order
(linking orders, clarifying administration instructions, or
changing the PRN indication), and 21 minutes (95% CI 16-26
minutes) if a provider or nurse was contacted with or without
other order modifications, as shown in Figure 3. The
investigators interpreted this as success and advanced the bundle
of alerts for future implementation into the workflow of hospital
pharmacists.
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Figure 2. Clinical impact assessment in step 3 (60 patients). The categories are not mutually exclusive.

Figure 3. Time effort needed by the pharmacist to assess and resolve duplicate as-needed opioid alerts and document interventions in step 3 (60 patients).
The average time effort and 95% CI were calculated by conducting linear regression using the following mutually exclusive categories of actions taken
for each patient: (1) no action needed, (2) 1 or more orders discontinued, (3) advanced modifications performed for at least 1order (linking orders,
clarifying administration instructions, or changing the PRN (as-needed) indication, and (4) provider or nurse contacted with or without other order
modifications. These time estimates also include the time for study data collection, which may require slightly more time (1 or 2 minutes per patient)
than routine documentation of clinical interventions by hospital pharmacists.

Discussion

Principal Findings
Decreasing the proportion of hospitalized patients who have
PRN opioid orders with duplicate pain level indications was
identified as a top priority for opioid stewardship in hospitals
and health care systems [5]. This study evaluated the accuracy,
validity, and clinical impact of a set of real-time alerts to identify
and address duplicate PRN opioid orders. In this 3-step process,
step 1 allowed rapid assessment and revision of alerts, step 2
validated a bundle of alerts (sensitivity of 94% and specificity
of 96%), and step 3 determined that a clinical pharmacist could
make at least 1 intervention for 77% of patients with an alert.
In a health system where pharmacists were authorized to

optimize PRN opioid orders per hospital policy, the pharmacist
spent 7 minutes or less per patient for half of the patients
evaluated and resolved most alerts within 14 minutes. This
3-step process could be extended beyond pain intensity scales
to develop a bundle of alerts that can identify duplicate analgesic
PRN orders based on a patient’s functional status or duplicate
PRN orders for other clinical indications, such as nausea or
vomiting and gut motility.

Limitations
These alerts were validated using a single EHR system (Epic)
and would need additional evaluation in other EHR systems.
The clinical impact observed in step 3 was evaluated at a single
academic medical center, which may not represent the potential
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clinical impact at other hospitals with different clinical
workflows and patient populations.

Although the linking orders feature provides additional
safeguards, the current process for linking 2 or more active
orders in Epic requires discontinuation of all relevant orders
and substitution with new linked orders. As this workflow may
increase the risk of medication errors, multiple hospital
committees decided that linking of active orders could be
optional if clear administration instructions were provided.
When this study was conducted, linked orders were not
commonly used, and data feeds from the EHR to the
pharmacovigilance software did not include information on
order linking. However, if linked orders are used more
commonly in the future, this lack of information in the data feed
could increase the frequency of false positive alerts, which are
estimated to require a pharmacist review time of 5 minutes.

Considerations for Clinical Implementation
The developed bundle of alerts can be used to track each
occurrence of duplicate orders (event-based) or identify patient
charts that need medication review (patient-based). If used to
track each occurrence, these alerts need to be generated every
time a duplication occurs (eg, every pair of duplicate orders).
However, this tracking approach can generate multiple alerts
for each patient daily and cause alert fatigue when identifying

patients for medication review. One strategy to prevent alert
fatigue is to apply censoring logic to the bundle of alerts so that
the bundle will only generate 1 alert in a 24-hour period for
each patient, regardless of how many duplicate orders were
signed during the 24-hour period. When identifying patients for
medication review, alerts can be communicated to pharmacists
via automated emails, pages, or an alert queue (internet-based
web page).

Conclusions
The bundle of alerts developed in this study was validated
against chart review by a pharmacist and identified patients who
benefited from medication safety interventions to optimize PRN
opioid orders. These alerts provide a real-time automated
screening process that replaces intensive chart review needed
to identify patients, thus allowing health care team members to
spend more time optimizing orders that are unclear and
potentially not safe. Our algorithm, which matches categories
of inappropriate duplicate PRN opioid orders to potential
medication safety interventions, can be used to develop policies
that expand the scope of practice for clinicians at other
institutions. Further research is needed to evaluate the impact
of implementing these alerts into quality surveillance or clinical
workflow on the frequency of hospitalized patients who have
duplicate PRN opioid orders, which is an important medication
safety issue.
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Abstract

Background: Named entity recognition (NER) plays an important role in extracting the features of descriptions such as the
name and location of a disease for mining free-text radiology reports. However, the performance of existing NER tools is limited
because the number of entities that can be extracted depends on the dictionary lookup. In particular, the recognition of compound
terms is very complicated because of the variety of patterns.

Objective: The aim of this study is to develop and evaluate an NER tool concerned with compound terms using RadLex for
mining free-text radiology reports.

Methods: We leveraged the clinical Text Analysis and Knowledge Extraction System (cTAKES) to develop customized pipelines
using both RadLex and SentiWordNet (a general purpose dictionary). We manually annotated 400 radiology reports for compound
terms in noun phrases and used them as the gold standard for performance evaluation (precision, recall, and F-measure). In
addition, we created a compound terms–enhanced dictionary (CtED) by analyzing false negatives and false positives and applied
it to another 100 radiology reports for validation. We also evaluated the stem terms of compound terms by defining two measures:
occurrence ratio (OR) and matching ratio (MR).

Results: The F-measure of cTAKES+RadLex+general purpose dictionary was 30.9% (precision 73.3% and recall 19.6%) and
that of the combined CtED was 63.1% (precision 82.8% and recall 51%). The OR indicated that the stem terms of effusion, node,
tube, and disease were used frequently, but it still lacks capturing compound terms. The MR showed that 71.85% (9411/13,098)
of the stem terms matched with that of the ontologies, and RadLex improved approximately 22% of the MR from the cTAKES
default dictionary. The OR and MR revealed that the characteristics of stem terms would have the potential to help generate
synonymous phrases using the ontologies.

Conclusions: We developed a RadLex-based customized pipeline for parsing radiology reports and demonstrated that CtED
and stem term analysis has the potential to improve dictionary-based NER performance with regard to expanding vocabularies.

(J Med Internet Res 2021;23(10):e25378)   doi:10.2196/25378
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Introduction

Background
The widespread adoption of electronic medical record (EMR)
systems in recent years has increasingly brought opportunities
to research communities regarding the secondary use of EMR
data such as medical images and clinical notes [1] to support
clinical and translational research. It is expected that real-world
data will contribute to generating medical evidence, optimizing
the use of medical resources, and creating high-quality
diagnostic or treatment guidelines [2,3]. To establish effective
retrieval and extraction of such data stored in the EMR, standard
codes are usually used to describe patient records and make
them computable and interpretable. For example, the
International Classification of Diseases is a standard code
system used to classify diseases or diagnoses for medical records
[4]. The International Classification of Diseases can be used
to identify classified disease names from medical records in
information-retrieval applications. In addition, a standard code
system can also be used to extract features from medical texts
such as pathology reports, radiology reports, and family history
reports. For example, SNOMED-CT (Systematized
Nomenclature of Medicine-Clinical Terms) is a standard
terminology in the field of medical care [5], which is often used
as a resource for the automatic named entity recognition (NER)
of medical texts [6]. Moreover, SNOMED-CT is formalized as
an ontology, which has a hierarchical structure of terms and
semantic relationships between terms. Such an ontology supports
medical reasoning with standard concept definitions and axioms
among concepts.

In the field of radiology, a large amount of medical imaging
data and diagnostic reporting data is stored in the EMR, which
has become an important data source for acquiring knowledge.
The use of standard code systems is critical for the effective
mining of the data source. RadLex, produced by the
Radiological Society of North America, is a controlled-standard
biomedical ontology that provides codes, conceptual
relationships, and procedures of imaging examinations [7].
RadLex was historically developed as indexing teaching files
for radiologists, provided by the American College of Radiology
[8]. Currently, RadLex is widely used to support the creation
of templates for generating radiology reports [9], mining
radiology reporting data [10], indexing medical images and
reports [11], and standardizing examination descriptions [12].
From the perspective of data interoperability in the radiology
domain, RadLex is a unique ontology in that it enables semantic
parsing of free-text radiology reports by playing a role in
integrating identified entities into a higher-level semantic
concept such as anatomical entities, clinical findings, imaging
observation, and procedures.

NER is usually used for preprocessing unstructured data for
machine learning research, for example, extracting features
from radiology reports [13]. In a previous study on the NER
evaluation based on radiologist agreement, it was reported that
the F-measure of dictionary-based NER was lower than that of
conditional random fields (CRFs) [14,15] and rule-based natural
language processing (NLP) [16,17]. However, machine

learning–based NER does not provide a relationship between
terms, and the reason for the F-measure of dictionary-based
NER being lower than that of machine learning–based NER is
that it is difficult to identify various patterns of compound terms
using standard terminologies or ontologies. For example, in the
case of the compound term right-sided IJ central venous
catheter, all the words in the term except for catheter are
modifiers. In short, there are several patterns such as IJcentral
venous catheter and venous catheter that can be identified as
annotations by radiologists.

Objective
Although an ontology such as RadLex can be leveraged to
enhance data interoperability and track relationships and
hierarchical structure, we consider that the ontology should also
be applied to improve the NER of compound terms in radiology
reports. However, few studies have been conducted to evaluate
the coverage of RadLex for the NER of compound terms for
mining radiology reports. To evaluate and extend the coverage
of the lexicon for extracting features from radiology reports,
the aim of this study is to develop and assess an NER tool based
on RadLex, explore the entities included in RadLex, and
subsequently extend the ontology for a higher F-measure on
feature extraction by dictionary-based NER.

Methods

RadLex Features
RadLex is a controlled-standard biomedical ontology produced
by the Radiological Society of North America, which provides
unique codes, conceptual mapping based on hierarchal structure,
and procedures of imaging examinations [7]. We used and
analyzed RadLex version 1.3.4 [18], which includes 46,434
primary terms and 42,831 compound terms.

General Purpose Dictionary
We used a general purpose dictionary (GPD), SentiWordNet
[19], to compare RadLex coverage with a general dictionary.
SentiWordNet, which is a GPD for sentiment analysis in the
context of social network services, provides a negative or
positive score of terms. The number of words of parts of speech
(POS) is 117,659, including 82,115 distinct nouns, 13,767 verbs,
18,156 adjectives, and 3621 adverbs. The number of compound
terms is 48,469.

Clinical Text Analysis Knowledge Extraction System
The clinical Text Analysis Knowledge Extraction System
(cTAKES), which is an NLP system for extraction of
information from EMR clinical free text, contains an automatic
NER tool using a dictionary lookup mechanism [20]. The default
dictionary of cTAKES is based on the Unified Medical
Language System (UMLS) [21] and provides annotations of
diseases or disorders, signs or symptoms, anatomical sites,
procedures, and medications. For example, the dictionaries
based on SNOMED-CT and RxNORM, which is part of the
UMLS, cover the fields of general clinical findings and
medications. We investigated the compound terms in each
dictionary for the analysis.
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Medical Information Mart for Intensive Care-III
The Medical Information Mart for Intensive Care-III
(MIMIC-III) is a free, open database provided by the
Massachusetts Institute of Technology Laboratory for
Computational Physiology, which includes approximately
60,000 deidentified admissions of patients at the Beth Israel
Deaconess Medical Center from 2001 to 2012 [22]. Using
PostgreSQL, we queried the note events table of the MIMIC-III
database, which includes approximately 520,000 radiology
reports.

Procedures
The overall goal of our study is to clarify the coverage of
RadLex-based dictionaries with compound terms and to

construct and evaluate the NER tools that use the RadLex-based
dictionaries for mining free-text radiology reports. First, we
customized cTAKES to build the RadLex and GPD dictionaries.
As previously mentioned, the default dictionaries of cTAKES
provided by the UMLS are SNOMED-CT and RxNORM.
Second, we combined these three dictionaries in the following
patterns: Default, Default+RadLex, and Default+RadLex+GPD.
Third, we removed single terms from each dictionary and
evaluated their performance. Finally, we carried out the three
processes of analysis (step 1 to step 3) to obtain profiles of the
stem terms for improving the performance of NER (Figure 1).

Figure 1. Overview of methods. cTAKES: clinical Text Analysis and Knowledge Extraction System; CtED: compound terms–enhanced dictionary;
FN: false negative; NPI: noun phrase identification; TP: true positive.

Creating Annotation Corpus of Radiology Reports
We randomly selected 400 reports of computed tomography
(CT), magnetic resonance imaging (MRI), positron emission
computed tomography (PET), and radiography (x-ray) from the
MIMIC-III database (100 reports for each imaging modality
type). These reports were in a free-text format and were
categorized into sections; we used the Findings, Interpretations,
and Impressions sections, which play a core role in diagnosis.
There were 28.9 sentences per report and 179.1 tokens per
report. An additional 100 reports (25 reports for each imaging
modality type) were randomly selected and used in the validation
study for compound terms.

We first conducted stop word removal and exchanged all the
characters to the lower case. Next, we leveraged the
AggregatePlaintextProcessor of cTAKES to identify noun
phrases in the radiology reports so that we could perform a
manual annotation for noun phrases. Next, we applied manual
reviews to annotate compound terms. The compound terms
were also tagged with all conceivable patterns based on the stem
term. For example, the compound term right upper lobe is
divided into right upper lobe and upper lobe. After the
annotation, we can obtain two compound terms from right upper
lobe. In this case, we defined lobe as a stem term. We also
separated right upper lobe of lung base into right upper lobe
and lung base. Thus, we defined the stem term as the modified

term of a compound term in this study. These manual
annotations were conducted and agreed on by 3 researchers with
a background in radiology (n=1) and computer sciences (n=2).
Generally, the annotations for compound terms are performed
by expert radiologists and are agreed upon through discussion.
As some studies have revealed that the annotation patterns of
compound terms are different with institutions, we used all the
patterns of compound terms as the gold standard.

Developing a RadLex-Based NER Tool
First, we created a customized NER tool using cTAKES, which
uses a dictionary lookup–based parser for NER. It extracts terms
that can be looked up in the installed dictionary. Some previous
studies have attempted to create customized dictionaries (eg,
UMLS) [11] for NER, but few studies have investigated NER
using RadLex for mining radiology reports [23]. In this study,
we built a customized dictionary using RadLex as a
domain-specific dictionary and SentiWordNet as a GPD.
RadLex can be used to automatically extract technical terms
from radiology reports [24], whereas SentiWordNet is usually
used for sentiment analysis, which clarifies positive or negative
descriptive text on social networking services. Moreover, we
created dictionaries for compound terms. The terms of each
dictionary were stored in the bar-separated value (BSV) file and
located in the dictionary lookup–first directory, which allows
the term to be extracted preferentially. cTAKES uses a
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SNOMED-CT and RxNORM dictionary by default. Finally,
we created a collection of customized dictionaries in the
following patterns: Default (SNOMED-CT and RxNORM),
Default+RadLex, and Default+RadLex+GPD.

Step 1: Performance Evaluation of Each Pipeline
For each customized pipeline, we evaluated the performance
of four different sets of the three dictionary patterns using
standard measures (ie, precision, recall, and F-measure). The
formulas for the measures are as follows:

Precision = True positives / (True positives + False
positives) × 100      (1)

Recall = True positives / (True positives + False
negatives) × 100      (2)

F-measure = 2 × Precision × Recall / (Precision +
Recall)      (3)

Here, true positive (TP) is defined as the number of manual
annotations matched with the dictionary phrases, false positive
(FP) is defined as the number of dictionary phrases matched
with entities other than manual annotations, and false negative
(FN) is defined as the number of annotations not matched with
the dictionary phrases. We also evaluated the performance of
four major imaging modalities: CT, MRI, x-ray, and PET. GATE
(General Architecture for Text Engineering) developer version
8.4.1 [25] was used to compute these measures.

Step 2: Creating and Evaluating a Compound
Terms–Enhanced Dictionary
We also created a compound terms–enhanced dictionary (CtED)
to improve performance (Figure 1). We added these compound
terms to the FN category (as identified in the initial evaluation)
in the custom dictionaries that were used for parsing 400
radiology reports. At the same time, we removed these
compound terms in the FP category from these dictionaries. To
validate the performance of the CtED, we carried out NER for
another 100 radiology reports (25 reports for each imaging
modality type; Figure 1). Finally, we calculated the precision,
recall, and F-measure for the performance evaluation.

Step 3: Stem Term Analysis for Expanding Dictionary
To obtain the full benefit of using RadLex, which is an
ontology-based tool, we created 2 measures for a stem term.
We first defined a measure called the occurrence ratio (OR) to
determine the frequency of stem terms in TPs and FNs from
step 2. The OR gives priority measures to add compound terms
with stem terms into RadLex. For example, if the value of the
OR for a stem term in TPs is high, it means that the number of
compound terms (containing the stem term) that are correctly
identified by the pipeline is high. In contrast, if the value of the
OR for the stem term in FNs is high, it means that the number
of compound terms (containing the stem term) that are identified

as negative by the pipeline is high. Moreover, if a high OR stem
with both TP and FN is identified, we can hypothesize that this
stem shows that there is a high demand to extract the entity of
reports but still lacks the compound terms having the stem. In
short, the OR can visualize a profile of the demand and supply
of stem term–oriented compound terms in the corpus.

Occurrence ratio (%) = Occurrence of a stem term in
TP or FN / Total number of stem terms in TPs or FNs
× 100%      (4)

Second, we defined a measure called the matching ratio (MR)
to describe the distribution of stem terms in FNs that are
matched with the dictionaries. The MR (%) was calculated using
the formula presented below. The MR can guide the basic
concept of the RadLex or SNOMED-CT (cTAKES default
dictionary) concept that matches the stem terms. For example,
if a stem term of effusion is found in RadLex, we continue to
trace the parent concept until the concept is under the top
hierarchy. Finally, we identified the concept of clinical findings.
The MR provides the criteria for identifying the number of
concepts. We used 15 concepts under the RadLex entity (ie,
anatomical entity, clinical finding, imaging modality, imaging
observation, nonanatomical substance, object, procedure,
process step, process, property, RadLex descriptor, RadLex
nonanatomical set, report, report content, and temporary entity).
Each stem term was tracked using their upper-class ID (RadLex
ID). For the cTAKES default dictionary, we used 19 concepts
under the top class of SNOMED-CT (RxNORM was excluded
because it does not have a hierarchal structure). The class are
Body structure, Clinical finding, Environment or geographical
location, Event, Observable entity, Organism,
Pharmaceutical/biologic product, Physical force, Physical
object, Procedure, Qualifier value, Record artifact, Situation
with explicit context, SNOMED-CT Model Component, Social
context, Special concept, Specimen, Staging and scales, and
Substance. We manually checked all stem terms based on the
criteria of the exact match through the BioPortal site (National
Center for Biomedical Ontology) [26].

Matching ratio (%) = Occurrence of a stem term in
FN matched with RadLex or SNOMED-CT / Total
number of stem terms in FNs × 100%      (5)

Results

Performance Evaluation of Each Pipeline
The F-measure of the pipeline with the dictionaries
Default+RadLex+GPD for compound terms was nearly the
same as that of the pipeline with the dictionaries
Default+RadLex (31.5% vs 31.4%; Table 1). In step 2—building
and evaluating the CtED—the F-measures of the pipeline with
the dictionaries Default+RadLex+GPD with and without the
CtED were 63.1% and 30.9%, respectively (Table 2).
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Table 1. F-measure, precision, and recall of each dictionary (step 1: number of reports=400).

Recall, %Precision, %F-measure, %Dictionaries

16.493.427.9Default

18.894.931.4Default+RadLex

1993.231.5Default+RadLex+GPDa

aGPD: general purpose dictionary.

Table 2. F-measure, precision, and recall of each dictionary (step 2: number of reports=100).

Recall, %Precision, %F-measure, %Dictionaries

19.673.330.9Default+RadLex+GPDa without enhancement

5182.863.1Default+RadLex+GPD with enhancement

aGPD: general purpose dictionary.

Regarding each imaging modality (Table 3), the F-measure of
cTAKES+RadLex+GPD for x-ray was higher (64.3%) than that
without enhancement (26.7%). The most frequent stem terms
in the FNs were effusion (9.1% x-ray), change (3.5% CT),
change (4.1% MRI), and uptake (12% PET; Table 4). The

number of words in the compound terms in the FPs was mainly
2 (31,774/42,871, 74.12%), 3 (7876/42,871, 18.37%), and 4
(2271/42,871, 5.29%), which is approximately 97.78%
(41,921/42,871) of all FNs.

Table 3. F-measure of the compound terms–enhanced dictionary of each modality.

cTAKES+RadLex+GPD+CtEDc (%)cTAKESa+RadLex+GPDb (%)Modality

62.433.5Computed tomography

63.630.7MRId

63.430.3PETe

64.326.7x-ray

63.130.9All

acTAKES: clinical Text Analysis and Knowledge Extraction System.
bGPD: general purpose dictionary.
cCtED: compound terms–enhanced dictionary.
dMRI: magnetic resonance imaging.
ePET: positron emission computed tomography.
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Table 4. Top five occurrence ratios in each imaging modality.

ORa, n (%)StemModality

Computed tomography

TPb (n=1127)

100 (8.87)lobe

59 (5.24)effusion

50 (4.44)node

39 (3.46)artery

37 (3.28)hemorrhage

FNc(n=3532)

125 (3.54)change

98 (2.77)collection

95 (2.69)lesion

94 (2.66)effusion

69 (1.95)evidence

MRId

TP (n=840)

146 (17.38)artery

49 (5.83)lobe

29 (3.45)sinus

20 (2.38)matter

20 (2.38)body

FN (n=3732)

176 (4.72)change

144 (3.86)lesion

132 (3.54)enhancement

95 (2.55)evidence

89 (2.38)study

PETe

TP (n=1123)

192 (17.1)node

102 (9.08)lobe

69 (6.14)gland

39 (3.47)nodule

36 (3.21)disease

FN (n=4708)

567 (12.04)uptake

250 (5.31)node

180 (3.82)lesion

169 (3.59)avidity

157 (3.33)disease

x-ray

TP (n=323)
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ORa, n (%)StemModality

46 (14.24)effusion

37 (11.45)tube

27 (8.36)lobe

18 (5.57)edema

17 (5.26)lung

FN (n=1279)

117 (9.15)effusion

69 (5.39)tube

67 (5.24)opacity

62 (4.85)pneumothorax

57 (4.46)line

aOR: occurrence ratio.
bTP: true positive.
cFN: false negative.
dMRI: magnetic resonance imaging.
ePET: positron emission computed tomography.

In addition, the most frequent FPs that were removed from the
cTAKES+RadLex+GPD dictionaries were related to (34/239,
14.2%), abdomen and pelvis (23/239, 9.6%), and head and neck
(21/239, 8.8%).

Most Frequent Stem Terms
The ORs of the TPs and FNs in each imaging modality (step 3)
are shown in Figure 2. The stem terms of the TPs in the CT
reports were more diverse than those in the MRI, PET, and

x-ray reports. The FNs in the CT and MRI reports also showed
the same trends. The most frequent stem terms in the TPs were
lobe (100/1127, 8.87% CT), artery (146/840, 17.4% MRI), node
(192/1123, 17.1% PET), and effusion (46/323, 14.2% x-ray;
Table 4). In contrast, the most frequent stem terms in the FNs
were change (125/3532, 3.54% CT), change (176/3732, 4.72%
MRI), uptake (567/4708, 12.04% PET), and effusion (117/1279,
9.15% x-ray). Table 4 shows that stem terms such as effusion,
node, tube, and disease had a need in both TPs and FNs.

Figure 2. Occurrence ratio of true positives and false negatives in each imaging modality. CT: computed tomography; FN: false negative; MRI: magnetic
resonance imaging; PET: positron emission computed tomography; TP: true positive.

Table 5 illustrates the distribution of the stem terms in FNs that
are matched with a RadLex upper concept using the MR. The
result of the MR was 71%, which included a connectivity of
47.4% with RadLex and 51.5% with the cTAKES default
dictionary (SNOMED-CT and RxNORM). The stem terms that
did not match RadLex and the cTAKES default dictionary
accounted for 28.15% (3687/13,098). The matched classes in

RadLex included clinical finding (1839/13,098, 14.04%),
imaging observation (1508/13,098, 11.51%), and process
(1000/13,098, 7.63%), and those in the cTAKES default
dictionary included Body structure (1428/13,098, 10.9%), Over
two category (1265/13,098, 9.66%), and Qualifier value
(935/13,098, 7.14%).
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Table 5. Classification of stem terms in false negatives based on cTAKESa, RadLex, and combined dictionary (n=13,098).

Proportion, n (%)ClassStem terms

cTAKES default (SNOMED-CTb)

6349 (48.47)N/Ac

1428 (10.9)Body structure

1265 (9.66)Over two categories

935 (7.14)Qualifier value

878 (6.7)Clinical finding

723 (5.52)SNOMED-CT model component

721 (5.5)Procedure

217 (1.66)Environment or geographical location

206 (1.57)Physical object

143 (1.09)Substance

233 (1.78)Other

RadLex

6893 (52.63)N/A

1839 (14.04)Clinical finding

1508 (11.51)Imaging observation

1000 (7.63)Process

997 (7.61)Anatomical entity

295 (2.25)Property

248 (1.89)RadLex descriptor

210 (1.6)Object

91 (0.69)Procedure

11 (0.08)Imaging modality

5 (0.04)Nonanatomical substance

1 (0.01)Report component

cTAKES default (SNOMED-CT)+RadLex

9411 (71.85)cTAKES+RadLex

3687 (28.15)N/A

acTAKES: clinical Text Analysis and Knowledge Extraction System.
bSNOMED-CT: Systematized Nomenclature of Medicine-Clinical Terms.
cN/A: not applicable.

Discussion

Overview
In this study, we first constructed RadLex-based NER tools for
mining free-text radiology reports and evaluated the coverage
of the pipelines (step 1). Second, we built a CtED extracted
from the FNs of step 1 to improve performance (step 2). Third,
we defined OR and MR to consider the potential of expanding
the dictionary using RadLex ontology (step 3).

Performance Evaluation of Each Pipeline (Step 1 and
Step 2)
First, the performance of cTAKES+RadLex+GPD was 30.9%
(precision 73.3% and recall 19.6%) on its own and 63.1%
(precision 82.8% and recall 51%) with the CtED. The CtED for
compound terms increased the F-measure by 32.2%, but the
F-measure was not obviously changed by the GPD (31.4% vs
31.5%). This indicated that the GPD did not cover the specific
compound terms in radiology reports different from the single
words. The merit of using RadLex is that we can use the
standard vocabularies and relationships such as Is-A and
May_cause. RadLex provides 15 concepts under the top entity,
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which can assign labels such as anatomical entity and clinical
finding to each entity.

Our tool using cTAKES was able to customize dictionaries by
creating a BSV file, which provides a convenient way to
leverage those vocabulary resources that are not covered by the
default dictionary. In addition, the BSV file stores IDs that can
be used to track the parent concepts for a particular term, which
enables the classification or profiling of extracted terms using
high-level concept classes defined in a vocabulary.

Stem Term Analysis for Expanding Dictionary (Step
3)
The OR provides profiles of demand and supply for stem terms
in the corpus. For example, the stem terms of disease (PET),
node (PET), effusion (x-ray), and tube (x-ray) had a high OR
value in both TPs and FNs (Table 4). This means that creating
compound terms with high OR–value stem terms in FNs
potentially improves precision for capturing entities in each
modality’s reports compared with the effort of applying the
other vast vocabularies in the pipeline. In addition, the features
of the FNs also showed that 97.78% (41,921/42,871) of the
compound terms consisted of 2-4 words. This fact suggests that
NER performance can be effectively improved by identifying
1 to 3 modified words and stem term from each imaging
modality. With regard to the MR, RadLex improved 20.33% of
the connectivity with stem terms in the FNs compared with the
cTAKES default (SNOMED-CT). The contribution of the
improvement can provide criteria in terms of whether we should
add phrases to RadLex or to SNOMED-CT. Therefore, stem
term–related information such as OR and MR would contribute
to expanding dictionaries that have ontological structures. This
kind of dictionary-based NER would provide ontology-based
benefits such as reasoning concepts and using standard codes
and vocabularies. Although it is known that CRFs achieve a
higher F-measure than dictionary-based approaches, CRFs
generate entities that have no hierarchical structure and
relationships.

In contrast, our approach is based on an ontology, which enables
interoperable processing and data mining of reports. For
example, when we identify the term pleural effusion, RadLex
ontology can guide us to the parent class effusion so that we
can finally reach the Clinical findings tracking upper concepts.
RadLex can also provide relationships such as pleural effusion
may cause of vascular cut-off sign.

Limitations
The limitation of this study is that our pipeline is optimized for
identifying short compound terms because we divided compound
terms using stop words such as and. For example, we set the

stop word and so that we lead to separate the compound term
abdomen and neck into abdomen and neck. This approach has
the merit of identifying as possible as the stem term, splitting
the long phrase right pleural effusion and left lung
pneumothorax into right pleural effusion and left lung
pneumothorax. Therefore, in the case of capturing long
compound terms, we need to combine short phrases. Generally,
noun phrase identification for free-text radiology reports is
considered difficult because there are many variants of long
compound terms. We believe that our method has the potential
to capture long compound terms when applying a combination
of single and short compound terms.

Future Work
The annotation tool GATE that we used can identify a partial
match with TPs, which means that the types of NER are the
same, but the span is not the same. In this study, such partial
positives were treated as FNs. We reviewed these uncertainty
negatives based on the rule of the stem words and found that
35.4% (90/254) of the partial positives had the potential to
change into TPs. This was equivalent to 0.7% of the increased
F-measure (cTAKES+RadLex+GPD+CtED). The details of the
partial match require further analysis.

The study by Jiang et al [27] demonstrated a state-of-the-art
text-mining tool of the Stanford Parser. The study’s results
showed that POS-based grammatical approaches are efficient
in capturing named entities in free-text radiology reports. In
future work, we will extract the POS information to define a
pattern of the modified words of the compound term.

Lately, Word2Vec technology has been explored for generating
synonyms and expanding the radiology-specific dictionary
[28,29]. These studies claimed that a machine learning
technology such as Word2Vec supports the building of enhanced
dictionaries and reduces the annotation cost. We agree with this
claim and believe that it is useful to use Word2Vec to calculate
vectors of single terms in the noun phrase, creating modifiers
for each stem term. In future work, we will generate modified
words using this type of machine learning approach. The
customized text-mining tool combined with machine learning
technology can help further extract features from radiology
reports.

Conclusions
In this study, we developed a customized NER tool based on
RadLex for the recognition of technical terms. We demonstrated
that the CtED and stem term analysis have the potential to
improve the performance of the dictionary-based NER with
regard to expanding vocabularies.
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Abstract

Background: Support for long-distance research and clinical collaborations is in high demand and has increased owing to
COVID-19–related restrictions on travel and social contact. New digital approaches are required for remote scientific exchange.

Objective: This study aims to analyze the options of using an augmented reality device for remote supervision of exercise
science examinations.

Methods: A mobile ultrasound examination of the diameter and intima-media thickness of the femoral and carotid arteries was
remotely supervised using a head-mounted augmented reality device. All participants were provided with a link to a YouTube
video of the technique in advance. In part 1, 8 international experts from the fields of engineering and sports science were remotely
connected to the study setting. Internet connection speed was noted, and a structured interview was conducted. In part 2, 2 remote
supervisors evaluated 8 physicians performing an examination on a healthy human subject. The results were recorded, and an
evaluation was conducted using a 25-item questionnaire.

Results: In part 1, the remote experts were connected over a mean distance of 1587 km to the examination site. Overall
transmission quality was good (mean upload speed: 28.7 Mbps, mean download speed: 97.3 Mbps, mean ping: 21.6 milliseconds).
In the interview, participants indicated that the main potential benefits would be to the fields of education, movement analysis,
and supervision. Challenges regarding internet connection stability and previous training with the devices used were reported. In
part 2, physicians’ examinations showed good interrater correlation (interclass correlation coefficient: 0.84). Participants valued
the experienced setting as highly positive.

Conclusions: The study showed the good feasibility of the chosen design and a highly positive attitude of all participants toward
this digital approach. Head-mounted augmented reality devices are generally recommended for collaborative research projects
with physical examination–based research questions.
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Introduction

Background
International collaborations play an important role in addressing
research questions in almost every scientific discipline [1].
Exercise science is highly interdisciplinary, without regional
boundaries, and closely related to different areas of health care.
For example, research on vascular changes in athletes [2] can
help understand pathologies and global burdens such as
cardiovascular diseases [3]. Although sports techniques are
often internationally organized and standardized [4], the number
of athletes reached for investigations in a single research
institution could sometimes be limited depending on the
geographic location and the type of sport [5,6]. Multicenter
studies are well established in clinical medicine [7,8] and have
been used in clinical exercise science research [9]. It would be
advantageous to facilitate collaboration among exercise science
researchers worldwide for investigations with common research
questions, especially with a small population of athletes.

In addition to the impact of the current COVID-19 pandemic
with strict travel and contact restrictions and the usual long
distances between collaborating institutions, there is a high
demand for new digital solutions to bridge distances and contact
barriers [1,10,11]. Different digital media or devices may
enhance scientific and professional collaborations and thus the
health of patients [12,13]. Various approaches have already
been described in this context, with early possibilities such as
communication or instruction via email or videos [14]. With
the rise of the internet and its increasing capability, social media
has become highly sophisticated and widespread in the everyday
lives of people worldwide [15]. Consequently, this technology
is also used for teaching and research purposes depending on
individual features, such as direct interpersonal communication,
scientific exchange [12], or instructions on medical examinations
or surgical techniques [16].

Despite many promising aspects, many of these options lack
real-time personalized participation and direct interaction of
remote collaboration with partners and examiners in research
settings. New digital modes of interaction may be used, such
as augmented reality (AR), which can be defined as “technology
that integrates digital information into the user’s real-world
environment” [17] and is sometimes also referred to as mixed
reality [18]. AR devices have already been practically used in
the technical settings of business enterprises [19] and for
procedural work in space [20]. However, their use in medicine
remains experimental. Potential has been described, especially
in undergraduate education [21] and in the context of instructing
invasive techniques, such as surgery [22]. In some cases,
head-mounted AR devices were used in a clinical setting, where
magnetic resonance imaging data were made available directly
into the vision of surgeons [23]. For example, in sports science,
AR has been used to create volleyball court images to measure
athletes’ movements in a laboratory setting [24].

Aim and Hypotheses
This study addressed the feasibility of remote digitally supported
exercise science collaborations using two different approaches.

In part 1 of the study, we hypothesized that it is possible to have
different experts from various international locations remotely
participating in an ultrasound examination setting using an AR
device. In addition, their feedback on this method and its
potential should be assessed.

In part 2 of the study, we hypothesized that it is possible to have
different physicians performing the same ultrasound examination
technique while being connected to 2 independent remote
supervisors with an AR device.

Methods

Study Design
This project consisted of two parts; the same examination
technique was used during both parts to obtain ultrasound-based
measurements of the intima-media thickness (IMT) and the
diameter of the femoral and carotid arteries. All measurements
were obtained using the same healthy male human subject. The
procedures or measurements were recorded in advance as videos
[25]. For better mobility, a portable ultrasound linear array
transducer (Lumify; Philips Healthcare) was chosen and linked
to a cell phone (HTC Corp) with the appropriate app. The AR
device used was a HoloLens 2 (Microsoft Corp) with Dynamics
365 Remote Access software (Microsoft Corp). Connections
between participants were enabled by Microsoft Teams software
(Microsoft Corp). Participation in the study was voluntary, with
no compensation, and anonymity was ensured. All participants
provided informed consent. The ethical committee of the
University of Potsdam approved this study (EA1/236/19).

Part 1: Remote Expert Connection and Interviews
In the first approach, different professional experts in
engineering and sports science were identified and asked for
participation to obtain initial impressions of AR, both from a
technical and scientific point of view. None of these participants
had previous routine work experience with AR or HoloLens.

All participants received an email in advance with a description
of the project design and a link to an examination video
uploaded on a private YouTube channel, created specifically
for this study (YouTube, LCC). After watching the video in
advance, the experts then participated separately in the same
setting, and the individual experts themselves were located
internationally at their chosen location using their personal
electronic devices. The physical location where the ultrasound
examination was performed was Berlin, Germany. The
standardized examination conditions for the human subject are
described in the Examination Conditions section. Remote live
participation was made possible using a Microsoft Teams
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(Microsoft Corp) digital meeting with the examiner wearing
the HoloLens (Figure 1).

The experts shared the examiner’s view with ultrasound
determination of the IMT and diameter of the femoral and
carotid arteries. They also presented the options of drawing
arrows or lines into the vision of the HoloLens (Figure 2) and
optional blending of pictures or videos into the vision
display—features that could be used for visual instruction about
precise ultrasound techniques (eg, location of the transducer)

or measurements (eg, intrainterventional communication about
designated landmarks) in the current setting. The internet
download speed (Mbps) and latency or ping (milliseconds) of
the observing experts were recorded. Thereafter, they were
asked 5 interview questions: (1) written or oral, regarding their
perception of social media in general; (2) the remote connection
mode in particular; (3) the potential for AR in exercise science
and sports medicine; (4) other future digital areas with an impact
on this field; and (5) challenges for digitalization in work-related
settings.

Figure 1. Example of the presented study setting with the investigator wearing the HoloLens 2 (Microsoft Corp) while performing the ultrasound
examination with the Lumify transducer (Philips Healthcare).

Figure 2. Examples of possible augmented reality indicators viewed while wearing the HoloLens device. (A) Arrow indicating a position to assist
where to measure the intima-media-thickness. (B) Green and red lines drawn to indicate where the intima-media-thickness shall be measured.
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Part 2: Examination Setting With Remote Supervision
Before the examination, participating physicians were shown
the use of the Lumify transducer along with its mobile app
functions and the HoloLens. In addition, they received a link
to the unlisted YouTube video, where the examination process
and focus data were explained. The participants were asked to
wear the HoloLens to measure the diameter and IMT of both
the left and right femoral and carotid arteries. In addition, 2
independent remote supervisors were connected with their
computer devices by a Microsoft Teams digital meeting to the
HoloLens and shared the view of the participating physicians.
The performance was rated using the OSAUS (Objective
Structured Assessment of Ultrasound Skills) score (maximum
25 points; Multimedia Appendix 1 [26]) and a modified
AMIAUD (assessment of mobile imparted arterial ultrasound
determination) score (modification: the examiners were not
asked to note the results), both recorded by supervisors. This
adaptation was made because of the study setting, as the
transducer and the mobile phone occupied both examiners’
hands (now maximum 25 points; Multimedia Appendix 2 [25]).
Each participant received an evaluation sheet with 25 questions
(5-point Likert-scale, multiple-choice, or open-ended questions
with text answer options). The topics were as follows:

1. Demographic data (gender, sex);
2. Questions about social media and video-based transmission

of knowledge (9 questions; six 5-point Likert-scale, 2
multiple-choice questions, 1 open-ended question);

3. Use of the Lumify ultrasound transducer (5 questions; 4
5-point Likert-scale and 1 open-ended question); and

4. Questions about the practicability and acceptance of the
HoloLens device (9 questions; seven 5-point Likert-scale
and 2 open-ended questions).

Examination Conditions
All examinations were performed on the same 39-year-old
healthy male human subject lying in a supine position at a mean
room temperature of 23 °C. Electrocardiography was conducted
during the examination, and blood pressure was assessed before
the examination. The subject was asked to consume the same
kind of food and avoid caffeine or alcohol 24 hours before each
examination to establish standardized conditions.

Data Analysis
Data were entered in Excel (Microsoft Corporation) and
analyzed either descriptively or using SPSS, version 27.0 (IBM
Corporation). The interclass correlation coefficient was
determined for the interrater correlation of the 2 independent
observers of physicians’examinations. Free text-based answers
were checked by 2 of the authors for repetitive sequences. The
ratio of the left and right arteries was determined. For vessel
measurements, mean values and SDs were calculated; for the
scores, median values and quartiles (IQR) were calculated.

The expert interviews were analyzed for relevant topics using
MaxQDA 2020 qualitative data analysis software (VERBI
GmbH). Predominant themes were defined on the basis of
subthemes and their particular topics.

Results

Demographic Data
In part 1, the invited sports scientists (2 exercise scientists, 1
physical therapist, and 1 sports physician) were all men and had
a mean age of 37 (SD 5.6) years; all engineers (2 automotive
engineers, 1 mechanical engineer, and 1 biomedical engineer)
were also men and had a mean age of 36 (SD 2.9) years.

In part 2, the 8 participating physicians for the second
examination setting (residents from the fields of surgery,
orthopedics, anesthesia, and general medicine) were 4 women
and 4 men with a mean age of 31 (SD 2.8) years. The remote
supervisors were a woman (36 years old) and a man (32 years
old).

Part 1: Remote Expert Connection and Interviews

Distance and Internet Connection
The average distance of the remote experts in their different
cities in Germany, Italy, England, the Netherlands, Switzerland,
and Saudi Arabia to the examination site (Germany) was 1587
(SD 1543) km. The internet connection of all final assessments
was stable with a mean upload speed of 28.7 (SD 54.8) Mbps,
a download speed of 97.3 (SD 126.3) Mbps, and a ping of 21.6
(SD 11.2) milliseconds.

Interview Questions

Perception of Social Media

The participants were asked about (1) their perception of the
technical aspects of obtaining information via the YouTube
video, (2) the connection process to the HoloLens via Microsoft
Teams, and (3) the internet connection during the examination.
The experts stated that the technical aspects worked well overall,
and the processes were easy, straightforward, and easily
understood. It was positively reported that access to remote
sessions was easily manageable from either a regular computer
or mobile phone through a standard telecommunication program
such as Microsoft Teams. The YouTube video was rated as
highly informative and useful. The connection went smoothly
with only one minor connection problem reported when logging
into Microsoft Teams and once for a perceived low transmitted
voice volume by the HoloLens.

Perception of Remote Connection Mode

The general idea of remote digital presence in work- or
research-related settings was associated with high approval,
also described as an amazing solution important for the future;
for example, when an expert cannot be physically present at a
specific location but is needed. In general, collaboration can be
enhanced. Great potential was seen in research teaching and
supervision and within business or enterprise. Much of the
potential was appreciated because of the current pandemic but
also viewed favorably for pre- and postpandemic collaborations
across large distances. The use of a relatively common and
easy-to-use program may also lower the knowledge barrier
required to interact with AR tools. Potential problems of poor
internet connection or extended periods to connect were
observed. However, compared with lacking alternatives, it is a
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fast response to urgent situations that require real-time support
and allows for worldwide connection. A remote digital presence
can be very handy, convenient, and comfortable for individuals.

Potential for AR in Exercise Science and Sports Medicine

In the fields of sports science and sports medicine, the experts
saw the greatest potential for the use of AR to spread knowledge
with teaching and supervise from remote locations. Students
and many other recipients (such as athletes) could benefit from
this form of knowledge or skill transfer. This could better assist
those who benefit from a more hands-on or interactive approach.

In sports and training, AR can be used for evaluative or
observative analyses, for example, of single movements or
patterns, and also as remote medical diagnostics.

A future potential was also described regarding connections
with artificial intelligence. AR used concurrently with smart
programs could, for example, analyze shapes, distances, and
track movements (with the possibility of combining this with
strength or other external sensors). In addition, deep learning
algorithms can provide real-time analyses of an athlete’s
performance to coaches, trainers, scientists, and health and

sports workers. Thus, beyond observational analysis, physicians
could also perform AR-enhanced examinations combined with
live data from circulation and tissues.

Future Digital Areas With an Impact on Exercise Science
and Sports Medicine

Participants were asked which areas and tools will affect sports
science and sports medicine the most in the future. Most experts
mentioned wearables and smart devices (n=56), followed by
mobile apps (n=5), telemedicine (n=5), virtual and AR (n=5),
education and training (n=4), artificial intelligence and big data
(n=3), and social media (n=2). The participants reported several
specific aspects of this technology’s proposed impact: economic,
educational (eg, clinical and practical skills training), increased
data collection, and increased outreach with the possibility of
reaching more people in remote areas.

Challenges for Digitalization in Work-Related Settings

On the basis of the experts’ own experiences, they were asked
what the biggest challenges for digitalization in work-related
settings will be. The answers provided by the experts are
depicted in a sunburst diagram in Figure 3.
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Figure 3. Sunburst diagram showing the areas of challenges for digitalization in work-related settings, as indicated by 8 remote experts. DP: data
protection; DS: digital solutions; IT: information technology.

Part 2: Examination Setting With Remote Supervision

Gained Examination Data
The mean IMT ratio of the carotid arteries was 1.092 (SD 0.1),
and the mean diameter ratio was 1.06 (SD 0.062). The mean
IMT ratio of the femoral arteries was 1.032 (SD 0.112), and the
mean diameter ratio was 1.001 (SD 0.112). The median of the
Objective Structured Assessment of Ultrasound Skills score of
the participants was rated at 24.75 (Q1: 23.875; Q3: 25; IQR
1.125) and the mean modified AMIAUD score was 25 (Q1:
24.25; Q3: 25; IQR 0.75), with an interclass correlation
coefficient of 0.84 for both raters.

Examiners’ Experience Evaluation
During the evaluation of physicians, all stated that they used
several social media in their daily lives and had already used

videos to acquire professional techniques (mean agreement
4.75/5).

The physician participants considered obtaining video-based
knowledge to be practicable in a multitude of capacities.
Specifically, the physicians mentioned that it could be used in
equipment instruction (n=5), surgical environments (n=4) and
emergency rooms (n=2), or further training on examination
techniques (n=1).

When asked about the advantages or disadvantages of obtaining
knowledge via social media, the participants’ responses were
generally positive. They approved that these resources are
constantly available, practical, and easily accessible. This
enables learning from home or on the road, regardless of
location, and repetition of information is easily possible.
However, there are some disadvantages. The physician
participants mentioned the lack of opportunity for follow-up
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questions and, in some cases, unclear transparency of the
scientific quality.

In response to questions about the advantages and disadvantages
of using head-mounted AR devices, the participants stated that
it would be advantageous for remote experts to collaborate. This
could lead to a gain in knowledge with better technical actions.
Furthermore, easy handling and fast data transfer were cited.

In contrast, the risk of technical malfunction (especially when
relying on external help) and the need to learn the handling (eg,
head position) were mentioned as disadvantages.

The other Likert-scale evaluation results concerning the
video-based transmission of knowledge, the use of the app- and
mobile phone–based ultrasound technique, and the practicability
and acceptance of the AR device are shown in Figure 4.

Figure 4. Answers to questions about the video-based transmission of knowledge, the use of the Lumify ultrasound system, and the practicability and
acceptance of the augmented reality device HoloLens (n=8 participants; 5-point Likert scale from 1 fully disagree to 5 fully agree). ER: emergency
room; OR: operation room.

Discussion

Principal Findings
Bridging distances between academic institutions and
investigators to enhance scientific collaboration has always
been highly important for many research projects [1]. Owing
to the COVID-19 pandemic, the need to reduce travel and
physical contact has reached levels not seen in nearly 100 years
[11]. Digital features, such as social media, have already been
shown to be sufficient in enhancing scientific exchange and
communication [12]. AR technology and its associated devices
can positively enhance collaborations across large distances,
but the full potential of this technology is not realized, although
it is very promising [10].

In this study, remote experts could fulfil the aims and hypotheses
and could sufficiently connect to and actively participate in a
simulated exercise science examination scenario by collecting

the experts’ opinions concerning the techniques used.
Furthermore, it is possible that different physicians could
perform the given ultrasound examination while being remotely
supervised by the AR device in a multicenter international
collaboration structure.

Both the experts and the examining physicians showed a high
preference for the remote setting using social media and
procedural connection modalities via Microsoft Teams. Social
media had already been established as a firm tool in the scientific
community before the COVID-19 pandemic [12]. Examples of
this have been shown when learning about movement techniques
in sports and exercise science [27], instructions on investigations
[25], and data literacy skills [28]. All these features experienced
a boost in the last months of the COVID-19 pandemic when
the use of digital communication, digital conferencing, and
digital remote working conditions became normal [29].
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In addition, the participating physicians shared high ratings
regarding the use, practicability, and acceptance of the
technologies, although they were not remarkably familiar with
the mobile ultrasound device. This was accompanied by a good
evaluation of the investigation system and its devices. It seems
to have potential as a smart digital transmission feature for
ultrasound examinations [30].

AR was rated, in general, as highly positive by both experts and
examiners with its previously described potential to establish
scientific- and work-related contacts between remote participants
in real time and across large distances, providing expert support
and exchange, thus enabling international collaborations [10].
In scientific study settings, AR could also benefit from
independent and objective supervision by integrating different
experts internationally into a rater team, as performed in this
study.

The participants saw the potential for AR in sports science and
sports medicine first in training and education, which can be
supported by the authors’ experiences, for example, in the field
of anatomy [21]. Not explicitly mentioned was that the
interactivity of AR might make learning more engaging,
interesting, and efficient than pure textbooks [31]. Another
interesting suggested approach, especially in the field of sports
science, could be to link AR with computed tomography or
magnetic resonance imaging data to project these data onto
moving people, which could support analyses of movement
patterns or pathologies and the development of therapies [32].
In general, AR-based human tracking and its analysis seem to
be well suited for sports or exercises that depend on form,
movement, and technique.

Remote experts and participating physicians stated that good
supervision could be possible with AR. Clinical examples show
that supervision via AR is possible in surgical settings [10] and
that inexperienced users can achieve similar operative results
after AR-supervised training compared with other users with
on-site training [33].

This study revealed the relevant technical and organizational
challenges to be considered. We showed that, with a working
internet connection, well-functioning live connections to
examinations using AR devices could easily be possible. A
decisive point for future projects would be to determine in
advance bandwidths or other internet connection conditions that
might pose transmission problems [34].

Remotely coordinating the schedules of subject, investigators,
and supervisors proved to be difficult. In larger-scale
collaborations, multiple meetings should be made available,
with significant time frames between each session and optional
alternative dates to accommodate all of those involved.

Despite the potential of the described setting, there is a learning
curve with this technique in the current form. Users will benefit
most after becoming familiar with the devices. The method used
in this study involves simultaneously handling the mobile
touchpad for ultrasound measurements and using a
head-mounted AR device. For the latter, the mere weight of the
device must be anticipated, among other issues. For example,
the way the virtual program appears in the user´s vision is

optimal when looking directly forward through the device. The
user must anticipate the radius of the camera of the device in
relation to the user´s own field of view. Therefore, excessive
eye and head movements are discouraged. This aspect has
already been described as relevant in the surgical context [35].

The scores used in this study have already been published before
[25,26]. Although the quality of the measurements was not the
focus, a high correlation was found among the supervisors.
Owing to the high rating scores observed, perhaps the ultrasound
task was not very challenging for the participating physicians.
In addition, this could suggest that there was less need for
supervision and auditory comments. Consequently, this might
have had an impact on the examiners’ evaluation, although they
were asked not only for subjective but also objective answers.
It can also be discussed whether AR technology is the only
practical choice in this particular setting. Perhaps a
head-mounted camera and speaker or microphone could be a
sufficient alternative.

However, the chosen study design was intended to serve as an
example of the overall practical use of AR devices in an
international sports science or medical collaboration setting.
Changes in the design according to the scientific requirements
and intensified use of AR options will have to be considered
for other settings.

Regarding limitations, this study should be viewed as a first
step in investigating the feasibility of such technology and
techniques because of the small number of participants. In
addition, the chosen study design had a stable examination
setting with no necessary body movements required by the
examiners, thus allowing for good viewing. This could differ
in other study designs or real-life scenarios, such as a dynamic
setting where numerous and quick body or head movements of
an examiner or physician will be necessary (eg, surgical
interventions and field research). Furthermore, the long axis of
the arteries was used for IMT measurement. However, in future
studies, it might be considered that there are fewer influencing
factors when performing the measurements on the short axis.
Finally, AR options such as showing pictures, videos, and 3D
animations (eg, videos in the field of view of an examiner) have
not been fully used in this approach.

As there is a lack of larger prospective randomized trials in
sports science and medicine that can clearly demonstrate the
benefits of AR’s practical applications, the aspects mentioned
above and the use of a larger cohort should be considered in
future studies.

Conclusions
This study showed that the described techniques involving social
media video distribution in advance, followed by an examination
performed with a head-mounted AR device, can be effectively
used in a long-distance international collaboration setting. A
stable and sufficient internet connection will always be decisive.
To optimize international collaboration, especially during the
COVID-19 pandemic, this kind of remote support offers
advantages such as bridging distances, shortening travel times,
providing real-time interaction, and potentially enhancing
objectivity in data collection by including remote experts in the
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study setting. Significant challenges would be the time needed
to set up such technical settings, user training, and digital

coordination of all participants.
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Abstract

Background: A digital tool, Multiple Sclerosis Progression Discussion Tool (MSProDiscuss), was developed to facilitate
discussions between health care professionals (HCPs) and patients in evaluating early, subtle signs of multiple sclerosis (MS)
disease progression.

Objective: The aim of this study is to report the findings on the usability and usefulness of MSProDiscuss in a real-world clinical
setting.

Methods: In this cross-sectional, web-based survey, HCPs across 34 countries completed an initial individual questionnaire
(comprising 7 questions on comprehensibility, usability, and usefulness after using MSProDiscuss during each patient consultation)
and a final questionnaire (comprising 13 questions on comprehensibility, usability, usefulness, and integration and adoption into
clinical practice to capture the HCPs’ overall experience of using the tool). The responses were provided on a 5-point Likert
scale. All analyses were descriptive, and no statistical comparisons were made.

Results: In total, 301 HCPs tested the tool in 6974 people with MS, of whom 77% (5370/6974) had relapsing-remitting MS,
including those suspected to be transitioning to secondary progressive MS. The time taken to complete MSProDiscuss was
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reported to be in the range of 1 to 4 minutes in 97.3% (6786/6974; initial) to 98.2% (269/274; final) of the cases. In 93.54%
(6524/6974; initial) to 97.1% (266/274; final) of the cases, the HCPs agreed (4 or 5 on the Likert scale) that patients were able
to comprehend the questions in the tool. The HCPs were willing to use the tool again in the same patient, 90.47% (6310/6974;
initial) of the cases. The HCPs reported MSProDiscuss to be useful in discussing MS symptoms and their impact on daily activities
(6121/6974, 87.76% initial and 252/274, 92% final) and cognitive function (5482/6974, 78.61% initial and 271/274, 79.2% final),
as well as in discussing progression in general (6102/6974, 87.49% initial and 246/274, 89.8% final). While completing the final
questionnaire, 94.9% (260/274) of the HCPs agreed that the questions were similar to those asked in regular consultation, and
the tool helped to better understand the impact of MS symptoms on daily activities (249/274, 90.9%) and cognitive function
(220/274, 80.3%). Overall, 92% (252/274) of the HCPs reported that they would recommend MSProDiscuss to a colleague, and
85.8% (235/274) were willing to integrate it into their clinical practice.

Conclusions: MSProDiscuss is a usable and useful tool to facilitate a physician-patient discussion on MS disease progression
in daily clinical practice. Most of the HCPs agreed that the tool is easy to use and were willing to integrate MSProDiscuss into
their daily clinical practice.

(J Med Internet Res 2021;23(10):e29558)   doi:10.2196/29558

KEYWORDS

multiple sclerosis; relapsing remitting multiple sclerosis; secondary progressive multiple sclerosis; transition; progression; digital;
usability

Introduction

Background
Multiple sclerosis (MS) is a chronic debilitating disease of the
central nervous system that primarily affects young adults [1].
In most of the patients, the disease evolves as a continuum from
the relapsing-remitting phase (known as relapsing-remitting
MS [RRMS]) to the secondary progressive phase (known as
secondary progressive MS [SPMS]) [2,3]. It is challenging to
define this transition from RRMS to SPMS because of the lack
of a clear consensus on the diagnostic criteria and the absence
of reliable biomarkers of disease progression [4]. This delay in
SPMS diagnosis may affect long-term prognosis and treatment
decision-making [5]. Previous research has confirmed an unmet
need for a tool to facilitate systematic assessment of the early
signs of progression to SPMS in routine clinical practice [6].

The Multiple Sclerosis Progression Discussion Tool
(MSProDiscuss) is a digital tool for use by health care
professionals (HCPs) in clinical practice to raise awareness of
the risk of progression from RRMS to SPMS through a
structured interaction between HCPs and patients.
MSProDiscuss aims to help physicians, in dialog with patients,
to evaluate early, subtle signs suggestive of MS disease
progression [7]. The tool is based on a set of weighted questions
that collect structured information on disease activity (relapses
or magnetic resonance imaging activity), symptoms, and impact
of the patient’s overall symptoms on daily living in the previous
6 months. The tool is completed by the physician during a
routine physician-patient interaction. On completion, the tool
generates a traffic light output that represents the probability of
progression. Green indicates patients who are unlikely to be
showing signs of progression, yellow suggests that such signs
may be present, and red identifies patients who are very likely
showing signs of progression. MSProDiscuss was developed
in several phases using a rigorous mixed methods approach.
This approach included quantitative analysis of data from a
large observational study in patients diagnosed with RRMS and
SPMS and qualitative research with MS neurologists and

patients with MS. The development of MSProDiscuss involved
an iterative feedback process and validation stages [6-8]. The
feedback received from patients and physicians was integrated
into the next iteration throughout the development phases of
MSProDiscuss. The final tool was pilot tested in a separate
validation study with clinicians (N=20, from the United States,
Germany, and Canada) in a real-world setting, and it
demonstrated high sensitivity and specificity to differentiate
between patients with RRMS and those with SPMS. The tool
also demonstrated evidence of construct validity, suggesting
that the items included are relevant in assessing early signs of
progression, and the HCPs supported the implementation and
usefulness of the tool for clinical practice [8,9]. MSProDiscuss
is part of several noninterventional longitudinal studies to further
assess changes in the level of progression over the long term
[10,11]. MSProDiscuss has been released for use in clinical
practice, and the final validated tool can be accessed on the web
[12] and on the Neuro-Compass medical education resource
website [13].

Objective
We conducted a separate usability testing study to assess the
performance of MSProDiscuss on a larger scale, involving HCPs
from different geographies and health care systems, with the
aims to further test the (1) usability of tool in daily clinical
practice, and comprehensibility of items included: (2) usefulness
of the tool to assist patient-physician discussion on MS disease
progression, (3) feasibility, ease, and willingness of HCPs to
integrate MSProDiscuss into their routine clinical practice, and
(4) insights gathered from HCPs on areas of improvement on
the tool’s usefulness. In this paper, we report the findings from
physicians on the usability and usefulness of MSProDiscuss
while discussing disease progression with patients in a
real-world setting.
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Methods

Study Design
This was a multinational, cross-sectional, and noninterventional
study surveying HCPs, including MS specialists, general
neurologists, or others as indicated by the self-identification
choices provided to the participants. The HCPs responsible for
the diagnosis, management, and care, or those in charge of
symptom evaluation and control, of at least five patients with
MS per week in their daily clinical practice were included in
the survey. The HCPs were invited by local representatives of
the study sponsor, Novartis, to participate in a web-based survey
conducted between July 2019 and December 2019 in 34
countries across North America, Europe, Asia, South America,
Africa, and Australia. No ethics approval was required because
this was a survey. Nevertheless, all respondents were offered
detailed information about the survey method, and they provided
written consent before participating.

Survey Methodology
The survey was carried out by Real World Evidence Solutions
(IQVIA AG). A web-based survey link was sent to the HCPs
who consented to participate in the study. The survey consisted
of 2 questionnaires to gather feedback on the understanding,
usefulness, usability, integration, and adoption of MSProDiscuss
in daily clinical practice. The questionnaires were developed
based on feedback from HCPs during the tool development
phase and according to the principles of implementation science,
and inputs provided by the sponsor’s medical team and by
researchers from Real World Evidence Solutions were included.
The initial translations of the questionnaires were provided by
IQVIA, which were further evaluated and modified as necessary
by the local Novartis medical teams. The HCPs used
MSProDiscuss to assess what they felt was a broad range of
people with MS, excluding those with clinically isolated
syndrome and primary progressive MS. The survey methodology
is illustrated in Figure 1.

Figure 1. Steps of the MSProDiscuss usability test survey. HCP: health care professional; MSProDiscuss: Multiple Sclerosis Progression Discussion
Tool.

Each HCP was asked to fill two types of questionnaires
(Multimedia Appendix 1), with their responses collected on a
5-point Likert scale. The HCPs filled an initial questionnaire
after each instance of using MSProDiscuss during a face-to-face
individual patient consultation. This initial questionnaire
included 7 questions to collect feedback on the time needed to
complete MSProDiscuss during a routine clinical visit,
comprehensibility of the questions in the tool, and the overall
usability and usefulness of MSProDiscuss in facilitating a
discussion on disease progression between HCPs and patients
in routine practice. Each HCP was expected to fill 10-40 initial
questionnaires, depending on the patient population or country
size. After completing all individual questionnaires, the HCPs
also completed a final questionnaire on their overall assessment
of MSProDiscuss, taking into account all previous consultations.
The final questionnaire included 13 questions. In addition to
those items covered in the initial questionnaire, we gathered
feedback on the integration of MSProDiscuss into clinical
practice. This two-step process was intended to ensure that the
final feedback on usability and usefulness was received only
after the HCPs had sufficient experience with the tool itself.
The HCPs were also requested to provide general feedback on
the features and performance of the tool in free-text fields.

Summary Statistics
The HCP responses to the 2 usability questionnaires were
analyzed separately with regard to the individual and final
questionnaires and descriptively on a question-by-question basis
and reported as a proportion of the total responses. The
differences in the responses to the questionnaires by country
were summarized by region and visualized as a heat map. No
statistical comparisons were performed. To ensure that the
survey sample was representative of the true population, both
weighted and unweighted percentages were calculated. The
weighted analysis ensured that the results were adjusted to
reflect the underlying sample distribution. Therefore, weighting
was performed at the country level with regard to the survey
sample size. For the individual questionnaire, this refers to the
number of patients for whom MSProDiscuss was used, whereas
for the final questionnaire, the number of HCPs who participated
in the survey was relevant (Multimedia Appendix 2). The
feedback provided as free text was analyzed qualitatively by
identifying common themes and categorizing them accordingly.
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Results

Survey Participant Characteristics
Of the 390 HCPs who were invited, 301 provided feedback on
at least one questionnaire. Most of the participants were MS
specialists (246/301, 81.7%), but also included general
neurologists, MS nurses and nurse practitioners, and physician

assistants (Figure 2). In a subanalysis of the participating HCPs
from 5 countries in Europe (France, Germany, Italy, Spain, and
the United Kingdom, which together represented 24.9% (75/301)
of the participating HCPs), 52% (36/75) of the HCPs were from
a hospital-based practice setting (Figure 2). Overall, the tool
was assessed in different practice settings, ranging from
academic hospitals to general hospitals and office-based
practices.

Figure 2. The characteristics of the survey participants. France, Germany, Italy, Spain, and the United Kingdoma. HCP: health care professional; MS:
multiple sclerosis.

Of the 301 HCPs who participated, 232 completed the expected
number of questionnaires. During the MSProDiscuss usability
test on a total of 6974 patients, the HCPs identified 5370 (77%)
patients with RRMS, which also included those who may be

transitioning to SPMS. The number of patients per HCP and
the total number of individual consultations in the 5 European
countries are shown in Table 1. Details from the regions are
provided in Multimedia Appendix 3.

Table 1. MSProDiscussa use for the usability test in 5 European countries.

Number of times the tool
was used in a consultation
(n=1990), n (%)

Patients diagnosed with RRMSe at the
time of the consultation during usability
testing (n=1513), n (%)

Patients diagnosed with SPMSc at the time
of the consultation during usability testing

(n=477d), n (%)

HCPsb who
used the tool
(n=75), n (%)

Country

16 (0.8)11 (0.7)5 (1)9 (12)France

717 (36)542 (35.8)175 (36.7)27 (36)Germany

524 (26.3)357 (23.6)167 (35)14 (18.7)Italy

704 (35.4)583 (38.5)121 (25.4)19 (25.3)Spain

29 (1.5)20 (1.3)9 (1.9)6 (8)United Kingdom

aMSProDiscuss: Multiple Sclerosis Progression Discussion Tool.
bHCP: health care professional.
cSPMS: secondary progressive multiple sclerosis.
dIn this cohort of 5 European countries, 23.97% (477/1990) and 76.03% (1513/1990) of the patients were identified as patients with secondary progressive
multiple sclerosis and patients with relapsing-remitting multiple sclerosis, respectively.
eRRMS: relapsing-remitting multiple sclerosis.

Feedback on the Usability and Usefulness of
MSProDiscuss
The usability and usefulness of the tool were assessed using
both the initial and final questionnaires (Figure 3). The HCPs
first completed individual questionnaires after using

MSProDiscuss on 6974 people with MS and then completed a
final questionnaire (N=274). MSProDiscuss was confirmed to
be useful in relation to all the dimensions assessed. Most of the
HCPs agreed or strongly agreed (217/274, 79.2%-269/274,
98.2%) that MSProDiscuss is beneficial in their practice (Figure
3). The time taken to complete the tool during a routine
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consultation was considered satisfactory (1-4 minutes) in 97.3%
(6786/6974) of the initial questionnaires and in 98.2% (269/274)
of the final questionnaires. The patients were able to
comprehend the questions in the tool in) 93.5% (6524/6974)
and 97.1% (266/274) of the cases (individual and final
questionnaires, respectively). In 90.5% (6310/6974) of the
individual questionnaires, the HCPs were willing to use the tool
again with the same patient. MSProDiscuss was also useful in
discussing MS symptoms and their impact on daily activities
(6121/6974, 87.77% of the individual questionnaires and

252/274, 91.9% of the final questionnaires) and cognitive
function (5482/6974, 78.61% for individual and 271/274, 79.2%
for final questionnaires), as well as in discussing progression
in general (6102/6974, 87.49% and 246/274, 89.8%,
respectively). To summarize, there was excellent agreement
between the initial and final questionnaires on all items and
dimensions of usability and usefulness of the tool. Excellent
usability and usefulness were reported from the initial instances,
increasing slightly with repeated use.

Figure 3. The summary findings from the usability and usefulness testing of the MSProDiscuss individual questionnaire (N=6974) and final questionnaire
(N=274). The numbers in the bars reflect the proportion of health care professionals who responded agree or strongly agree for each item. Percentages
are based on unweighted results; weighted results were similar. HCP: health care professional; MS: multiple sclerosis; MSProDiscuss: Multiple Sclerosis
Progression Discussion Tool.
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The final questionnaire assessed additional usability aspects
from the perspective of the HCPs. There was general agreement
(260/274, 94.9% of the HCPs) that the questions in the tool
were similar to those asked by an HCP during a regular
consultation. MSProDiscuss was also found to be helpful in
understanding the impact of MS symptoms on daily activities
(249/274, 90.9% of the HCPs) and cognitive function (220/274,
80.3% of the HCPs). The findings based on the weighted
analysis were similar to those based on the unweighted results
(Multimedia Appendices 4 and 5). Overall, the tool was
confirmed to be highly usable and useful in clinical practice.

On the individual questionnaires, the responses from the
individual countries and regions were in line with the overall
results, with the exception of Belgium, as shown in Figure 4.
Satisfaction with the time taken to complete the tool (30/34,
88% of the countries), comprehensibility of the questions (25/34,
76% of the countries), and equivalence to routine questions
asked by an HCP (24/34, 71% of the countries) were the
top-scoring dimensions, with unanimous agreement across
countries and regions.

Figure 4. Distribution of responses on the usability and usefulness of MSProDiscuss by country and region: individual questionnaire (N=6974) and
final questionnaire (N=274). APAC: Asia Pacific; EUR: Europe; HCP: health care professional; LATAM: Latin America; MS: multiple sclerosis;
MSProDiscuss: Multiple Sclerosis Progression Discussion Tool; Northam: North America; UAE: United Arab Emirates.

Feedback on Integration of MSProDiscuss Into Clinical
Practice
The final questionnaire included items to assess the adaptability
of MSProDiscuss and the integration of the tool into routine
clinical practice. The responses were very positive. Overall,

91.6% (251/274) of the HCPs thought that adaptability and
integration are feasible, 87.2% (239/274) thought that
adaptability and integration would be easy, and 85.8% (235/274)
were willing to integrate MSProDiscuss into their clinical
practice (Figure 5). Finally, 91.9% (252/274) of the HCPs would
recommend MSProDiscuss to a colleague.
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Figure 5. Integration of MSProDiscuss into clinical practice: summary findings from the final questionnaire (N=274). The numbers in the bars reflect
the proportion of health care professionals who responded agree or strongly agree for each item. Percentages are based on unweighted results; weighted
results are similar. MSProDiscuss: Multiple Sclerosis Progression Discussion Tool.

The findings at the country and regional levels were reflective
of the overall results, with HCPs having high levels of agreement
on the ease of implementation of the tool (Figure 6). An average
agreement of more than 80% was seen in 76% (26/34) of
countries and of more than 90% in 62% (21/34) of countries.
In 53% (18/34) of countries, the HCPs unanimously agreed (ie,
100% in all 4 questions) that it is feasible and easy to integrate
MSProDiscuss into their clinical practice, that they are willing

to do so, and that they would recommend the tool to a colleague.
This includes the United Kingdom and approximately half of
the participating countries from Eastern Europe, Latin America,
and the Middle East (Figure 6). Among the European countries,
Belgium was an exception with a lower percentage of HCPs
indicating willingness to integrate MSProDiscuss into clinical
practice.

Figure 6. Distribution of health care professionals’ responses on the final questionnaire (N=274) by country (N=34) and region (N=7). APAC: Asia
Pacific; EUR: Europe; LATAM: Latin America; MSProDiscuss: Multiple Sclerosis Progression Discussion Tool; Northam: North America; UAE:
United Arab Emirates.

Additional Feedback on MSProDiscuss
Throughout the development of MSProDiscuss, qualitative
feedback was gathered, and improvements were implemented
iteratively. A meaningful impact of this approach may be seen
in the overall positive experience expressed by the HCPs while
using MSProDiscuss. Of the 301 HCPs who returned the final
questionnaire, 162 made at least one recommendation on
improvements, such as including additional variables or
expanding the existing variables. Table 2 lists these suggestions
by topic and implementation status. Even before the conclusion

of the survey on usability, implementation was already ongoing
for several recommendations, including (1) integration of
MSProDiscuss into electronic health record systems to allow
for longitudinal patient follow-up in countries such as the United
States, United Kingdom, and Germany; (2) an enhanced user
interface for easier navigation; (3) improvement of the
sensitivity of the tool for patients with lower Expanded
Disability Status Scale (EDSS) scores or confounding symptoms
such as fatigue; and, most importantly, (4) development of a
patient version of the tool. Some of the other recommendations
such as including cognitive or patient-reported outcomes
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measures are being considered for future updates of the tool.
They need to be carefully weighed against the current high ease
of use. Overall, the recommendations were focused on

expanding the scope and reach of the tool, rather than improving
basic usability, reinforcing the earlier conclusion that the tool
is practical and easy to use.

Table 2. Recommendations from health care professionals on improvements.

Recommendation already implemented during
usability testing

Details of the recommendationNumber of
responses

Response

N/AaAdd disease duration; add treatment adherence162Expand components included in the
tool or include additional questions

N/AElaborate on the explanation or quantify the output79Interpretation of the traffic light
output

N/AInclude an interface with cognitive assessment
scales

69Improve or expand on the cognitive
assessment

N/AAdd more details on the impact of disease on
daily activities, for example, relationships, social,
work, sexuality, and emotional state

57Include additional variables

Improved sensitivity for patients with lower

EDSSb scores and with confounding symptoms
such as fatigue

Improve sensitivity of the tool56Improve tool sensitivity

Included in observational studies for longitudi-
nal monitoring; incorporated in electronic
health records

N/A29Include longitudinal follow-up

User interface was improved on an ongoing
basis

N/A29Improve the user interface

Development was ongoing in parallel to the

usability testing. Meanwhile, the Your MSc

questionnaire is ready

N/A18Provide a patient version

aN/A: not applicable or implemented.
bEDSS: Expanded Disability Status Scale.
cMS: multiple sclerosis.

Discussion

SPMS Remains a Diagnostic Challenge
The highly variable disease course in individual patients and
the lack of consensus on the diagnostic criteria often result in
considerable delays in SPMS diagnosis [5,14]. In 2014, the
study by Lublin et al [15] reported revised clinical and imaging
findings to define clinical phenotypes. However, the study also
acknowledged that objective criteria for separating clinical
phenotypes are still lacking. There are no clear definitions of
the transition from RRMS to SPMS. Until recently, no therapy
with proven efficacy was available for a broad range of patients
with SPMS. Thus, the diagnosis of SPMS is often delayed to
avoid losing treatment options and reimbursement. With the
advent of newer treatments for patients with SPMS, tools such
as MSProDiscuss could be useful in supporting real-time
evaluation of early signs of MS progression in routine clinical
practice [16]. Tools based on algorithms and nomograms have
been developed that use quantitative, data-driven empirical
assessments. Although these tools can estimate the future risk
of SPMS progression, they cannot easily be translated into
current decisions in routine patient management [17-19].
MSProDiscuss provides additional insight through qualitative
assessment of disease symptoms and their impact on daily life,
thereby including, for the first time, the patient’s perspective
in the overall shared decision-making. Timely diagnosis will

allow for appropriate treatment and better long-term prognosis
[14].

Principal Findings
The results of this survey indicate that MSProDiscuss is a useful
tool to aid the discussion of disease progression with patients.
The findings were consistent between the individual and final
questionnaires. Most of the HCPs agreed or strongly agreed
that MSProDiscuss was beneficial in their practice. The time
taken to complete the tool during routine consultation was
considered satisfactory (1-4 minutes). In most instances, the
questions in MSProDiscuss were found to be comprehensible
by the patients and were similar to those asked by an HCP
during a regular consultation. Thus, MSProDiscuss facilitates
patient-physician discussion by capturing a structured disease
history without imposing an additional time burden on the HCP.
Furthermore, these positive results indicate that MSProDiscuss
is easy to use and universally helpful, regardless of region,
professional background, and practice setting.

More than 90.48% (6310/6974) of instances the HCPs indicated
that they would use MSProDiscuss again with the same patients,
including both patients with RRMS (4985/6310, 79%) and
patients with SPMS (1325/6310, 20.99%). In particular, the
HCPs indicated that they would use the tool again with more
than 97% (5209/5370) of the patients with RRMS and with
94.01% (1508/1604) of the patients with SPMS. This indicates
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a potential role of MSProDiscuss as a complementary
disease-monitoring tool for longitudinal follow-up to be added
to current empirical measures such as clinical relapses or
magnetic resonance imaging lesion counts. Qualitative insight
into the symptoms and their impact on patients as captured by
MSProDiscuss will help identify early signs of disease
progression. In patients with RRMS, the tool might complement
clinical assessments and help in treatment decision-making
during the earliest stages of SPMS. For patients already
diagnosed with SPMS, the tool will be helpful in identifying
functional domains that are most affected by progression and
in choosing the appropriate modalities for symptom
management.

In this survey, 80.3% (220/274) or more of the HCPs indicated
that MSProDiscuss is a useful aid in discussing MS symptoms
and their impact on daily activities and cognitive function, as
well as in discussing progression in general. The fact that 91.9%
(252/274) of the HCPs would recommend MSProDiscuss to
their colleagues and think that it is feasible to integrate
MSProDiscuss into their clinical practice is very encouraging
because it suggests that the tool is beneficial to patients as well
as HCPs themselves. Key recommendations have already been
implemented, including longitudinal follow-up, an enhanced
user interface, improved sensitivity at lower EDSS scores,
correction for overlapping fatigue symptoms, and creation of a
patient-completed version. The suggestion to expand cognitive
assessments is a key point; cognitive impairment is an important
yet underrecognized sign of disease progression [20,21]. How
empirical measures of cognitive performance could be integrated
into this tool, without affecting the overall performance of the
tool in terms of the time taken and ease of use during regular
consultations, is an important goal for future development.
Similarly, whether objective patient-reported outcomes measures
could be integrated into MSProDiscuss remains to be evaluated.

Along with the traffic light output, considering the patient’s
responses to the individual questions provides additional
insights, supporting the relevance of MSProDiscuss for holistic
disease management in individual patients. MSProDiscuss is
suitable for longitudinal follow-up and has already been included
in large observational studies [22] and integrated into the
electronic health records in several countries. This will ensure
the systematic recording of a patient’s disease evolution and
individual patient monitoring over time. The tool will assist in
defining a multidisciplinary treatment strategy for individual
patients, including physiotherapy, rehabilitation, and relevant
symptomatic treatments. As MSProDiscuss covers several
functional domains, it provides comprehensive information on
the patient’s health status, including MS phenotype and
symptomatology [23]. Although EDSS assessment is viewed
as the gold standard for measuring physical disability, it has
been implemented in clinical routine on a limited scale [24-26].
MSProDiscuss will complement EDSS assessment in routine
practice by capturing symptoms and their impact between
consecutive EDSS assessments.

A patient version of the tool, the Your MS questionnaire, was
developed to cover patient-derived information on MS
symptoms also contained in MSProDiscuss (Multimedia
Appendix 6). The Your MS questionnaire can be completed by

the patient in preparation for a clinical visit, potentially with
help from a caregiver who can provide additional information
[27]. The Your MS questionnaire may further complement
patient-physician interactions on disease progression and is
expected to not only help reduce the on-call burden on
physicians without compromising on the quality of consultation,
but also positively involve patients in the management of their
own disease. The use of telemedicine is an increasing trend in
the management of chronic diseases [28,29]; most recently, the
implementation of telemedicine in the management of visits by
patients with MS has been accelerated by the COVID-19
pandemic [30,31]. In the context of teleconsultation, the Digital
Technologies Web and Social Media Study Group recently
suggested a battery for assessing MS disability and relapse,
proposing commonly used tools that are suitable before, during,
and after a teleconsultation [32]. Being a web-based tool,
MSProDiscuss was tested during the COVID-19 pandemic, and
it showed promise in assisting with remote visits where the lack
of face-to-face interaction can hamper communication. As one
of the first tools of its kind, MSProDiscuss is able to assist with
deep clinical phenotyping of signs of progression, based on the
physician’s documented patient history [33]. As a tool with
promise, the patient-completed Your MS questionnaire can
either be used ahead of traditional face-to-face visits, or it may
be integrated into the suggested battery in preparation for a
teleconsultation. Although implementation of these digital or
web-based tools in the management of MS is a necessity during
the pandemic, these tools are unlikely to fully replace
face-to-face consultations [30]. In-person evaluation and
differential diagnosis of MS symptoms remain vital, and
especially in light of technological and psychological limitations,
web-based tools will remain complementary to in-person
consultations [34].

Overall, the results were consistent at the individual country
and region levels, with some minor variations reflective of either
individual HCP preference of disease management or general
practice guidelines followed in the country. The overall positive
feedback from most of the countries and regions suggests that
MSProDiscuss is already perceived as a valuable tool. In some
countries such as Belgium where the feedback was less
encouraging in terms of integration into clinical practice, a root
cause analysis could not be performed because of the limitations
of the study design. It can be speculated that, with limited
treatment options in some geographies, it is likely that there is
caution regarding discussing disease progression when no
solution can be proposed. In other cases, there may be reluctance
to discuss disease progression because of the potential emotional
and psychological implications for the patient. It is likely that
these factors could have influenced the respondents in our
survey. However, this only re-emphasizes the need for clear
and transparent discussions regarding the importance of
identifying early signs of disease progression, allowing
treatments and holistic modalities to be started sooner.

Study Limitations
Gathering feedback on the usability and usefulness of the tool
while simultaneously using the tool might have resulted in a
potential bias in the HCPs’ responses to certain components of
the survey, such as integration into practice and time taken for
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completion. In general, the questionnaire methodology only
highlights trends or attitudes and does not explain the underlying
reasons for the responses [35].

Outlook
Overall, the positive findings from our usability and usefulness
study of MSProDiscuss are very promising [36]. Although
centers with a heavy patient inflow might find it difficult to
implement a new tool in their workflow, our results show that
HCPs across different practice settings can easily integrate
MSProDiscuss into their routine practice. MSProDiscuss does
not require extensive data to be collected or curated to assess
the level of disease progression, and it is complementary to
other approaches based on imaging, neurological examination,
or biomarkers. As a valuable disease-monitoring tool,
advantages in the long term should outweigh the initial
implementation challenges, if any. When used together with
Your MS, the patient version, MSProDiscuss can also be a
valuable tool in the day-to-day management of people with MS

through telemedicine, even during crisis situations. The future
impact on long-term disease monitoring and health care resource
utilization remains to be evaluated.

Conclusions
The findings from this real-world study suggest that
MSProDiscuss is a usable and useful tool to facilitate a
physician-patient discussion on disease progression in daily
clinical practice. MSProDiscuss facilitates the dialog between
the patient and the physician by capturing a structured disease
history. Most of the survey participants indicated that
MSProDiscuss was beneficial in the discussion of disease
progression. Overall, the feedback from the HCPs was very
positive regarding the integration of MSProDiscuss into their
clinical practice. The tool was used by physicians, MS nurses
and nurse practitioners, and pharmacists from very different
practice settings and was found to be of value; MSProDiscuss
is a tool that is acceptable to all the users involved in the care
and management of patients with MS.
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Abstract

Background: Cardiovascular diseases (CVDs) pose a significant health threat and reduce both people’s life expectancy and
quality of life. Healthy living is a key component in the effective prevention and treatment of CVD. However, health care
professionals (HCPs) experience difficulties in supporting lifestyle changes among their patients. eHealth can provide a solution
to these barriers.

Objective: This study aims to provide insights into the factors HCPs find important in the support of patients with CVD in the
uptake of and adherence to a healthy lifestyle and the perceived facilitators of and barriers to using eHealth to provide lifestyle
support to patients with CVD.

Methods: In-depth interviews were conducted with 16 Dutch HCPs specializing in lifestyle support in cardiac care.

Results: We identified 13 themes, of which the first 12 concerned lifestyle support in general and were related to intervention,
patient, or health care. Throughout these themes, the use of eHealth reoccurred as a potential facilitator of or solution to barriers
to lifestyle support. Our final theme specifically concerned barriers to the adoption and usability of eHealth.

Conclusions: HCPs do recognize the potential advantages of eHealth while experiencing barriers to using digital tools.
Incorporating their needs and values in the development of lifestyle support programs, especially eHealth, could increase their
use and lead to a more widespread adoption of eHealth into health care.

(J Med Internet Res 2021;23(10):e25646)   doi:10.2196/25646
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eHealth; digital health; cardiovascular disease; cardiac care; lifestyle change; lifestyle support; intervention; health care
professionals; implementation; interview; facilitators; barriers
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Introduction

Background
Cardiovascular diseases (CVDs) are the most common cause
of death globally [1] and drastically reduce the quality of life
[2]. Most CVDs can be prevented and treated by addressing
behavioral risk factors such as smoking, poor diet, physical
inactivity, and low sleep quality [3,4]. Lifestyle interventions
for patients with CVD have been shown to improve risk factors
and decrease cardiac readmissions and mortality [5] and are
therefore recommended by national and international guidelines
on cardiac prevention and rehabilitation [3,6]. Furthermore, a
healthy lifestyle has mortality-reducing effects comparable with
those of medication intake [7].

Notwithstanding these advantages, health care professionals
(HCPs) seem to be hesitant to discuss—let alone
prescribe—lifestyle interventions to their patients [8]. For
instance, studies among Dutch general practitioners found that
they are generally unlikely to mention CVD risk factors, such
as lifestyle, during their consultations [9] and only provided
advice concerning healthy living in 1 out of 6 consultations to
people with hypertension complaints [10]. In addition, only 1
out of 5 primary care physicians indicated that European CVD
guidelines concerning lifestyle were being implemented [11].
In line with this, most patients with CVD have an unhealthy
lifestyle [12]. A number of barriers have been identified as
possible explanations for the low attention paid to lifestyle
changes and their respective programs. HCPs have mentioned
a low degree of patient motivation, a lack of knowledge about
or experience with providing lifestyle advice, insufficient time
during consultations, a lack of financial incentives, little external
options to refer their patients to, and HCPs’ perception that
health promotion is ineffective in CVD prevention and treatment
[11,13-16]. These barriers could possibly explain why only half
of the patients with CVD are actually offered lifestyle
modification programs after discharge [17]. To increase the
uptake of and adherence to lifestyle interventions among patients
with CVD, it is crucial to consider HCPs’ needs and barriers.

A potential solution to overcome these barriers could be the
increased use of digital tools to provide automated or remote
support, which can incorporate interactive web-based
components and digital wearables for home measurement,

known as eHealth [18]. Recent studies have shown that eHealth
can be effective in the prevention and treatment of
noncommunicable diseases such as CVD [19,20]. Despite these
promising results, the acceptance and successful implementation
of digital tools in health care is low because of the barriers that
HCPs experience [21-23]. To design digital interventions that
have an impact, human and contextual factors should be taken
into account, including the needs and values of stakeholders
such as HCPs [24,25]. Interview studies uncovering HCPs’
views on lifestyle interventions and their own role in health
promotion among their patients [15,26-29] and on the use of
eHealth in lifestyle support [30-34] have been conducted before.
However, to our knowledge, no studies have mapped out the
attitudes toward both lifestyle support and eHealth of HCPs
specialized in CVD specifically. Importantly, given that the
effectiveness and needs related to lifestyle support and eHealth
are highly context dependent [24], specific knowledge is needed
in the context of cardiac care.

Objective
This study aims to gain insight into the facilitators and barriers
that HCPs specialize in cardiac care experience in lifestyle
support for the prevention and treatment of CVD and to
investigate their views on eHealth tools. We performed in-depth
interviews with HCPs to answer two main questions: (1) What
factors are important in supporting CVD patients in the uptake
of and adherence to a healthy lifestyle? (2) What are the
(potential) facilitators of and barriers to eHealth tools in
providing lifestyle support to patients with CVD?

Methods

Sample
We interviewed 16 Dutch HCPs (10 women) specializing in
supporting patients with CVD and with experience in lifestyle
change. To ensure a diverse and representative collection of
perspectives, we included professionals with varying
backgrounds from multiple institutions located in different parts
of the Netherlands (Table 1). Professionals were selected based
on eHealth affinity within the department or organization they
worked in and asked how they applied eHealth in their own job
to verify some level of eHealth experience. In line with these
guidelines, 16 interviews would be sufficient for information
saturation [35].
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Table 1. Organization and professional background of respondents (N=16).

Respondents, n (%)Organization and professional background

Academic hospital A

2 (12)Nurse practitioner working in cardiac rehabilitation

Academic hospital B

1 (6)Neurovascular nurse practitioner

1 (6)Physician assistant specialized in cardiovascular risk factor management

Hospital A

1 (6)Physiotherapist working in cardiac rehabilitation

1 (6)Nurse practitioner working in cardiac rehabilitation

Hospital B

1 (6)Physician-researcher working in cardiac rehabilitation

1 (6)Nurse practitioner working in cardiac rehabilitation

Hospital C

1 (6)Neurologist specialized in cardiac rehabilitation

1 (6)Nurse practitioner working in cardiac rehabilitation

Cardiac rehabilitation center A

1 (6)Cardiologist in residence

1 (6)Lifestyle coach working in cardiac rehabilitation

Cardiac rehabilitation center B

1 (6)Physiotherapist working in cardiac rehabilitation

Cardiac rehabilitation center C

1 (6)Psychologist specialized in cardiac rehabilitation

General practice center A

1 (6)General practitioner specialized in CVDa care

1 (6)Nurse practitioner working in cardiac rehabilitation

aCVD: cardiovascular disease.

Procedure
We used convenience sampling and approached organizations
within the network of care partners. We asked for professionals
within the organization who were most directly involved with
lifestyle support of patients with CVD, whom we sent an email
with general information about the research goals. After the
HCP expressed willingness to cooperate, interview appointments
were made by phone and performed at the interviewee’s
preferred location. Before the start of the interview, information
about the research project and the goals and methods of the
interview were provided. The interviewee signed the informed
consent form, after which the voice recording and interview
started. No (financial) compensation was offered to participate.

The interviews were conducted in Dutch, between November
2017 and February 2018, and took 45-90 minutes. One
researcher led the interview, whereas another took notes, and

roles were alternated between each interview (DRDB and
JEVDG). The voice recordings were transcribed and
pseudonymized to secure anonymity (Brecht Otto and Pauline
van Wolferen). We used a general interview guide approach,
as the interviews were based on a semistructured list of questions
that allowed for further elaboration based on answers. The
questions were divided into six topics (Textbox 1). We asked
about both the use of eHealth (digital tools to provide automated
or remote support with interactive web-based components) and
wearables and sensors (eg, pedometers). Interview topics were
defined based on the research questions and assessed whether
they would provide answers to these questions. We also included
questions about the interviewees’ profiles (eg, job description
and experience with eHealth). This study only discusses the
data from interview topics 1-5, which are relevant to our specific
research questions. The data regarding the sixth interview topic
(Reward Program to Promote Healthy Living) do not belong to
the scope of this study and are used in another publication.
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Textbox 1. Interview guide.

Facilitating and impeding factors in the uptake of and adherence to a healthy lifestyle for patients with cardiovascular disease

• What do cardiovascular disease patients need to do in their home environment to achieve sustainable lifestyle change?

• What things that seem to work well for cardiovascular disease patients in changing their lifestyle?

• What impedes cardiovascular disease patients in changing their lifestyle?

• What solutions do cardiovascular disease patients have for these barriers?

Facilitating and impeding factors in providing lifestyle support to patients with cardiovascular disease

• How do you provide lifestyle support to cardiovascular disease patients?

• What works well in providing lifestyle support?

• What impedes providing lifestyle support?

• What solutions do you have for these barriers?

Stakeholders involved in providing lifestyle support to patients with cardiovascular disease

• What do you, as a health care professional, need to better provide lifestyle support to cardiovascular disease patients?

• With whom do you cooperate in providing lifestyle support to cardiovascular disease patients?

Facilitating and impeding factors in using eHealth to provide lifestyle support to patients with cardiovascular disease

• What things go well in your use of eHealth to provide lifestyle support to cardiovascular disease patients?

• What impedes your use of eHealth to provide lifestyle support to cardiovascular disease patients?

• What solutions do you have for these barriers?

• What do you, as a health care professional, need to better make use of eHealth to provide lifestyle support to cardiovascular disease patients?

Facilitating and impeding factors in using wearables and sensors to provide lifestyle support to patients with cardiovascular disease

• To what extent do you use wearables and sensors to provide lifestyle support to cardiovascular disease patients?

• What things go well in your use of wearables and sensors to provide lifestyle support to cardiovascular disease patients?

• What impedes your use of wearables and sensors to provide lifestyle support to cardiovascular disease patients?

• What solutions do you have for these barriers?

Analyses
The transcripts were sorted into meaningful clusters based on
a content analysis approach to ensure that insights emerged
based on the data [36]. Relevant pieces of data were retrieved
from the text and coded and categorized into themes. For each
of the transcripts, 2 researchers (DRDB and JEVDG)
independently marked quotations in Microsoft Word containing
relevant information. These quotations were compared, and a
consensus document for each transcript was created. The
quotations were transferred to Microsoft Excel, coded in a
separate column to allow for interpretation, color coded to

indicate whether the quotation was related to eHealth, and
subsequently categorized into themes (TRCR). In discussion
with a second researcher (MK), a definitive set of 13 themes
emerged on which each of the quotations were fit (Textbox 2).
Consensus with an independent coder (Magali de Rooy) was
reached at once, with an interrater agreement of 74% and
sufficient interrater reliability (Krippendorff α=.697), which
indicated that the developed list of themes adequately
represented the structure of the data. Quotation examples in text
were translated into English by 2 researchers (TRCR and
DRDB).
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Textbox 2. Identified themes after coding.

Intervention-related factors

1. Autonomy

• Factors that concern the extent to which the patient has the freedom to make decisions about lifestyle change for themselves

• Quotations that concern the feeling of control in the process, the amount of self-determination, and insight into one’s own health

2. Goal setting

• Factors that are related to setting goals in lifestyle change

• Quotations concerning the quantity, content, and design of these goals

3. Personalization

• Factors that are related to the adjustment of a healthy lifestyle and revalidation program to the needs and wishes of the patient

• Quotations that concern the personal relevance, feasibility, and attractiveness of the revalidation process

Patient-related factors

4. Motivation

• Factors that facilitate or impede the willpower to start or maintain lifestyle change

• Quotations that concern the extent to which patients are willing to work on their lifestyle and their intrinsic and extrinsic motivation

5. Condition of the patient

• Physical, mental, or cognitive impairments that impede the patient in the uptake of and adherence to a healthy lifestyle (eg, pain, depression,
stress, addictions, and age)

• Both conditions that already existed and those because of their illness

6. Psychological characteristics

• Characteristics and traits of the patient that facilitate or impede the uptake of and adherence to a healthy lifestyle

• Quotations that concern personality or personal predispositions of the patient (eg, self-efficacy, resistance, and sense of responsibility)

7. Environmental factors

• Factors in the home environment and daily life of the patient that facilitate or impede the uptake of and adherence to a healthy lifestyle

• Quotations that concern the direct surroundings of the patient, which one cannot control (difficult domestic situations, socioeconomic status, and
access to health or unhealthy options)

8. Social network

• Factors in the social circle of the patient that facilitate or impede the uptake of and adherence to a healthy lifestyle

• Quotations that concern the role of friends, family, and acquaintances in the patient’s lifestyle

Health care–related factors

9. Format of professional support

• Factors that determine the way in which support of the patient is shaped and structured and facilitate or impede the uptake of and adherence to
a healthy lifestyle

• Quotations that concern the implementation, frequency, and format of support

10. Relationship with the patient

• Factors that are related to the personal relationship between health care professional and patient

• Quotations that indicate the way in which such a relationship is established and what it should entail

11. Continuity of professional support

• Factors that are related to long-term support of the patient and facilitate or impede maintaining a healthy lifestyle

• Quotations that concern lifestyle change in the long run, outside the health care environment, and continuing the revalidation process by the
patient
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12. Organization of care

• Practical factors that influence the provided health care, both physical facilities (eg, health care professional’s practice) and nontangible influences
(eg, regulations, finances) that facilitate or impede lifestyle support

• Quotations that concern the availability of care and the extent to which health care professionals’ can do their job and the way they are ought to
do

eHealth-related factors

13. Barriers to eHealth

• Factors that are related to the implementation of eHealth (digital tools) in lifestyle support

• Quotations that concern the difficulties in using and implementation of technology and data in the current health care system

Results

Barriers to and Facilitators of Lifestyle Support
Of the 13 identified themes, 12 concerned lifestyle support in
general (Textbox 2). The subjects of these themes were related
to the intervention, the patient, or health care in general.

Intervention-Related Factors

Autonomy
Nearly all (15/16, 94%) HCPs mentioned that patients need to
feel a sense of ownership over their lifestyle change process
instead of being just another patient undergoing rehabilitation.
One HCP was especially concerned about the lack of choice in
cardiac rehabilitation:

People are forced to do so many things, they end up
in an obligatory trajectory. That is already quite a
lot. So I think that can be a barrier. [Quote 89, HCP
8]

Self-monitoring (eg, heartbeat or weight) and information about
both their disease and the benefits of a healthy lifestyle were
mentioned by 10 HCPs to be essential for patients to feel a sense
of control. This allows them to act independently of their HCPs
when they notice irregularities:

It is also important for patients that they get more
insight themselves...That they can alert us whenever
they are training independently and say “my heartrate
shows irregularities or is not going up.” [Quote 73,
HCP 1]

However, 3 HCPs mentioned that self-monitoring might have
the downside of becoming an obsession, as people could fixate
on numbers rather than their own body.

Goal Setting
More than half of the HCPs (9/16, 56%) mentioned the
importance of goal setting in a healthy lifestyle. Patients would
reach the most success when the number of goals at a given
time is limited; when the goals are formulated in a specific,
measurable, acceptable, realistic, and timely way; and when the
goals are personally relevant for the patient. Accomplishment
of these goals provides a rewarding feeling, which increases
motivation to continue:

I want them to create their own success story...I
choose something [a goal] of which I guess that

person will be able to achieve in the upcoming week.
And that turns into motivation...[Quote 133, HCP 8]

Personalization
Of all HCPs, 56% (9/16) experienced that a lifestyle intervention
will succeed when the provided support is tailored to patients’
needs, capabilities, and preferences. For instance, for some, it
is more important to work on their eating habits, whereas for
others, an increase in physical activity is more relevant. At the
same time, HCPs mentioned difficulties in finding out what
their patients actually wanted and needed, which made it
challenging to individualize the program:

And I’d really like to get to know the person on the
other side of the table, what kind of information that
person would like to receive. I find it hard to know:
How would someone like to be motivated. [Quote 148,
HCP 4]

Patient-Related Factors

Motivation
A key theme throughout the interviews (14/16, 88%) was the
level of motivation of the patient. Intrinsic motivation was
deemed essential to successfully complete—or even start—a
lifestyle program. Such intrinsic motivation is not always
self-evident because of low awareness about the current and
future health impact of an unhealthy lifestyle. About 38% (6/16)
of HCPs mentioned how the occurrence of the disease acts as
the tipping point for patients to change their lifestyle:

People already know that they are unhealthy and that
they should make changes. Often you will notice that
such a crisis causes them to actually do so. [Quote
54, HCP 13]

To maintain the level of motivation, after the initial scare from
the incident has passed, 56% (9/16) of HCPs mentioned that
patients need to see progress of their effort, preferably through
tangible results (eg, increased performance durations). Extrinsic
motivation, in the form of both material and nonphysical
incentives (eg, positive feedback), was mentioned by 44% (7/16)
of HCPs to play a role:

Rewards are on multiple levels, a reward can also be
that you are just being noticed by your significant
other, brother, sister, friend. But it can also be a more
literal reward, you know, that you buy something for
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yourself. Or that you tell yourself, well done. [Quote
57, HCP 13]

Condition of the Patient
Health-related issues hindering patients from initiating or
maintaining a healthy lifestyle were mentioned by 75% (12/16)
of HCPs. These issues are physical, cognitive, or mental and
are either pre-existing or because of cardiac incidents. For
example, reduced mobility in older patients is a physical barrier
to physical activities or reaching the clinic. Frequently
mentioned mental barriers were depressive symptoms and fear,
such as concerns about physical capabilities after a cardiac
incident:

Especially people who experience persistent heart
complaints, that cause a lot of anxiety, they think: I
won’t push myself. When I start exercising, I will
experience it again. [Quote 177, HCP 4]

Psychological Characteristics
Most HCPs (13/16, 81%) mentioned the role of their patients’
personalities either as facilitators or as barriers. Patients need
to be disciplined, and most importantly, some level of
self-awareness helps to reflect on their own behavior and
acknowledge their own role in the process. Patients who come
up with excuses for not performing healthy behaviors are most
difficult to work with:

But there is also a big group of people who are just
very resistant to change, who are mainly externalizing
and say: “I can’t do anything about it.” Or who
continuously come up with excuses about why things
can’t change. Yes, that is the most difficult group to
work with. That is also the most unhealthy group.
[Quote 215, HCP 15]

In addition to personality characteristics, another frequently
mentioned barrier was previously developed bad habits.

Environmental Factors
Factors related to the daily environment of the patients were
identified by 56% (9/16) of HCPs. For instance, difficult
domestic situations are often given more priority and can
therefore reduce the success of a healthy lifestyle initiated in
the clinic. Some HCPs (4/16, 25%) explicitly stated that
socioeconomic status (eg, language barriers) affects people’s
lifestyles:

When it comes to handing out flyers as well, I come
across situations such as: “I can’t read.” Not very
frequently, but it happens every now and then. [Quote
230, HCP 10]

According to 25% (4/16) of HCPs, government authorities
should take responsibility for creating a healthy environment
(eg, offering healthy food in hospitals, stricter tobacco and
alcohol regulations, or regulating the prices of food) and
providing health education.

Social Network
The roles of both close (family and friends) and distant others
were mentioned by 50% (8/16) of HCPs. Other people function
as social controls or exert some level of group pressure. A sense

of cohesion through engaging in healthy activities with others
is a great motivator:

...an exemplary role, sociability, a social aspect,
controlling aspect, when you are part of a group
people will ask about you: How are you doing, where
were you? All those kind of things play a role. [Quote
246, HCP 1]

The importance of the social network of patients in providing
practical and psychological support was emphasized by 38%
(6/16) of HCPs. However, HCPs worried that overly critical
family members or friends could also negatively influence the
process. A second concern was social norms, as some unhealthy
behaviors (such as drinking too much alcohol) are less socially
accepted and therefore more difficult for patients to be open
about:

Well, the subject is more of a taboo. It is automatically
an issue. When you drink too much, you are an
alcoholic. Eating too much, well, that happens to all
of us. That we are snacking a little too much. [Quote
256, HCP 8]

Health Care–Related Factors

Format of Professional Support
Considering the way support should be provided, 50% (8/16)
of the HCPs mentioned the importance of frequency. Through
frequent repetition of information, healthy behaviors by the
patient, and reminders or feedback, a healthy lifestyle remains
a topic of interest. However, the frequency of consultations in
current practice is too low to do so. A total of 31% (5/16) of
HCPs mentioned that support should be accessible at all times
whenever the patient needs it. In addition, to provide tailored
support, HCPs need data independent of the patients’self-reports
about their progress:

...we have tried to use a logbook, but a pedometer
can track the walking process outside. You can
respond to the objective information you receive. A
logbook is just an estimate, you just have to believe
that it’s true. [Quote 276, HCP 2]

Most HCPs (10/16, 63%) found education as an important part
of the intervention as patients lack knowledge or have
misconceptions about their disease and a healthy lifestyle.
Therefore, the health care system should play a role in offering
trustworthy information, providing patients with concise pieces
of information that are easy to understand:

...there is so much information available that they
have no idea what to trust..., especially among the
older population who have more respect for
healthcare professionals, simple advice is really
appreciated. [Quote 288, HCP 4]

Relationship With the Patient
More than half of the HCPs (11/16, 69%) mentioned that their
relationship with patients has a significant influence on the
process. A good relationship helps in understanding the
underlying reasons for patients’ behavior and motivation and
creating a safe environment to share their feelings. Support does
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not end at the physical aspect of cardiac rehabilitation but entails
mental support as well:

They suddenly are obliged to change a lot of things.
I try to focus less on things that have to change, but
acknowledge how it affects them...Therefrom, they
will more easily comply with a lifestyle change in the
end. [Quote 334, HCP 8]

HCPs disagreed about their role as an authority figure. An equal
relationship, in which they co-operated with their patients during
the revalidation process, was frequently mentioned. However,
19% (3/16) of HCPs recognized that they function as the
so-called big stick to keep patients on the right track.

Continuity of Professional Support
According to 63% (10/16) of HCPs, long-term support is crucial
for maintaining a healthy lifestyle outside the health care
environment. When the window of opportunity after a
cardiovascular incident disappears, patients are more likely to
return to old (unhealthy) habits. However, 44% (7/16) of HCPs
mentioned lack of follow-ups or an end evaluation, leaving them
with no ability to provide long-term feedback or information
about the postrehabilitation success of the lifestyle intervention:

...when you want someone to follow through with the
lifestyle change, you do have to check whether
someone comprehends it and if is able to do so. When
you let someone on their own, you will lose that
person. [Quote 353, HCP 4]

Organization of Care
All HCPs (16/16, 100%) mentioned at least 1 factor related to
the way health care is organized, varying from physical facilities

to nontangible influences. Most HCPs (11/16, 69%) mentioned
a lack of financial resources and time. Furthermore, the limited
co-operation between HCPs involved in cardiac care and those
of other health care disciplines was mentioned as a barrier. There
are few options for redirecting patients to another professional,
disagreements within the extensive group of care providers, and
insufficient information sharing between them:

The dietician for instance, she keeps her own records,
she can’t attend the multidisciplinary team meeting
due to her planning. I think that is a barrier as well,
because we once had a patient who didn’t consume
enough calories, which caused problems and that
person did not feel well...[Quote 393, HCP 6]

More than half of the HCPs (7/16, 44%) mentioned a lack of
attention for lifestyle within cardiac care or health care in
general, although this varied greatly between domains (eg,
cardiology and neurology). HCPs indicated that they missed
regulations and protocols they could follow in providing lifestyle
support.

eHealth in Lifestyle Support
Throughout the 12 themes discussed earlier, the use of eHealth
reoccurred as a (potential) facilitator or solution to barriers,
most prominently within the themes Autonomy, Personalization,
Format of support, and Continuity of professional support
(Figure 1). Although eHealth facilitators were more strongly
related to lifestyle support, the barriers HCPs experienced were
rather unrelated to lifestyle themes. To put more emphasis on
this, the 13th theme concerning barriers in the implementation
of eHealth will be discussed in the final part of this section
(Barriers to eHealth).

Figure 1. Overview of the identified barriers and facilitators in lifestyle support and their relation to eHealth.
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Benefits of eHealth
During analyses, a link between barriers to and facilitators of
lifestyle support and potential facilitating benefits of eHealth
emerged. The HCPs provided examples of how eHealth could
help them.

Autonomy in eHealth
For patients to regain autonomy (theme 1), HCPs indicated a
need for education and insight and saw an opportunity for
eHealth to provide both. HCPs noticed that by giving patients
the opportunity (and therefore the responsibility) of monitoring
their own health through a digital tool, they can act whenever
necessary (eg, adjusting their diet when they notice a higher
blood pressure). According to HCPs, such insights would also
enlarge awareness about unhealthy behavior and provide
progress feedback to increase their motivation:

We offer cardiac patients who we follow-up via
eHealth a pedometer, a digital scale that measures
body fat percentages, a blood pressure monitor and
a device to make an ECG. That provides them with
insight into how they are doing. [Quote 107, HCP 14]

Furthermore, as eHealth can be individually tailored, HCPs
indicated that patients can control what information they receive
and how they receive it. Patients can also work on their lifestyle
at any time and in any way they wish to, increasing the level of
self-management.

Personalization in eHealth
Personalization (theme 3) appeared to be key to lifestyle
interventions, but HCPs raised the issue of identifying what
patients wanted and needed. They thought that eHealth could
help them to get more information about patients and their needs,
before and during the intervention (eg, through web-based intake
questionnaires). HCPs believed this could result in better
adjustment of their support and more efficient consultations and
lifestyle interventions:

In fact, even before someone comes in, you would
have to start with: “This is the goal of the
consultation.” Based on a test or questionnaire, you
look at how someone can best be approached: What
kind of advice do you prefer? There are probably
apps, tools, questionnaires, and other things that can
do so. [Quote 150, HCP 4]

Format of Support in eHealth
Related to the format of support (theme 9), HCPs gave examples
of how eHealth, especially its possibilities for remote support,
could be beneficial. As digital tools are available at all times
and not bound to a physical location, HCPs predicted that it
would be much easier for patients to frequently have contact,
work on their lifestyle, or receive information. This would also
increase the accessibility of support:

That is the advantage of eHealth, that it is flexible,
24/7, which is really convenient. I think that a lot of
people ruminate at night and would appreciate to
write during nighttime. The possibility to do so at that
very moment, not only when you meet your coach

again. Then it has already faded away. [Quote 305,
HCP 8]

Consistent and automatic digital monitoring would provide
more objective data, meaning HCPs would no longer have to
rely on single measures during consultations or error-prone
self-report measures. Furthermore, eHealth could be used as an
educational platform, which HCPs thought they could use to
provide patients with reliable and consistent information about
their disease and lifestyle.

Continuity of Professional Support in eHealth
Continuity of professional support (theme 11) was mentioned
as one of the biggest issues in current cardiac care. Therefore,
most HCPs saw prolonged monitoring as a huge advantage of
eHealth. Furthermore, this could enable HCPs to provide support
in the long run, once patients return to their everyday lives:

There are gaps within the healthcare system, which
makes it difficult for patients to continue
independently. That is where this eCoach steps in. So
during cardiac rehabilitation over here, they see the
physiotherapist, they see the doctor, they can chat
more easily through the portal. [Quote 359, HCP 6]

Barriers to eHealth
While recognizing these potential advantages of eHealth, HCPs
raised some barriers concerning its adoption and usability. The
most prominent concern of 63% (10/16) of HCPs was related
to the general old age of patients with CVD, as older people are
more likely to have little experience with or no interest in
technology. Moreover, patients would generally prefer
face-to-face contact over digital communication, either during
the entire intervention or at least a part of it. One HCP explicitly
mentioned the importance of face-to-face intake for a digital
intervention to be successful:

They tell me: “Oh, I received a mail from online
coaching, but I have already so much on my mind, so
I just ignored it.”...But then they see me and say: “But
now I know that it was you, that is nice!” It comes to
life for them, in my experience at least. [Quote 466,
HCP 8]

Difficulties with technological tools and devices, such as bugs
and slow development of the technology, were mentioned by
31% (5/16) of HCPs. In addition, they mentioned that there was
no help desk for patients or HCPs. Furthermore, it was
frequently mentioned by 31% (5/16) of HCPs that many current
technological aids suffer from a low level of user-friendliness.

Discussion

Principal Findings
This study aimed to gain insights into the facilitators and barriers
that HCPs experience in lifestyle support for the prevention and
treatment of CVDs and investigate their views on potential
eHealth tools. We interviewed 16 HCPs, resulting in 12 themes
relevant to lifestyle support, of which four were related to
eHealth. The 13th theme was related to eHealth barriers.
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Barriers to and Facilitators of Lifestyle Support
First, we aimed to identify the factors that HCPs find important
in supporting patients with CVD in the uptake of and adherence
to a healthy lifestyle. We found factors related to the
intervention, patient, and health care system to help answer this
question.

According to the HCPs, a lifestyle intervention should give
patients a feeling of autonomy and possibilities for goal setting
and allow for personalization. In line with our findings, in
interview studies on lifestyle support for patients with diabetes,
HCPs indicated that well-formulated goals create realistic patient
expectations [15] and that standardized norms should be adjusted
to patients’ capabilities [26]. Furthermore, HCPs indicated that
it is no longer their role to tell patients to change their lifestyle
but rather the patient’s responsibility [26]. However, although
HCPs in this study named autonomy as an additional facilitator
within lifestyle change, other studies reported patient
responsibility to be a basic necessity because of low patient
motivation [26] or even seem unrealistic as patients are not
always able to independently start or maintain a healthy lifestyle
[14].

With regard to patient factors, motivation to live healthily, the
condition of the patient, psychological characteristics,
environmental factors, and social networking were mentioned
to be of influence within lifestyle support. HCPs working with
people with (a high risk of) CVD [9,11,27], patients with
diabetes [15,26,28], and chronic diseases in general [29]
recognized similar factors, thereby suggesting that these are
relevant within different patient populations. However, although
HCPs in our study thought that little awareness of the impact
of an unhealthy lifestyle on health contributed to a low level of
patient motivation for change, a study with primary care HCPs
reported that limited knowledge about risks of CVD is only
seldom a barrier for engaging in lifestyle modification [14].
This discrepancy in results might be because of methodological
differences, as the study by Jallinoja et al [14] included primary
care HCPs and not HCPs mostly working in cardiac
rehabilitation. Furthermore, primary care HCPs were asked
about the relevance of insufficient knowledge to treatment and
not lifestyle change per se. In addition, factors reported by
patients with CVD themselves are relatively similar to those
found in our study [37], which suggests that, at least in part,
HCPs are able to recognize what patients need in lifestyle
interventions.

Finally, several factors related to health care in general were
mentioned, including the format of the provided support,
continuity of professional support, the way care is organized,
and the relationship between the HCP and patient. A
high-quality relationship with the patient was also recognized
as a facilitator within lifestyle support in other studies, as it
would lead to both more collaborative patients and more
motivated HCPs [30,34]. In addition, it would be easier to foster
face-to-face encounters [30]. Similar to our results, the lack of
time, little governmental responsibility, financial shortcomings,
little co-operation between HCPs, and difficulties in referring
patients were mentioned as barriers by HCPs involved in the
prevention of CVD [11,16,27], type 2 diabetes [15,26], or in

(chronic) diseases in general [29,38]. This shows that such
barriers are not unique for lifestyle support in CVD
rehabilitation, which provides HCPs and researchers with the
opportunity to learn from other disciplines and work together
to find solutions (eg, eHealth tools).

Other studies reported a lack of skills by HCPs to provide
lifestyle support or a feeling that lifestyle interventions are
ineffective as a barrier to the provision of lifestyle support
[14,15,29,38]. These factors were not mentioned in this study,
which might be owing to the nature of our sample that included
HCPs who were specifically involved in lifestyle support and
therefore might have a bigger skill set for and a more positive
attitude toward providing lifestyle support.

Barriers to and Facilitators of eHealth
Second, to determine what the (potential) facilitators of and
barriers to eHealth tools would be in providing lifestyle support
to patients with CVD, the interviewed HCPs described how
eHealth could be applied to strengthen facilitators or solve
barriers they encountered in lifestyle support. The statements
that HCPs made concerning facilitators of eHealth were related
to the intervention-related factors, Autonomy and
Personalization. These advantages of eHealth have also been
recognized by HCPs in other studies. Macdonald et al [34]
reported that HCPs acknowledged that eHealth fosters the
two-way conversation—a collaborative interaction between
patients and HCPs, which explains why eHealth can create
well-informed and autonomous patients. As HCPs previously
indicated that lifestyle is the responsibility of the patient [11,19],
eHealth could offer them tools that foster the patient’s
autonomy. HCPs from other studies also indicated that eHealth
helps them to personalize the program by getting to know their
patients’ needs through the personal diary within the digital
portal [39] and that personalization of an eHealth program is
essential to fit the patient’s capabilities [40]. Furthermore,
meta-analyses have demonstrated a positive relationship between
both an autonomy-supportive health care climate and
personalization of digital intervention content and successful
behavior change [41,42].

With regard to health care–related factors, we found that the
Format of professional support and the Continuity of support
were important topics related to eHealth. Other studies have
reported similar advantages of eHealth. Brandt et al [30]
reported HCPs indicated that, because of its format, eHealth
provides them with objective and measurable information and
that it is not bound to a specific location or moment in time. In
addition, some HCPs appreciated being able to follow-up their
patients for a longer period, as it can be rewarding and increases
their motivation and sense of responsibility to continue
providing support [40]. Although we did not find a link between
eHealth and the HCP-patient relationship, other studies have
reported contradictory findings. Das et al [39] reported that
eHealth does not have time constraints, shame, and fear of
stigma, which leads to more self-disclosure from patients.
However, Brandt et al [30] reported that HCPs indicated it is
more challenging to establish an empathic relationship in a
digital environment. This contrast might be because HCPs seem
positive about tools that are an addition to face-to-face contact
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[39], but those that replace face-to-face interactions are
perceived as less favorable to build a supportive relationship
[30]. Furthermore, although we did not find the advantages of
eHealth in the organization of care, other studies did. For
example, other studies mentioned additional time by reusing
old advice [30], co-operation between HCPs, and accessible
alternatives to refer their patients to [32] as advantages of
eHealth. Methodological differences related to the different care
settings and organizational structures the interviewed HCPs
worked in could explain this.

Despite the advantages that were recognized by HCPs from
both our and other studies [30,32,34,39], there is a low level of
acceptance and implementation of eHealth in health care [23].
HCPs in this study formulated several barriers that could offer
an explanation. First, HCPs feel that because patients with CVD
are older, they prefer face-to-face contact and have little
technological experience; therefore, digital tools would not be
suitable for this patient population. HCPs in another study made
a distinction between current patients with CVD and future
ones, as the latter will have substantially more experience in
and affinity to technology [40]. In addition, the eHealth and
face-to-face support preferences of patients with CVD vary
greatly [43], which raises concerns about uneven eHealth
adoption and unequal health benefits [44]. HCPs could possibly
contribute to this, as the views and preferences of patients are
important in their decision to use eHealth [40]. At the same
time, Grünloh et al [45] suggested that some HCPs seem to be
unaware of the development of patient skills and knowledge
over time. This could mean that once HCPs believe a patient is
a technology-averse person, there will be minimal attempts to
help the patient become acquainted with eHealth. eHealth
acceptance could also be influenced by preference for
face-to-face communication of HCPs themselves [30,32], which
could be because of concerns regarding the therapeutic alliance
with their patients [40]. However, others do not experience this
issue, as they use eHealth for information sharing (eg,
educational texts) rather than communication purposes (eg,
interacting with patients) [31].

Other barriers identified concerned eHealth apps themselves,
such as bugs and the slow development of digital tools, the lack
of a help desk, and a low level of user-friendliness for both
patients and HCPs. Other studies mentioned similar concerns,
such as limited innovation, being offered digital tools that were
still under development, and digital information that is too
difficult to interpret and translate into support for their patients
[33,34]. A study on an eHealth tool evaluation showed that, in
hindsight, HCPs have specific wishes concerning the utility and
design of such tools [32]. If they were included in the
development process at an early stage, such barriers could have
been prevented [21,24].

In this study, barriers to eHealth were not related to
organizational factors. However, HCPs have previously shown
concern about the inflexibility of the health care system and
indicated that organizational structures and attitudes of HCPs
have a major impact on eHealth acceptance and implementation

[21,39,40,44]. The lack of financial compensation also played
a role according to HCPs from previous studies [21,22].
Therefore, apart from barriers experienced by individual HCPs,
overcoming structural obstacles seems necessary for the
implementation of eHealth in health care [46]. As many HCPs
in our sample were already working with eHealth tools, they
might have experienced fewer organizational difficulties and,
therefore, did not mention such organizational barriers.

To make eHealth implementation more successful in practice,
the results of this study suggest that HCPs do not need to be
convinced about the benefits of eHealth but rather that the
barriers they experience should be resolved. To overcome these
barriers, health policies could play an important role in the
provision of support and equipment. This way, HCPs would be
able to implement the reported benefits of eHealth in lifestyle
support for people with CVD.

Limitations and Future Studies
First, our results were based on the opinions and interpretations
of HCPs and not on the actual views of the patients themselves,
who might have an alternative view on how eHealth can support
them. Future studies could therefore conduct interviews with
both HCPs and their patients to compare their views and
attitudes toward lifestyle support and the use of eHealth.

Although we intentionally interviewed health care HCPs
involved in the lifestyle support of patients with CVD, this
specific sample limits the generalizability of our results as our
sample has experience with and might be more willing to
provide lifestyle support, whereas other HCPs might be less
inclined to. It would therefore be interesting to investigate how
different levels of experiences with and attitudes toward lifestyle
support and eHealth translate into differences in the barriers
experienced by HCPs.

Finally, we did not explicitly ask about the association between
facilitators of and barriers to lifestyle support and the use of
eHealth as a possible solution. Future studies should therefore
investigate how eHealth can help overcome barriers related to
specific aspects of lifestyle support experienced in various health
care settings. These results could provide eHealth developers
with a better direction in the development of eHealth
interventions.

Conclusions
This study provides insights into Dutch HCPs’views on lifestyle
support and eHealth in cardiac care. We identified facilitators
and barriers related to intervention-, patient-, and health
care–related factors. HCPs in general showed high approval of
lifestyle support for patients with CVD and identified the
potential benefits of incorporating eHealth. However, the
interviews also revealed several barriers that impede HCPs’ use
of eHealth in lifestyle support. Incorporating their needs and
values in the development of lifestyle support programs,
especially eHealth, could increase their use and lead to a more
widespread adoption of eHealth into health care.
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Abstract

Background: Providing digital recordings of clinic visits to patients has emerged as a strategy to promote patient and family
engagement in care. With advances in natural language processing, an opportunity exists to maximize the value of visit recordings
for patients by automatically tagging key visit information (eg, medications, tests, and imaging) and linkages to trustworthy
web-based resources curated in an audio-based personal health library.

Objective: This study aims to report on the user-centered development of HealthPAL, an audio personal health library.

Methods: Our user-centered design and usability evaluation approach incorporated iterative rounds of video-recorded sessions
from 2016 to 2019. We recruited participants from a range of community settings to represent older patient and caregiver
perspectives. In the first round, we used paper prototypes and focused on feature envisionment. We moved to low-fidelity and
high-fidelity versions of the HealthPAL in later rounds, which focused on functionality and use; all sessions included a debriefing
interview. Participants listened to a deidentified, standardized primary care visit recording before completing a series of tasks
(eg, finding where a medication was discussed in the recording). In the final round, we recorded the patients’ primary care clinic
visits for use in the session. Findings from each round informed the agile software development process. Task completion and
critical incidents were recorded in each round, and the System Usability Scale was completed by participants using the digital
prototype in later rounds.

Results: We completed 5 rounds of usability sessions with 40 participants, of whom 25 (63%) were women with a median age
of 68 years (range 23-89). Feedback from sessions resulted in color-coding and highlighting of information tags, a more prominent
play button, clearer structure to move between one’s own recordings and others’ recordings, the ability to filter recording content
by the topic discussed and descriptions, 10-second forward and rewind controls, and a help link and search bar. Perceived usability
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increased over the rounds, with a median System Usability Scale of 78.2 (range 20-100) in the final round. Participants were
overwhelmingly positive about the concept of accessing a curated audio recording of a clinic visit. Some participants reported
concerns about privacy and the computer-based skills necessary to access recordings.

Conclusions: To our knowledge, HealthPAL is the first patient-centered app designed to allow patients and their caregivers to
access easy-to-navigate recordings of clinic visits, with key concepts tagged and hyperlinks to further information provided. The
HealthPAL user interface has been rigorously co-designed with older adult patients and their caregivers and is now ready for
further field testing. The successful development and use of HealthPAL may help improve the ability of patients to manage their
own care, especially older adult patients who have to navigate complex treatment plans.

(J Med Internet Res 2021;23(10):e25512)   doi:10.2196/25512
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Introduction

Background
Higher recall of medical information is associated with improved
disease management, treatment adherence, and higher patient
satisfaction [1,2]. Recall, however, is often low, with 40%-80%
of medical information from a clinical visit being forgotten
immediately by patients [3-8]. Although the poor recall of
medical information is pervasive, it is most acute among older
adults. As people age, they process information more slowly
and have reduced working memory [9,10]. Older patients
experience more challenges in recalling drug information,
treatment recommendations, appointments, and disease
information [11], especially those with multimorbidity
[1,6,8,12-14] who report the endless struggle of managing their
conditions [15,16]. Poor recall also impacts caregivers [17]. In
a recent national survey of caregivers in the United States, 84%
of respondents wanted more information on caregiving topics
[17].

The last decade has seen significant efforts to increase patient
access to medical information, especially clinic visit information.
Mandated initially by the Health Information Technology for
Economic and Clinical Health Act’s meaningful use standards,
clinics across the United States now offer patients an after-visit
summary (AVS) [18]. The AVS is a summary of the clinic visit
generated from the electronic medical record, printed during
visits, or available via the patient portal and includes diagnoses,
medications, allergies, clinician visited, and clinician comments.
Although intended as a means of promoting self-management,
there have been concerns about the AVS, including accuracy
of medication lists, layout, and use of medical terminology on
the AVS [19]. This is particularly challenging for patients who
often report low health literacy and struggle with exclusively
text-based information [2,3,20-22]. AVS can also represent a
significant burden on clinician workload [7,23]. These factors
have resulted in low AVS use [24]. An adjunct to the AVS may
exist in recordings of the clinic visit.

Patients rely on verbal communication with their doctor [8] and
some are now audio recording clinic visits to capture this
valuable information [25-27]. In response, a small but growing
number of clinics across the United States are beginning to offer
patients recordings of clinic visits. Systematic reviews found

that access to recordings leads to increased patient and family
engagement, understanding, and recalling visit information;
reduced anxiety; increased satisfaction; improved treatment
adherence; reduced patients’ clinic phone calls; and reduced
decisional regret [25,28-33].

The absence of a safe and secure recording system is a barrier
to the broader uptake of clinic recordings [27]. A recording
provides all the visit details, yet navigating recordings is a
challenge, as the benefit “depends on picking out...the crucial
points...” of the visit [27]. Unstructured visit information
increases the risk of overwhelming patients [27,34].

Electronic personal health libraries (PHLs) may be a solution,
as they allow patients to manage, maintain, and organize health
information on the web [34,35]. PHLs can range from medical
records that patients can access tethered to a health system to
stand-alone platforms where patients collect and manage their
own data. PHLs are becoming more advanced through the
application of data science methods such as natural language
processing (NLP) [36]. These methods can identify patterns in
unstructured data and classify text based on its meaning. Such
NLP methods have been used to predict hospital readmissions
[37], future radiology utilization [38], and medical conditions
in clinical decision support systems [39]. In PHLs, data science
methods have been used to automatically provide tailored
information via guided searches for disease and self-care
information [36]. Despite the availability of these methods,
existing PHLs are yet to facilitate the integration of clinic
recordings [40].

To address this gap, we planned to develop an audio PHL to
facilitate the acquisition, organization, and management of clinic
audio recordings—HealthPAL (personal audio library). On the
basis of a review of patients’ information-seeking behavior and
needs [41], the basic features of HealthPAL include (1)
identifying, organizing, and tagging elements of the clinic visit
audio recording deemed important to patients; for example,
parts of the visit recording where medications are mentioned
would be automatically highlighted for patients; (2) a search
function, allowing end users to search for information from
their visit; and (3) linkage of key medical terms from the clinic
visit audio recordings to trustworthy, layperson resources such
as MEDLINE Plus, which can be retrieved, organized, edited,
and shared by patients. For example, a hyperlink to learn more
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about the medication mentioned would be available to the
patient. In the system’s background, a transcript of the medical
visit is automatically generated using speech-to-text software.
However, because of concerns of inaccurate speech-to-text
potentially providing incorrect written medical information, we
chose not to expose full transcript text in our design.

Our user-centered design work falls in the history of design
studies around meeting browsers [42]—software multimedia
browsers of meeting recordings and associated meeting
artifacts—where HealthPAL is the first to consider design and
usability for the specialized context of patients meeting with
their primary care provider. Classroom 2000 [43] initiated the
modern genre of meeting browsers, which focused on capturing
a recording of a meeting or classroom lecture and its context,
often focusing on live audio and video and linking to slides of
a PowerPoint-like presentation, with some allowing users to
add their own annotations or notes. Early evaluation work with
a meeting browser found that such a system can allow users to
more accurately answer questions about a meeting [44], whereas
features that allow the user to focus on key phrases allowed
them to answer questions about the audio content more quickly
[45]. We hypothesize similar uses of annotated audio recordings
in health care.

Objective
This study reports on the development of the HealthPAL user
interface (UI). Results from our data science models are reported
elsewhere. By adopting a user-centered design framework, we
engaged end users throughout the iterative development of
HealthPAL [40,41]. We followed the usability specification
and evaluation framework developed by Yen and Bakken [46],

which consisting of 5 stages: (1) system requirements, (2)
system component development, (3) usability evaluation in
controlled settings, (4) pilot field testing, and (5) large-scale
field testing. We report on steps 1-3 in this paper. We
hypothesized that through user-centered design, HealthPAL
would be highly usable with high end user satisfaction.

Methods

Study Design: Overview
Our approach incorporated UI development conducted through
5 iterative rounds of usability sessions. During the sessions,
participants were asked to play the role of a patient or caregiver
and complete a series of typical tasks within HealthPAL. The
UI was iteratively refined in each round, with additional tasks
added to assess the newly added features. We began with the
paper prototype and formative sessions (rounds 1-3) in which
participants worked with paper and low-fidelity software
prototype designs before moving to the summative software
sessions (rounds 4 and 5) in which they interacted with higher
fidelity prototypes of the software (Figure 1). The sessions were
structured so that participants would first listen to a fictitious
clinic visit recording, and in the final summative software
session (round 5), patients used their actual clinic visit
recordings. Participants were presented with a set of typical
user tasks to complete in the system being tested during their
session.

Before each new iterative round of user testing, the research
team completed heuristic evaluations and cognitive
walkthroughs with HealthPAL to mitigate common usability
problems before working with participants.

Figure 1. Overview of the user-centered design stages of HealthPAL.

Settings
Participants were recruited from the Upper Valley of New
Hampshire and Vermont between 2016 and 2019. Individuals
were recruited from multiple settings, including public libraries,
the Dartmouth-Hitchcock Medical Center (DHMC) simulation
and human-computer interaction lab, Dartmouth-Hitchcock
(D-H) Heater Road Primary Care, D-H Patient and Family
Advisors group, the D-H Aging Resource Center, and a local
senior living community. This study was approved by the
Committee for the Protection of Human Subjects, Dartmouth
College and the D-H Health Human Research Protection
Program (Committee for the Protection of Human Subjects
Study #30397, 30531; D-HH HRPP 00030531).

Participants
Participants included individuals who represented the views of
patients and caregivers. All participants were 18 years or older,
able to communicate in English, and able to provide informed
consent. Individuals with serious mental illness, self-reported
significant uncorrectable hearing or visual impairments, or
significant cognitive impairment (score of 4 or less on a 6-item
screener) [47] were excluded from the study. Caregiver
participants were individuals who self-identified as having
previously cared for a family member or loved one. In the final
round of user testing, we also recruited primary care clinicians
to record the clinic visits of patients to be used during the
usability evaluation sessions. Consented clinicians identified

J Med Internet Res 2021 | vol. 23 | iss. 10 |e25512 | p.694https://www.jmir.org/2021/10/e25512
(page number not for citation purposes)

Barr et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


patients who met the eligibility criteria (18 years or older with
≥2 chronic health conditions) and who were facing a treatment
decision or were discussing a diagnosis or medication; patients
visiting solely for a procedure, such as blood draw, were
excluded.

Our project initially focused on the general public, but additional
funding received from the National Library of Medicine during
the study allowed us to expand the proposed features and focus
on older adults who account for the greatest use of health care
and may benefit the most from the proposed system. Therefore,
we oversampled older adults (≥65 years) and focused on this
group in later rounds. As we moved to later rounds of user
testing, it was also necessary for participants to have internet
access at home to review the recording system before the
usability session. A US $25-$30 honorarium was provided to
participants. We targeted 5 individuals per round, a sample size
that is considered adequate to detect up to 80% of usability
issues [48,49]. All participants provided written informed
consent. Participants from previous rounds could not participate
in later rounds to reduce the potential impact of learning effects
inflating usability evaluations.

Recruitment
In the initial paper prototype and formative sessions (rounds 1
and 2), we recruited participants from the DHMC Patient and
Family Advisors group and from public spaces at a local library.
Participants were approached by a research team member;
informed about the project; and if interested, they were taken
to a private space, they provided consent, and they began the
usability session. For the final paper prototype and formative
session (round 3), we focused on older adults, and recruitment
moved to the Aging Resource Center and an older adult living
community. Participants were sent physical mail and an email
to inform them about the project. The screening was conducted
by telephone with interested participants to determine eligibility,
and participants were met on the day of the session to complete
informed consent before beginning the usability session.

In the summative software sessions (rounds 4 and 5), we
specifically targeted individuals from both patient and caregiver
stakeholder groups separately. Caregivers were recruited from
the Aging Resource Center using the procedures described
above. Patients were recruited from a local primary care clinic,
identified by participating clinicians, and received a screening
telephone call from a research team member. Eligible patients
were asked to come to the clinic 30 minutes earlier than their
appointment to complete the informed consent process; once
they provided consent, their clinic visits were recorded using
the software. Participants were then asked to meet with the
research team within a week to complete the usability session.

Community Engagement
In addition to the 5 rounds of user testing, 2 Lunch and Listen
workshops were conducted with patients and family volunteers
from DHMC, Lebanon, New Hampshire. These workshops were
codeveloped and led by our study team’s patient partners (RA
and SP) to discuss key system concepts with community
members. Responses from these workshops informed the initial
layout, features, and desired functionality of the HealthPAL
system that was tested during the usability sessions.

Usability Sessions

Overview
All sessions began with a description of the usability session,
and participants were asked to think aloud [50,51] as they
completed the tasks with the software. Paper prototype sessions
were video-recorded along with participant and facilitator audio,
and in later rounds where software prototypes were used by
participants, screen video and audio were recorded to capture
participants’ use of the prototype and their verbal feedback.
Upon completion of the round-specific tasks, participants
completed a semistructured interview about the system and
desired functionality. The session facilitator in the room made
written field notes related to participants’ interactions with the
prototype.

UI Design
In all sessions, the UI primarily consisted of 2 pages. The first
page was an interface allowing the user to choose which
recordings the user is viewing (eg, choosing between their own
visit recordings and the visit recordings of someone who they
act as a caregiver for). The second page offered basic playback
features (eg, play and pause, rewind, skip forward or back 10
seconds, and mute) for a visit recording. In addition, on that
page, individual audio segments of the visit recording were
tagged for 8 classes of information: diagnosis, follow-up,
medication, patient education, recommendation, signs,
symptoms and problems, test and imaging, and treatment
options. The user could click on a segment to start playback at
that point. New features were added to each round based on the
user feedback.

Fictitious Clinic Visit Recordings
Fictitious primary care visit recordings were created and used
throughout the user testing sessions, except in the final round
of patient sessions. We created 2 fictitious characters, Chris
Hill, a 58-year-old male patient, and his 81-year-old mother
Linda, both of whom met with a fictitious primary care clinician
named Dr Adams. The fictitious clinic visit recordings for both
the characters were produced by rerecording 2 real primary care
clinic visits, stripped of patient identifiers (a description of the
recording is provided in Textbox 1).
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Textbox 1. Fictitious clinic recordings.

Chris Hill

• Chris’s recording was a clinic visit of approximately 7 minutes in which Chris and Dr Adams discuss Chris’s allergies, and Dr Adams suggests
increasing his dosage of Flonase. They also talk about Chris’s stomach pain, and Dr Adams suggests increasing his dosage of Omeprazole. Chris
talks about his emergency room visit from when he was having bad stomach pain, and Dr Adams reviews some test results from that visit.

Linda Hill

• Linda’s recording was a clinic visit of approximately 11 minutes in which Linda and Dr Adams discuss the pain in her foot and back. Linda tells
Dr Adams that she has stopped taking the nerve pain controller Gabapentin because of the side effects, but Dr Adams suggests Linda to try it
again. They also discuss Linda’s arthritis and the ganglion cyst on her hand. Dr Adams informs her that the cysts can be surgically removed if
they bother her and also suggests that she visits a pain clinic for overall pain control.

Paper Prototyping and Formative Usability Sessions
(Rounds 1-3)

Overview

The initial round began with a paper prototype before moving
onto the low-fidelity prototypes of the software in rounds 2 and
3. During the paper prototype sessions, the facilitator adopted
a Wizard of Oz technique, where they played back the
appropriate recorded patient clinic visit audio in response to the
participant’s interactions with the prototypes [52]. Participants

in these sessions (rounds 1-3) were asked to complete tasks in
both patient and caregiver roles.

Patient Role

Participants were given the role of Chris. They began the round
by listening to the entire fictitious audio recording for Chris
before being presented with the paper prototype and before
being asked to complete the tasks (Textbox 2). This was
designed to replicate the experience of a patient who was present
during the visit.

Textbox 2. Example of a role-based scenario and task for participants to complete in the prototypes.

Role

• In this study, you will play the role of Chris. Chris Hill is a 58-year-old male patient of Dr Adams, who last saw this doctor on June 20, 2017—1
week ago. Chris’s mother, Linda, who is 81 years old, also sees Dr Adams.

Scenario

• Chris’s doctor creates audio recordings of patients’ visits and provides a web-based software app for patients to listen to their own visit recordings
after they leave from each visit. Patients can also grant permission for other family members or caregivers to listen to their visit recordings. Chris
also has access to listen to his mother’s clinic visits, so that he can stay up to date on her health. Chris knows that his mother visited Dr Adams
on June 14, 2017—her most recent visit. Chris also knows his mother and Dr Adams discussed possible surgery for the pain she has in her hand.
They also discussed her restarting a medication for her foot pain that Linda had previously stopped taking. Later you will be asked to find and
listen to important audio segments of her most recent visit in the website prototype.

Task

• Find where Dr Adams talks about considering surgery for Linda’s hand pain (ganglion cyst) in her most recent visit. When you believe you are
finished with the task, say “I found it” aloud.

Caregiver Role

Once participants completed tasks with Chris’s recording, they
were asked to find Linda’s recordings in the system and asked
to complete a series of similar tasks. They did not listen to
Linda’s recording before the tasks, replicating the experience
of a caregiver who was not present at a visit.

Summative Software Usability Sessions (Rounds 4 and
5)
Starting from round 4, we recruited individuals who identified
as either caregivers or patients and asked them to play only that
role. All participants completed the same tasks, which required
finding and listening to important parts of Linda’s recording
and new features, including finding and using hyperlinks to
additional information on a medical concept. In the final round
of user testing, round 5, patients reviewed a recording of their
primary care visit with a high-fidelity version of HealthPAL

with all desired features; caregivers continued to review
fictitious recordings. In parallel with UI development, we are
developing NLP models to automatically annotate the classes
of information in recordings. However, at this stage of
development, we used human transcription and manual tagging
of recordings by 2 clinically trained annotators (JAS and WMO).
Patients were emailed a link to log in to the system to access
their recording within 3 days of their appointment. Participants
were then asked to return for an in-person session to demonstrate
how they used the system and complete a set of specific tasks
within the system.

Data Collection and Analysis

Overview
We collected data on participant age, sex, race, ethnicity, and
educational attainment for all rounds of usability testing. The
System Usability Scale (SUS) [53] was administered from round
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3 onward, as we moved to a web-based version of the software.
Usability evaluation metrics included the SUS, critical incidents
[54], and task completion ratios. We also gathered data on
participant suggestions and views—general attitudes participants
had toward the system.

Task Completion
For each task given to participants, we recorded whether the
participant completed the task on their own, completed the task
with help from the facilitator, or did not complete the task.

Critical Incidents
Recordings were coded for key critical incidents related to
usability and interface design. These incidents included
whenever a participant verbally or implicitly made known that
they were struggling with an action, whether it was controlling
the audio or finding the correct segment, regardless of task
completion. Critical incidents also included whenever a
participant took an action that deviated from the expected path,
such as when participants clicked on a hyperlink instead of
playing an audio segment.

Participant Suggestions
We recorded any feedback that participants provided about
improving the website. This feedback included suggestions such
as how the participants would like a feature to work or what the
participants were expecting to see on a certain page.

Participant Views
We recorded any comments that participants made regarding
their general attitudes toward the system. These comments
included positive remarks, such as how the system could be
beneficial for keeping track of important health information,
and concerns, such as the security and privacy of their health
information.

Descriptive statistics of median and range were used for
continuous data, and proportions and ranges were used for
categorical data. SUS scores were calculated on a scale of 0-100,
with a score of >68 indicating above-average satisfaction with
the usability of a system [55-57]. Descriptive summary statistics
of the above-mentioned usability metrics were guided by the
TURF (Task, User, Representation, and Function) framework
[58], with a focus on task completion and system usability. We
used summative content analysis to identify key issues and
suggestions from the usability sessions. Transcripts from
usability sessions were reviewed by 2 coders (LO and CHG).
Commonly identified suggestions, views, and critical incidents
were coded and grouped into the main themes.

Software Architecture
We built the software prototype for this work as a web app,
using the mature and widely adopted Ruby on Rails app
development framework. The app is hosted on Dartmouth’s
secure server infrastructure, and all client-server
communications are encrypted using an HTTPS protocol. In
addition, the app software communicates with a PostgreSQL
relational database, hosted on Dartmouth’s infrastructure, and
app data were encrypted at rest. Using this architecture, we were
able to securely deliver the app to a range of devices, supporting
both audio recording and playback while avoiding storing audio
or other protected health information on users’ devices. This
architecture also allowed us to rapidly implement design changes
that were made based on the results of each round of user testing
(Figure 2). By using the Git version control system and an
automated app deployment pipeline, we were able to track every
deployment of the app code, thus producing a history of
precisely which version of the software was running at any
given time. The app prototype is available as open-source
software under the MIT license. The source code can be obtained
at the website [59].

Figure 2. HealthPAL system architecture.
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Results

Participant Characteristics
We completed usability sessions with 40 participants (including
10 self-identified caregivers) from October 2017 to May 2019.

Participants were predominantly White non-Hispanic (39/40,
98%), with a median age of 68 years (range 23-89 years). There
were 63% (25/40) female participants, and most participants
(37/40, 93%) had some college education or higher (Table 1).
The evolution of the UI during rounds of user testing is shown
in Figures 3-7.

Table 1. Participant demographics (N=40).

Round 5Round 4Round 3 (n=5)Round 2 (n=6)Round 1 (n=8)Participant characteristics

P (n=5)CG (n=5)Pb (n=6)CGa (n=5)

62 (30-67)72 (59-77)71 (66-88)70 (52-83)80 (68-89)48 (26-81)54 (23-80)Age (years), median (range)

4 (80)4 (80)3 (50)5 (100)3 (60)3 (50)3 (38)Females, n (%)

Racec, n (%)

0 (0)0 (0)0 (0)0 (0)1 (20)0 (0)0 (0)Hispanic White

5 (100)5 (100)6 (100)5 (100)4 (80)6 (100)8 (100)Non-Hispanic White

1 (20)0 (0)0 (0)0 (0)0 (0)0 (0)0 (0)Black or African American

Education, n (%)

0 (0)0 (0)0 (0)0 (0)0 (0)1 (17)0 (0)High school or no degree

0 (0)0 (0)0 (0)0 (0)0 (0)1 (17)1 (13)High school graduate

1 (20)0 (0)0 (0)1 (20)0 (0)1 (17)1 (13)Some college

4 (80)2 (40)2 (33)3 (60)3 (60)2 (33)2 (25)College degree (bachelors
or associate)

0 (0)3 (60)4 (67)1 (20)2 (40)1 (17)4 (50)Masters, doctorate, or pro-
fessional school

aCG: caregiver role.
bP: patient role.
cMore than 1 response allowed.

Figure 3. Initial paper prototypes of HealthPAL (round 1)—interface for finding a patient’s recording (left) and playing back the recording (center and
right).
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Figure 4. Initial software prototype (round 2)—interface for finding a patient’s recording (top) and playing back the recording (bottom).
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Figure 5. Updated software prototype (round 3)—interface for finding a patient’s recording (top) and playing back the recording (bottom).

J Med Internet Res 2021 | vol. 23 | iss. 10 |e25512 | p.700https://www.jmir.org/2021/10/e25512
(page number not for citation purposes)

Barr et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 6. Updated software prototype (round 4)—interface for finding a patient’s recording (top) and playing back the recording (bottom).
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Figure 7. High-fidelity version of the software prototype (round 5)—interface for finding a patient’s recording (top) and playing back the recording
(bottom).

Evaluation Outcomes

Task Completion and System Usability
Task completion followed an inverted U-shaped distribution,
with high completion rates in the early and later rounds and a
drop in performance in between (Table 2). However, as new
features were added, some tasks required further assistance (ie,
find and play where medications are discussed on the recording),

whereas the initial introduction of hyperlinks to further
information resulted in poor task completion for these tasks.
By round 5, the majority of tasks were completed without
assistance. SUS assessments were introduced in round 3; the
median SUS score improved across the rounds: round 3, 40
(range 38-68); round 4, 73 (range 35-100); and round 5, 78
(range 20-100). Scores for caregivers were lower than those for
patients in both rounds 4 and 5.
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Table 2. Task completion ratios and system usability (N=40).

R5 (n=10)R4 (n=11)R3 (n=5)R2 (n=6)Ra1 (n=8)Evaluation outcomes

P (n=5)CG (n=5)Pc (n=6)CGb (n=5)

Task (completed task alone:completed task with help:did not complete task)

4:1:04:1:05:1:03:2:02:3:03:2:14:3:1Find visit recording task

4:1:02:3:04:2:02:2:13:1:15:1:08:0:0Find or play health issue
task

4:0:15:0:06:0:01:4:00:3:25:1:08:0:0Find or play medication
task

3:0:25:0:01:0:52:1:2N/AN/AN/AdFind more about health is-
sue task

5:0:05:0:03:0:33:1:1N/AN/AN/AFind more about medica-
tion task

Task completion, n (%)

22 (88)25 (100)22 (73)21 (84)12 (80)17 (94)23 (96)Total completed task
(alone or with help)

2 (8)4 (16)3 (10)10 (40)7 (47)4 (22)3 (13)Completed task with help

95 (43-100)65 (20-90)75 (55-100)73 (35-100)40f (38-68)N/AN/ASUSe score (0-100), median
(range)

aR: round.
bCG: caregiver role.
cP: patient role.
dN/A: not applicable.
eSUS: System Usability Scale; not administered in the first 2 rounds.
fMissing data for 1 person.

Critical Incidents
A summary of critical incidents (challenges that prevented
participants from completing a task independently) is presented
in Table 3. The greatest number of challenges was observed in
round 4, where hyperlinks were added. This resulted in
confusion in finding sections of audio recordings to play using
tags and using associated hyperlinks to find further information.

When asked to find additional information about a medical term
in the visit recording (with our intent being they use the
hyperlink we provided in HealthPAL), some participants simply
opened a new tab in the browser and conducted a web search;
we counted these responses as not completing the task. Further
refinements to the UI resulted in a lower proportion of critical
incidents by round 5.
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Table 3. Summary of key critical incidents that occurred during user testing (N=40).

R5 (n=10), n (%)R4 (n=11), n (%)R3 (n=5), n (%)R2 (n=6), n (%)Rb1 (n=8), n (%)Critical incidentsa

P (n=5)CG (n=5)Pd (n=6)CGc (n=5)

—1 (20)—e1 (20)4 (80)3 (50)6 (75)Issues switching to or from another
user’s recordings

—1 (20)1 (17)2 (40)4 (80)2 (33)3 (38)Issues understanding which user
the recordings belonged to

1 (20)1 (20)2 (33)4 (80)0 (0)1 (17)2 (25)Issues navigating through the site

0 (0)1 (20)2 (33)2 (40)4 (80)4 (67)7 (88)Issues finding the appropriate seg-
ment

3 (60)3 (60)5 (83)5 (100)5 (100)0 (0)5 (63)Issues controlling or traversing the
audio

2 (40)2 (40)2 (33)4 (80)2 (40)3 (50)—Issues using the filters by topic

2 (40)3 (60)4 (67)5 (100)———Issues using hyperlinks to find ad-
ditional information

1 (20)3 (60)—————Issues using the filters by text

aProportion of sessions with a critical incident.
bR: round.
cCG: caregiver role.
dP: patient role.
eFeature not available or not part of testing.

Suggestions
Participants made several suggestions regarding improvements
and functionality of the system (Table 4). These suggestions

were grouped into common themes across the rounds and were
used to improve the UI and functionality. By round 5, few
additional suggestions emerged.
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Table 4. Proportion of key suggestions given during user testing by category (N=40).

R5 (n=10), n (%)R4 (n=11), n (%)R3 (n=5), n (%)R2 (n=6), n (%)Ra1 (n=8), n (%)Suggestion

P (n=5)CG (n=5)Pc (n=6)CGb (n=5)

1 (20)2 (40)2 (33)2 (40)2 (40)4 (67)7 (88)Suggestions for making segments
easier to find within a recording

1 (20)1 (20)0 (0)0 (0)3 (60)2 (33)5 (63)Suggestions for making specific
visits easier to find

—1 (20)—d0 (0)3 (60)3 (50)4 (50)Suggestions to make switching
between recordings of different
users more intuitive (ie, switching
from personal to loved one’s
recording)

2 (40)1 (20)0 (0)3 (60)2 (40)3 (50)3 (38)Suggestions for supplementary text
to include with recordings

0 (0)1 (20)2 (33)1 (20)2 (40)2 (33)2 (25)Suggestions to make audio con-
trols more intuitive

0 (0)3 (60)0 (0)1 (20)0 (0)1 (17)—Suggestions to improve the filter
by topic feature

0 (0)2 (40)1 (17)1 (20)———Suggestions to improve the hyper-
link feature

1 (20)4 (80)—————Suggestions to improve the filter
by text feature

4 (80)2 (40)3 (50)2 (40)3 (60)3 (50)2 (25)Suggestions for additional features

aR: round.
bCG: caregiver role.
cP: patient role.
dFeature not available or not part of testing.

Participant Views of an Audio PHL
Participants were overwhelmingly positive about the proposed
system. Participants identified several benefits of having a visit
recording. These included better recall of information for
patients and the use of recordings as a historical artifact that
could be revisited. For example, a participant said, “Because I
had breast cancer 25 years ago and I’d like to go back and say,
‘What was that now? What did they say?’” [r3p05].
Communication of clinic visit information to caregivers was
considered a significant benefit, as a caregiver whose mother
has cognitive issues stated, “it’s cumbersome to try and get it
from the doctor, so to have that in a place where you can go and
access it [would be helpful]” [r4p04]. The added benefit of
recording in comparison with written summaries was also
mentioned. A participant considered written summaries as
minimal, whereas another mentioned the ability “to listen to
how the doctor said something and how much emphasis he or
she was giving...” [r4p09] to clarify instructions; this reflects
the added value recordings bring, including the information
communicated through voice inflections. The use of hyperlinks
was identified as an important feature as “you’re getting the
information a whole lot quicker than going and sifting through
what Google results come up” [r6p03].

Some concerns were also raised. These included the need to
keep the UI as user-friendly as possible and not assume
“computer capability” [r3p01]. Concerns of information privacy
were also raised, “You made this easy for an outside user to

access some elements of it – you wouldn’t want to let them in
the whole thing” [r3p03].

Even when recordings would be shared with family members,
patients reported the need for some caution: “I would want to
be very careful about inviting relatives to get into the act”
[r3p03]. It was mentioned that enabling features that allow
partial sharing of recording may reduce this concern, which is
not currently a function available in the system. Finally, there
was concern from participants about the clinician giving
permission for recording:

I can’t imagine him agreeing to it, my parents’
physician...I don’t know, it could be used, in an odd
way, against the doctor. [r5p05]

Key Changes to HealthPAL Across Rounds
Textbox 3 outlines key changes made to the system and
functionality added in response to user feedback, including color
coding and highlighting of information tags, adding more
prominent play and pause buttons, creating a clearer structure
for switching between user accounts, adding tag filtering and
descriptions, adding a 10-second forward and rewind control,
a help link, and a search bar. Following our final round of user
testing, we made minor modifications to clarify the elements
of the interface that should be clicked for playback versus
hyperlinks to new external information that was approved by
our patient partners (RA and SP). Finally, a combination of user
feedback and an attempt to optimize our approach to
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annotations, we reduced the information classes to medication,
medical condition, test and imaging, and treatment and

procedures.

Textbox 3. Summary of key changes to HealthPAL user interface.

Prototype Description and Updates

• Round 1

• Initial paper prototype with audio controlled by the facilitator (Figure 3)

• User quotes

• “If there’s a way to get a finer level of detail [in the topic tags], that would probably be helpful.” [r1p03]

• “[I would like] some sort of indication of where I am in the recording.” [r1p05]

• Round 2

• Initial software prototype based on feedback from round 1. Included clearer buttons to simplify navigation between recordings,
highlighting of audio segments as a place marker, and topic filters to make audio segments easier to find (Figure 4)

• User quotes

• “[The topic tags] need to be different colors.” [r2p02]

• “I didn’t even look – I looked up and saw the recordings [but not the account name they belonged to].” [r2p05]

• Round 3

• Updated prototype to include color-coded topic tags, new affordances for selected filters, ahead and back 10-second controls, more prominent
play or pause button, clear filters button, and more prominent display of all account names the user has access to (Figure 5)

• User quotes

• “I was wondering how I could [turn the audio] off.” [r3p05]

• “Should you have some way to alert this [segment] is [about] the hand, the foot, blood pressure...” [r3p02]

• Round 4

• Updated prototype to make playback controls more prominent; added external links to MEDLINE Plus for medications, diagnosis, and test
results topics; and added help link and popover dialog for filter controls (Figure 6)

• User quotes

• “Why is there so much? We have the same things [in the filters] as [in the list of audio segments]...Can we make it so [the filters are]
clearly going to help [find audio segments]?” [r4p11]

• “Put a search in to specifically search for [the desired topic].” [r4p04]

• Round 5

• Updated prototype to move audio playback closer to top of the window, moved filters to a shopping-like sidebar, added text search or filter,
added editable notes field to recordings, renamed the clear filters button, added a mute button, and added a button to go back to the beginning
of recording (Figure 7)

• User quotes

• “It’s a little confusing whether [the text search] is part of [the topic filters].” [r5p03]

• “I did not see ‘Links to external information’ so I clicked on [the hyperlink].” [r5p04]

• Final user interface

• Improved understandability for playing a particular audio segment, clarified the distinction between clicking on a tag-row and clicking on
an external information link, improved the usability of the text search and topic filter features, and reduced the number of information classes
(Figure 8)
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Figure 8. Final version of the software playback user interface.

Discussion

Principal Findings
Following 5 rounds of user design sessions, we iteratively
developed a highly usable interface that enables end users to
seamlessly interact with desired functions, including playback
and sharing of recordings, identifying key segments of the
recording, and linking to trustworthy web-based resources.
When presented with tasks to find specific topics in a visit
recording, participants readily chose to use features (eg, tags,
filters, and text search) that helped them more quickly find and
play the audio related to that topic by simply listening to the
entire recording. Participants were overwhelmingly positive
about the concept of accessing a curated audio recording of a
clinic visit; however, some participants reported concerns about
privacy and the ability of participants to use a computer-based
system to access recordings. Although patient partners felt that
our final edits addressed confusion about the use of hyperlinks
and playback in HealthPAL, further usability testing in less
controlled settings is needed.

Comparison With Previous Work
Previous studies of audio or video recording in the health care
context have focused primarily on providing a hard copy of a
recording to a patient, for example, a CD, cassette, or digital
recorder [27]. In more recent developments, commercial apps
have emerged that allow the recording, sharing, and tagging of
audio recording; however, user-centered design of the app is
rarely reported, and concerns about the collection and sharing
of patient data have been raised [60].

An exception is SecondEars, a recording app developed by
Lipson-Smith et al [61] for use by patients receiving cancer
treatment. Similar desired features in a recording platform were
identified using the MoSCoW (Must Have, Should Have, Could

Have, and Won’t Have) method in their study. Interestingly,
although the SecondEars app focuses on providing a simple
recording of oncology clinic visits, patients noted that the ability
to link notes to a particular section (ie, minute and second) of
an audio recording would be desirable—a unique feature in
HealthPAL. The HealthPAL design and our evaluation align
with this previous work in that our iterative design incorporated
many of these effective meeting browser features: a compressed
view of the recording, showing key terms with segment
boundaries, and text search of the transcript. Our methodology
took learning effects into consideration in our focus on usability
for first-time use of the system by including unique patients in
each round. In addition, we increased the validity of our findings
by asking participants to adopt roles that were reflective of
real-world use, that is, participants playing the patient role
listened to the recording before using HealthPAL, as patients
would be part of the clinic visit in the real world.

It is likely that the inverted U-shaped distributions of
performance were the result of a younger age demographic and
use of paper prototyping in earlier rounds, in addition to the
introduction of newer features in the low-fidelity prototype.
Although participants became comfortable with most features,
some features such as hyperlinks, filters, and the advanced
search caused some confusion in the final round of testing.
These challenges may be explained by a lack of familiarity with
the modern UI design [62], especially in the absence of explicit
feedback on actions. Previous usability studies have also
reported that, although older adults understand hyperlinks, they
can become disoriented when trying to use them [63], and it is
unclear which elements of the display can be clicked. It is
recommended that hyperlinks appear touch interactive [64]. In
future iterations of HealthPAL, we will take these additional
insights to further improve the usability of the system for older
adults before evaluation.
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Participants’ comments regarding the potential of HealthPAL
to improve recall and understanding are supported by previous
reviews, which found that sharing recordings can lead to such
improvements [28]. However, previous research fails to
determine the impact of sharing audio recordings on the ability
of patients to manage their own care or the added value of
annotated visit recordings. We plan to explore this knowledge
gap through a pilot trial of our system.

Limitations
Our sample was predominately White and college educated,
reflecting the demographics of the region where our study took
place. Further work is needed with individuals from more
diverse ethnic and racial groups and from those with lower
educational attainment levels. Our project was conducted in
controlled settings, where participants were asked to think aloud
and received assistance, if needed, with tasks. Although this is
important at this stage of user design, it does not reflect the user
experience in naturalistic settings. We plan to conduct further
field testing in less controlled settings, where clinic visits will
be recorded, annotated using our machine learning models, and
used at home by patients. During this phase of testing, we will
gather information on implementation factors and include
clinician feedback. We will also obtain feedback from caregivers
using actual clinic recordings of their loved ones’ visit. Some
participants may have been unclear on the task instructions
related to finding additional information (opening tabs outside
of the UI), which may have resulted in the higher reported

critical incidents in round 5 relative to our other usability
metrics, that is, high SUS scores and task completion rate. In
addition, our definition of critical incident was broad, including
any change from the anticipated task path, not only those that
resulted in task failure. Finally, we used a laptop computer for
all usability testing sessions, but we hope to create a mobile
adaptive UI, which will require further testing. Given the
simplistic design concept, we believe that the interface can be
quickly adapted to a mobile interface.

Conclusions
Sharing visit recordings with patients is an emerging strategy
for improving the transparency and communication of visit
information. We have developed a highly usable audio PHL,
HealthPAL, designed to allow patients and their caregivers to
access easy-to-navigate recordings of clinic visits, with key
concepts tagged and hyperlinks provided to further information.
The interface has been rigorously co-designed with older adult
patients and their caregivers and is now ready for further field
testing. Our design work has identified and evaluated key
features: a tag-based visualization for finer-grained playback
of the visit recording coupled with tag-based filtering and text
search on audio segments of the recording, which we believe
will inform future design of such systems. The successful
development and use of HealthPAL may help improve the ability
of patients to manage their own care, especially older adult
patients who have to navigate complex treatment plans.
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Abstract

Background: Limited regulatory guidance surrounding the use of social media channels for participant recruitment is an
interdisciplinary challenge. Establishing stakeholder-informed procedures is essential for ethical and effective use of social media
for participant recruitment.

Objective: This study aims to provide replicable procedures for developing and implementing guidelines for using social media
to recruit participants in research studies.

Methods: Social media use cases at the university were used to identify institutional stakeholders for the initiative. After
establishing workflow procedures, a scoping review of web-based materials about recruitment and research on the internet and
social media from 19 peer institutions and 2 federal agencies was conducted to inform the structure of the policies and procedures.
End users (investigators and study coordinators; N=14) also provided feedback on the policies and procedures and implementation.

Results: Representatives (n=7) from 5 institutional offices and 15 subject-matter experts from 5 areas were identified as
stakeholders in the development of policies and procedures. Peers with web-based materials (n=16) identified in the scoping
review revealed 4 themes that served as a basis for developing our policies and procedures. End user feedback further informed
the policies and procedures and implementation. A centrally managed social media account for communicating with participants
and hosting advertising campaigns on social media was also established and, when combined with the policies and procedures,
resulted in 39 advertising campaigns, and 2846 participants were enrolled in health and clinical research studies.

Conclusions: Our policies and procedures allow research teams to harness the potential of social media to increase study
recruitment and participation; the transparent, stakeholder-informed process can be replicated by institutional administrators to
establish policies and procedures that meet the interests and needs of their research community.

(J Med Internet Res 2021;23(10):e23312)   doi:10.2196/23312
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Introduction

Background
Social media hold great potential for recruiting prospective
participants (ie, identifying, reaching, and advertising studies)
into research studies (eg, social and behavioral research,
observational studies, and clinical trials) [1]. These channels
enable the dissemination of rich information, such as pictures,
videos, and links to news articles, which plays an important role
in attracting attention and engaging large audiences in dialog
about health [2,3]. A recent study of Clinical Translational
Science Association web-based strategies for communicating
about clinical research participation found that among Clinical
Translational Science Associations that hosted separate
participant-facing websites, half of those sites linked to social
media accounts [4], presumably to direct community members
to additional information about research.

Research teams also engage in social media directly for study
recruitment. For instance, researchers used Twitter to recruit
mothers to participate in a web-based study by tweeting their
study invitation and asking users to retweet that information
[5]. Teams also used Facebook advertising campaigns to
cost-effectively recruit women into human papillomavirus
vaccine effectiveness studies [6], screen and recruit adult
smokers and heavy-drinking smokers into treatment research
[7], and enroll rural adults into health care intervention
development studies [8]. Social media are also cost-effective
and successful channels for recruiting certain hard-to-reach and
underrepresented populations in clinical research [8-10].

Despite the potential of social media as a recruitment tool, there
is limited federal guidance for those interested in using social
media for research [11], for study recruitment [12], or for
institutional review boards (IRBs) charged with reviewing
protocols. The federal regulations governing the review and
conduct of research with human subjects that went into effect
in 2018 [13,14] do not specifically reference the use of social
media in research. Federal agency recommendations on the use
of social media tools to conduct research remain minimal
[11,15]. For instance, in 2013, the Secretary’s Advisory
Committee on Human Research Protection published
considerations and recommendations on using the internet to
conduct human subjects research, and a National Institutes of
Health page with guidance regarding social media tools was
last updated in 2016 [16,17]. Institutions are thus left to develop
policies and procedures that are consistent with federal and state
laws on the ethical use of social media in research, and more
specifically, the use of social media for research recruitment.

Developing policies and procedures for recruiting research
participants via social media that are consistent with applicable
law and ethical practice, respect potential participants and their
privacy, and are accessible to end users and those enforcing its
implementation is a challenge. In an era where cybersecurity,
web-based privacy, and terms and conditions of social media
are routinely in the news, institutions and their researchers are
right to approach this process with caution. Engaging
institutional stakeholders involved in research recruitment is a
critical step in establishing informed social media recruitment

policies and procedures. Stakeholder engagement (SE) relies
on multiple methods to identify agreement and disagreement
among individuals (stakeholders) affected by decision-making
and determine the potential reasons for these differences [18].
Incorporating stakeholder perspectives to develop policies and
procedures promotes transparency, increases the quality and
trustworthiness of the information, and helps facilitate the
implementation of policies and procedures as intended [18-20],
ultimately benefiting patients [19]. SE is particularly beneficial
when the individuals involved face a similar problem,
acknowledge the issue exists, and organize to fix it [21]. In other
words, engaging institutional stakeholders involved and affected
by social media research and recruitment decision-making
should ensure that the process, implementation, and resulting
policies and procedures are informed, transparent, and credible.

Objective
Our goal is to provide replicable procedures for developing and
implementing guidelines, which for the purpose of clarity, we
refer to as policies and procedures, for using social media to
recruit participants into research studies. This process and the
resulting policies and procedures can be used by researchers
and administrators to develop and implement policies and
procedures that should be tailored to the laws, policies, and
practices applicable to other institutions.

Methods

Overview
During the fall of 2016, the institution identified the need for a
more coordinated approach to address privacy, information
security, and other questions pertaining to IRB submissions that
included increasingly sophisticated use cases for social media.
The social media initiative was established in response to this
need. The initiative was led by the institution’s Clinical and
Translational Science Institute (CTSI). No aspect of this paper
represents an official institutional position on social media
research and recruitment or the development of policies and
procedures. Below, we describe our methods for completing
the 6 phases of the initiative.

Phase 1: Identify Key Stakeholders
SE is the process of engaging individuals, groups, or members
of an organization who are (actual) or may be (potential)
affected by decision-making or who can influence
implementation [18]. Therefore, the initial step was to identify
individuals at the institution who were involved in and affected
by social media recruitment and research decision-making.
Modeled after the CTSI Scientific Advisory Committee at the
university, the Directors of Research Services and Strategy and
Planning for the institution’s CTSI (author) used protocols
requesting the use of social media in recruitment and research
that were under review by the IRB as use cases to identify
institutional stakeholders. Use case protocols reflected interest
in using an application through Facebook to conduct an
intervention through the social media site, contracting a
third-party vendor to facilitate social media advertisements for
study recruitment, and requesting to use social media channels
to recruit participants into research studies.
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Phase 2: Establish Workflow Procedures
Next, the Directors of Research Services and Strategy and
Planning for the institution’s CTSI convened stakeholders to
establish workflow procedures for developing timely social
media policies and procedures. Stakeholder concerns, interests,
and workflow needs surrounding social media research and
recruitment at the institution were discussed and documented.
Communication about the policies and procedures workflow
that occurred via email (eg, questions and responses) between
the initial (phase 1) and follow-up meetings were documented
and included as data. Stakeholder input was synthesized and
organized into workflow categories.

Phase 3: Complete Benchmarking and Scoping Review
of Existing Peer Guidance
After establishing workflow procedures, a scoping review of
existing web-based policies and procedures surrounding social
media research and recruitment at our institution and across
several peer institutions and federal agencies was completed.
Scoping reviews identify available types and sources of evidence
and key concepts in a particular research area, determine the
extent, range, and nature of existing research activities,
summarize and disseminate research findings, and identify
existing research gaps across the literature and policies [22].
The goal of this scoping review was to summarize the key
elements of existing social media recruitment policies and
procedures, map consistencies or inconsistencies and gaps across
available policies and procedures, and identify use cases to serve
as a baseline for developing policies and procedures at our
institution. Benchmarking with peer institutions provided an
opportunity to incorporate the perspectives of peer stakeholders
with experience and knowledge in this area to shape the
direction and scope of future social media endeavors.

As a large, publicly funded, medical research institution, we
engaged in a web search to identify materials from 19 peer
medical research institutions and 2 federal agencies (N=21).
Guidelines, recommendations, including templates and best
practices, and policies identified on the 21 websites and
corresponding landing pages that addressed the internet or social
media or social networking sites as venues or channels or
platforms for conducting research or participant recruitment in
their scope were considered relevant and included as data.
Thematic analysis techniques were used to identify, organize,
and refine themes from the data [23].

Phase 4: Develop, Review, and Refine Social Media
Recruitment Policies and Procedures
The themes identified in the scoping review were used to draft
the policies and procedures. Policies and procedures have also
been developed in alignment with existing institutional social
media policies. The proposed policies and procedures underwent
a rigorous yearlong review and refinement by stakeholders
identified in phase 1 received feedback from potential users.

Phase 5: Seek Feedback from End Users
This phase was modeled after the focus or working group
method, wherein end users provided feedback on the proposed
policies and procedures [22]. The intended audience and primary
end users of the policies and procedures were investigators
(n=6) and study coordinators (n=8) at the institution who
participated in separate, small group discussions where they
read a comprehensive draft of the policies and procedures and
provided feedback on the content, structure, and implementation.
Predetermined questions were used to encourage open-ended
discussions about the policies and procedures and to obtain
information about stakeholder preferences and opinions in a
relaxed, nonthreatening environment [22].

Phase 6: Policies and Procedures Approval and
Implementation
In December 2017, the proposed policies and procedures were
submitted to senior university administration for potential
endorsement and guidance on which institutional officials would
need to approve the policies and procedures before
implementation. A process for implementing and evaluating
policies and procedures at the university was also included in
the proposal.

Results

Overview
Early in the initiative, it became clear that the most common
social media use cases encountered by the IRB were requests
to use social media channels for research recruitment. Therefore,
the focus of the initiative was refined to develop policies and
procedures to use social media to recruit research participants.
The results of the six phases of the initiative are presented
below.

Phase 1: Identify Key Stakeholders
Using social media to recruit research participants poses a
number of ethical, legal, and practical implications for an
institution. Seven representatives from 5 institutional offices
were identified as stakeholders. In total, 15 subject-matter
experts—those with established credibility and expertise in
areas salient to the policies and procedures [22,24] were also
identified to participate in the initiative. Stakeholders were
ultimately divided into two groups: the Social Media in Research
Committee and the Health Communication Social Media in
Research Task Force. Table 1 includes office or title,
institutional representatives, and subject-matter experts who
participated in the initiative and a rationale for their inclusion.
Stakeholders are further labeled by their participation as either
committee or task force group members. The Director of
Strategy and Planning and Director of Research Services for
the CTSI co-led the initiative, participated as members of the
task force, and were included as subject-matter experts (n=15).
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Table 1. Stakeholders who participated in the initiative.

Rationale for inclusionGroupOffice or title

IRBa

Committee •• By federal regulation, federal guidance, and institutional policy, the IRB reviews
recruitment materials for accuracy and to ensure the content presented is not coercive
[25].

Chair of Health Sciences, Medi-
cal Research

• Chair and Vice Chair of Social,
Behavioral, Educational Research

Privacy office

Committee •• Representatives who oversee privacy understand the dynamic, technical aspects of
social media platforms and applicable laws (eg, Health Insurance Portability and
Accountability Act) pertaining to the privacy and security of an individual’s infor-
mation, whose data might be viewed or accessed in the process of advertising via
social media.

Director of Privacy

Committee •• Those who oversee security and information technology also understand the dynamic,
technical aspects of social media platforms and applicable laws (eg, Health Insurance
Portability and Accountability Act) pertaining to the privacy and security of an indi-
vidual’s information, whose data might be viewed or accessed in the process of ad-
vertising via social media.

Information Security Office: Infor-
mation Security Manager

Committee •• Representatives from general counsel understand the dynamics surrounding compli-
ance and conduct with the site’s terms of use or potential infringements on social
media users’ rights to free speech by removing comments on posted advertisements.
Concerns about compliance and conduct represented intersecting stakeholder interests
across general counsel, privacy, and security.

General Counsel’s Office: Senior
University Counsel for Health
Affairs

Office of Research

Committee •• Representatives from research administration leadership ensured that the scope and
resulting policies and procedures were generally consistent with the university’s
mission and goals.

Director of Research Operations
and Services

Communications professionals

Task force •• Professionals in marketing and strategic communications, and those with social
media expertise ensured policies and procedures dovetailed with existing guidance
(eg, approval and governance of communications channels) and best practices for
external communications representing the institution (eg, adherence to institutional
brand standards).

Associate Director of Communica-
tions

• Communication Specialist; Assis-
tant Manager for Web Services

• Communications professionals also anticipated the technical and practical how-to
aspects of implementation, and advised on unique considerations, such as how audi-
ences historically interacted with institutional social media.

Task forceHealth Communication scientists  • Research scientists with expertise in communication and health and science translation
ensured the policies and procedures were accessible, understandable, and usable by
intended audiences.

Task forceBioethics and legal experts • Experts in medical professionalism and clinical and research ethics ensured policies
and procedures addressed the ethical and regulatory considerations when using social
media in research.

Task forceRecruitment and community engage-
ment specialists

• Individuals directly involved in study development and day-to-day recruitment ac-
tivities informed the clarity and implementation of the policies and procedures.

Task forceRegulatory navigators • Individuals directly involved in study development and day-to-day recruitment ac-
tivities informed the clarity and implementation of the policies and procedures.

Task forceInvestigators and research coordinator end
users

• Individuals directly involved in study development and day-to-day recruitment ac-
tivities informed the clarity and implementation of the policies and procedures.

aIRB: institutional review board.
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Phase 2: Establish Workflow Procedures
Committee and task force members agreed on the importance
of establishing a central process for developing timely policies
and procedures. Stakeholders met and established workflow
procedures, which were organized into four categories of

objectives: (1) establish a project plan, (2) define the scope of
planned policies and procedures, (3) address privacy concerns,
and (4) contribute to research. Table 2 includes descriptions of
the four workflow categories and strategies identified to achieve
the objectives.

Table 2. Objectives, strategies, and descriptions of workflow procedures.

Strategies identified for achieving objectivesDescriptionObjective

Identify relevant tasks associated with de-
veloping and implementing policies and
procedures and assign responsibilities to
stakeholders

Establish a project plan • Identify information needed to make decisions on social media pro-
tocols pending approval (IRBa)

• Establish target timeline for developing the policies and procedures
(Office of Research)

• Complete peer benchmarking to identify available types and sources
of web-based policies and procedures from peer research institutions
(task force)

• Identify Taskforce personnel responsible for drafting policies and
procedures and establish a coordinated process for receiving commit-
tee feedback were also identified as relevant tasks

• Identify the person or office responsible for approving and implement-
ing social media policies and procedures at the institution (committee)

• Develop social media recruitment templates for submitting IRB pro-
tocols and developing theoretically derived advertisements [8], and
a risk matrix with examples of high and low-risk social media recruit-
ment activities and the level of review required for each social media
recruitment activity (task force and committee)

• Establish a cost structure for services (task force)

Identify subject matter included in the poli-
cies and procedures and policy and proce-
dure classification

Define scope of planned
policies and procedures

• Determine if policies and procedures will address social media as a
channel for advertising studies and recruiting prospective participants
exclusively, or if it will also include social media as a channel for
hosting studies, interventions, or data collection

• Decide if policies and procedures will serve as a formal policy, pro-
cess, or best practice recommendations

Ensure policies and procedures respect
prospective participants’ rights to privacy
and respond to potential issues of privacy
and security for the institution (eg, the uni-
versity, health system, and institutional re-
searchers)

Address privacy concerns • Address social media users’ reasonable expectations of privacy
• Address potential concerns about the collection of sensitive and pri-

vate information on the internet (eg, what is considered Protected
Health Information and de facto private and what is private on the
internet)

• Identify steps for responding and managing the exchange of poten-
tially sensitive information on social media

• Assess institutional risks and liabilities that may result from develop-
ing and implementing social media recruitment policies and proce-
dures

• Identify any legal or ethical obligations to explain what happens when
users click on social media recruitment links in advertisements

• Identify how to address the changing terms of use and privacy policies
on social media sites and ensure teams comply with applicable poli-
cies

Enhance public participation in research
and disseminate policy and procedure rec-
ommendations and resulting research find-
ings

Contribute to research • Increase interest and understanding about research participation and
generate recruitment leads to increase participation in institutional
studies

• Identify and track metrics for evaluating social media efficacy across
individual and multisite studies

• Develop evidence-based practices relating to recruitment through
social media and publishing academic manuscripts on the policies
and procedures process and campaign results

aIRB: institutional review board.

Phase 3: Complete Benchmarking and Scoping Review
of Existing Peer Guidance
Members of the Taskforce completed peer benchmarking
through a scoping review. At the time the scoping review was

conducted, most institutions (16/21, 76.2%) had policies or
guidelines web-based surrounding the use of the internet and
social media to recruit research participants or to conduct
research and collect research data. Four themes emerged across
existing peer policies and guidelines regarding recruitment and
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research on the internet and social media, as identified
inductively by the task force. These themes address (1)
compliance with platform terms of use; (2) social media as a
tool for participant recruitment; (3) participant privacy,

confidentiality, and data security; and (4) social media as a
venue for research. Textbox 1 presents themes and descriptions
identified in the scoping review.

Textbox 1. Themes and descriptions identified in the web-based scoping review of peer policies and procedures.

Theme name and description

• Compliance with platform terms of use: focused on the importance of complying with existing site terms of agreement, terms of use, university
policies, and adhering to applicable laws when engaging social media for recruitment and research. Understanding and complying with site terms
were described as a joint responsibility between investigators and institutional review boards (IRBs).

• Social media as tool for participant recruitment: described recruitment as direct and indirect communication with prospective participants to
advertise a study, including posts or paid study advertisements and 2-way communication via researcher-initiated social media accounts to
potential research participants through direct messages. Few policies and guidance included steps associated with purchasing and placing study
recruitment advertisements. Developing and reviewing recruitment materials was positioned as joint responsibility of investigators and IRBs.

• Participant privacy, confidentiality, and data security: addressed the need to explain privacy and data security processes (eg, how the data are
transmitted and maintained on the web), to address the potential risks to using social media, and to acknowledge the limits to confidentiality
while emphasizing steps in place to uphold it. Privacy, confidentiality, and data security were positioned, primarily, as responsibilities of
investigators or research teams. Teams were also tasked with explaining this information to the IRB in their protocols and to potential research
participants (if interested).

• Social media as venue for research: described social media as a channel for hosting research (ie, the location where the observation or intervention
will take place), including directly initiating contact with participants and in some cases, studying information about participants that is available
without direct contact.

Phase 4: Develop, Review, and Refine Social Media
Recruitment Policies and Procedures
Members of the task force drafted the policies and procedures
based on the stated goals and needs of the committee. The
committee provided feedback and input during the drafting
process and ultimately determined when the policies and
procedures could be presented to senior university administration
for review and implementation. The three main themes (sections)
in our social media recruitment policies and procedures include
(1) compliance with platform terms of use (Table 2); (2)
participant privacy, confidentiality, and data security (Table 2);

and (3) procedures and considerations for using social media
to recruit participants.

Theme 3, procedures and considerations for using social media
to recruit participants, described the roles and responsibilities
of institutional offices and research teams interested in using
social media for recruitment; the permissible types, strategies,
and considerations for recruiting participants on social media;
and mandatory information to include in the social media
management plan. Textbox 2 includes a description of the
subcategories included in the procedures and considerations
theme. The complete policies and procedures can be found in
Multimedia Appendix 1 [14,16,26-30].

Textbox 2. Descriptions of social media recruitment procedures and considerations addressed in policies and procedures.

Section 3 subcategories in policies and procedures

• Review of social media recruitment content: the role of the institutional review board (IRB) in reviewing and approving social media recruitment
materials (eg, the IRB will review the content of social media recruitment materials in accordance with existing IRB guidelines for traditional
media recruitment, such as flyers and news advertisements) as well as the process for research teams submitting recruitment materials to social
media sites for approval and posting study materials on social media was described.

• Permissible types of social media recruiting: this section outlined specific options for interacting with prospective participants on social media
for recruitment, including static and interactive recruitment materials, recruiting participants via public and private groups, and considerations
for private messaging. The responsibilities of research teams interested in recruiting via public and private groups and two-way communication
between research team members and prospective participant on social media (eg, private messaging on Facebook and Twitter direct messages)
were also included in this section).

• Hosting social media recruitment campaigns: this section described the social media account options for teams to use to facilitate recruitment
advertising campaigns on social media, restrictions surrounding the use of personal accounts to purchase and place initial recruitment materials
for studies, and parameters for sharing study recruitment materials posted through official university-approved accounts to personal pages and
accounts. Details surrounding use of the official UF Studies Facebook page, an official account managed by the CTSI Recruitment Center was
also included.

• Screening participants and tracking recruitment: this section addressed the procedures for screening prospective participants recruited through
social media (for instance, all screening and data collection must occur off social media, such as via phone call or via a secure, university-approved
platform, eg, REDCap [Research Electronic Data Capture]), incorporating a waiver of consent for survey studies, and if applicable, a description
of the research team’s plan for storing and using any identifiable data collected.

• Developing a social media management plan: the mandatory information required in the social media management plan as part of the IRB
protocol’s recruitment plan and that plans must be approved by the IRB before starting recruitment were described in this section.
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Phase 5: Seek Feedback From End Users
During this phase, end users provided general feedback on the
usability of policies and procedures for recruiting prospective
participants, and the potential for policies and procedures to
inform their current recruitment and research practices. End
users provided feedback on the scope, clarity, and
implementation of the proposed policies and procedures. End
users suggested incorporating a definition of personal health
information with regard to recruiting on social media. The
Director of Privacy provided the Health Insurance Portability
and Accountability Act of 1996 definition of individually
identifiable information that was provided to the Health System
Communications Office in the past for inclusion in the policies
and procedures. To increase clarity, end users asked for a list
of university-approved resources as they pertain to recruiting
on social media (eg, REDCap [Research Electronic Data
Capture] for screening) and for additional information regarding
sharing recruitment materials from personal accounts. The need
for transparent workflow processes and protocol review
procedures for teams submitted to study protocols was discussed
as part of the implementation. This feedback, along with
suggestions for improving readability (eg, removing acronyms,
jargon) were incorporated into the policies and procedures and
used to inform its implementation.

Phase 6: Policies and Procedures Approval and
Implementation

Policies and Procedures Approval and Implementation
Proposed Process
The integrated risk management group at the institution endorsed
the policies and procedures and proposed a process for
implementation. Policies and procedures were hosted on the
Office of Research webpage and the IRB website and the CTSI
Recruitment Center’s Research Resources webpage linked to
the policies and procedures and related resources. The IRB
enforced guidelines with support from the Committee and the
CTSI Recruitment Center. The CTSI Recruitment Center
activated the workgroup and committee structure to facilitate
ancillary review of complex recruitment strategies and other
social media use cases that fall outside the guidelines and
provide consults and services for investigators regarding social
media recruitment. The CTSI Recruitment Center also evaluated
the 1-year pilot of the policies and procedures and the UF
Studies Facebook page to assess the effectiveness and resources
required for long-term maintenance.

Official UF Studies Facebook Page
The UF Studies Facebook page, an official account managed
by the CTSI Recruitment Center, was established as channel
through which teams were permitted to post recruitment
materials. The committee and task force collaborated to develop,
secure approval for, and launch the UF Studies Facebook page,
an official account managed the CTSI Recruitment Center. The
page served as a centrally managed resource that was made
available for both education and recruitment purposes.
Community members and prospective participants were the
primary audience, and page objectives included educating the
community about research and disseminating information about

health and science, including research frequently asked
questions, results from institutional studies, opportunities to
participate in studies, or join established institution-affiliated
research registries.

Researchers interested in using social media for study
recruitment were the secondary audience. The policies and
procedures provided an option for investigators to work with
the CTSI Recruitment Center to advertise studies through this
page using a streamlined process or follow the policies and
procedures for advertising through other official social media
accounts approved by the institution. Social media recruitment
templates for submitting IRB protocols, developing theoretically
derived advertisements, and tracking recruitment metrics and
a risk matrix to determine high- and low-risk social media
recruitment activities were developed as part of a toolkit for
investigators using this central resource. The full policies and
procedures, including a risk matrix, is included in Multimedia
Appendix 1. Social media recruitment templates are included
in Multimedia Appendix 2 and elsewhere [8].

Results of Policies and Procedures and UF Studies
Facebook Page Implementation
To date, the CTSI Recruitment Center has managed 39 Facebook
advertising campaigns for research teams at the institution. A
total of 2846 participants were enrolled in health and clinical
research studies as a direct result of implementing the social
media recruitment policies and procedures and UF Studies
Facebook pages.

Discussion

Principal Findings and Implications
We developed policies and procedures surrounding the
recruitment of research participants on social media because
our institutional use cases overwhelmingly reflected requests
to use social media as a tool for research recruitment. The SE
framework was used to identify and engage representatives from
key institutional offices and subject-matter experts to facilitate
the development and implementation of our policies and
procedures. The results include a replicable process for
establishing and implementing policies and procedures, an
official channel for research teams to use for study recruitment
and communicating with prospective participants about research
studies, and enrollment of over 2800 participants into health
and clinical research studies.

The SE framework was beneficial for identifying and
understanding the needs, interests, and perspectives of diverse
stakeholders and influencing multiple interconnected systems
at our institution to develop policies and procedures. This
theoretical process enabled the realization of similar interests,
needs, and concerns among stakeholders. Stakeholders were
united by their commitment to protect the rights of participants
and to establish and maintain ethical research practices at the
university, while being responsive to the needs and interests of
research teams and advances in technology. Collaboration
among stakeholders to develop key considerations for social
media recruitment policies and procedures is an important step
in establishing trust.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e23312 | p.719https://www.jmir.org/2021/10/e23312
(page number not for citation purposes)

Flood-Grady et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


The central channel for running study recruitment campaigns
(ie, placing, hosting, purchasing, and tracking), social media
recruiting templates for teams and IRB personnel, and
prioritizing research education and dissemination of health and
science information to the local community through the central
channel reflect the practical outcomes produced through the
initiative. The central channel benefits research teams who are
interested in using social media for recruitment but who may
lack the resources needed to develop and manage study
recruitment campaigns effectively. The theoretically driven
templates for advertising studies ensure that recruitment
messages resonate with intended populations [8], and the
investigator templates facilitate the timely submission and
review of IRB protocols, benefiting researchers and those
charged with reviewing social media protocols. Finally, because
institutions use social media to communicate with the public
about health topics [31] and social media can generate interest
and awareness in research [32], including educating the
community about research participation as a top priority could
increase research literacy and understanding of the research
process, ultimately leading to more informed research
participants.

Finally, it is important to remain vigilant to changes in social
media terms of use and agreement through a continuous review
of the social media channel procedures teams used for study
recruitment. Indeed, institutions can and should expect
researchers to comply with terms of the platform, IRB, and
other regulations, and other applicable laws, policies, or
guidelines. Developing and maintaining an established
communication structure for responding to complex recruitment
strategies, social media use cases that fall outside the guidelines,
and the changing terms of use of social sites are important for

minimizing risk factors and enforcing ethical research
recruitment.

Limitations and Future Directions
Our policies and procedures address study recruitment on social
media, although the bulk of our resources aim to streamline
study recruitment on Facebook. We focused on Facebook
because it is the largest and most popular social networking site
[33], and developing resources for multiple social channels
would be labor- and time-intensive. Before developing resources
for other social media channels, institutions should identify the
diversity of audiences and reach of other channels, and whether
a particular site has broad enough reach to merit, devoting that
level of resources. Due to the increased number of third-party
services (eg, TrialSpark) available for managing participant
recruitment across multiple social media sites, institutions would
benefit from establishing policies and procedures for using
outside vendors for recruitment.

Conclusions
Our goal was to provide limited parameters and procedures for
establishing policies and procedures to recruit participants in
research studies using social media. The stakeholder-informed,
replicable policies and procedures allow research teams to
harness the potential of social media to increase study
participation and recruitment, while simultaneously managing
the potential risks associated with the ubiquity of these channels.
Both theory and practice contributed to the development of
policies and procedures, enabling a transparent process for
administrators at other institutions to replicate and establish
policies and procedures that meets the interests and needs of
their research community.
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Abstract

Background: Participant recruitment remains a barrier to conducting clinical research. The disabling nature of a stroke, which
often includes functional and cognitive impairments, and the acute stage of illness at which patients are appropriate for many
trials make recruiting patients particularly complex and challenging. In addition, people aged 65 years and older, which includes
most stroke survivors, have been identified as a group that is difficult to reach and is commonly underrepresented in health
research, particularly clinical trials. Digital media may provide effective tools to support enrollment efforts of stroke survivors
in clinical trials.

Objective: The objective of this study was to compare the effectiveness of general practice (traditional) and digital (online)
methods of recruiting stroke survivors to a clinical mobility study.

Methods: Recruitment for a clinical mobility study began in July 2018. Eligible study participants included individuals 18 years
and older who had a single stroke and were currently ambulatory in the community. General recruiting practice included calling
individuals listed in a stroke registry, contacting local physical therapists, and placing study flyers throughout a university campus.
Between May 21, 2019, and June 26, 2019, the study was also promoted digitally using the social network Facebook and the
search engine marketing tool Google AdWords. The recruitment advertisements (ads) included a link to the study page to which
users who clicked were referred. Primary outcomes of interest for both general practice and digital methods included recruitment
speed (enrollment rate) and sample characteristics. The data were analyzed using the Lilliefors test, the Welch two-sample t test,
and the Mann-Whitney test. Significance was set at P=.05. All statistical analyses were performed in MATLAB 2019b.

Results: Our results indicate that digital recruitment methods can address recruitment challenges regarding stroke survivors.
Digital recruitment methods allowed us to enroll study participants at a faster rate (1.8 participants/week) compared to using
general practice methods (0.57 participants/week). Our findings also demonstrate that digital and general recruitment practices
can achieve an equivalent level of sample representativeness. The characteristics of the enrolled stroke survivors did not differ
significantly by age (P=.95) or clinical scores (P=.22; P=.82). Comparing the cost-effectiveness of Facebook and Google, we
found that the use of Facebook resulted in a lower cost per click and cost per enrollee per ad.

Conclusions: Digital recruitment can be used to expedite participant recruitment of stroke survivors compared to more traditional
recruitment practices, while also achieving equivalent sample representativeness. Both general practice and digital recruitment
methods will be important to the successful recruitment of stroke survivors. Future studies could focus on testing the effectiveness
of additional general practice and digital media approaches and include robust cost-effectiveness analyses. Examining the
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effectiveness of different messaging and visual approaches tailored to culturally diverse and underrepresented target subgroups
could provide further data to move toward evidence-based recruitment strategies.

(J Med Internet Res 2021;23(10):e28923)   doi:10.2196/28923

KEYWORDS

clinical trial; stroke; falls; digital media; social media; advertising; participant recruitment; Facebook; Google; clinical research;
research methods; recruitment practices; enrollment

Introduction

Participant recruitment remains one of the main challenges in
conducting clinical research, with many trials failing due to
recruiting an inadequate number of study participants [1,2].
This is also true with regard to recruiting people poststroke to
clinical research studies [3]. The disabling nature of a stroke,
which often includes functional and cognitive impairments,
makes recruiting patients particularly complex and challenging
[3,4]. There is generally no centralized system through which
researchers can contact people poststroke once they have
completed rehabilitation.

More than 795,000 people in the United States experience a
stroke every year [5], and those who recover are often left with
a range of impairments affecting cognitive and motor function
[6,7]. Because of the persistence of these impairments and their
influence on the patients’ quality of life, many research groups
are developing a range of novel interventions to enhance
poststroke recovery [8-11]. Clinical trials are considered the
gold standard for evaluating the effects of interventions on
health-related biomedical or behavioral outcomes [12].
However, older adults, defined as 65 years of age and older
[13], despite being at the highest risk of stroke, have been
identified as difficult to reach and are commonly
underrepresented in health research, particularly clinical trials
[14-16]. One potential reason for the underrepresentation of
older adults in clinical trials is that they may not be aware of
ongoing trials for which they may be eligible [17]. Digital media
and social media (SM) may provide a cost-effective approach
to complementing existing recruitment issues and increase the
enrollment of stroke survivors in research.

The social networks Facebook and Twitter are among the most
popular platforms used for research recruitment [18,19]. A
smaller subset of studies has experimented with search engine
marketing on Google [20-24] and other search engines, such as
Yahoo and Bing, to recruit to studies [25]. Today, a growing
body of literature reports the successful use of digital media to
recruit older adults. Langbaum et al [26], for example, referred
cognitively healthy adults aged 55-75 years in the United States
online into a registry of Alzheimer’s disease prevention studies
(GeneMatch). Over half of those participants (45,210/75,351,
60%) joined GeneMatch via SM advertisements (ads). Another
study reported dwindling participant recruitment and later
showed a significant increase in the recruitment of
middle-to-older-aged people into a blood pressure randomized
controlled trial after implementing a Facebook advertising
campaign [27]. Lam and Woo [28] demonstrated the
cost-effectiveness of Facebook to recruit elder Chinese-speaking
Americans into a health education study. However, there is little

evidence of using digital media and advertising for recruiting
stroke survivors.

The objective of this case study was to compare the effectiveness
of general practice (traditional) and digital methods (online) of
recruiting stroke survivors to an under-enrolling clinical study
of factors affecting fall risk during walking. In this study,
general practices included calling individuals listed in an
institutional review board (IRB)–approved stroke registry,
contacting local physical therapists, and placing study flyers;
digital methods included ads on Facebook and Google search
pages. The primary outcomes of interest for both conventional
and digital methods included recruitment speed (enrollment
rate) and sample representativeness. To support related
recruitment efforts by other research teams, we also shared the
recruitment strategy and materials.

Methods

Study Overview
The clinical mobility study, which began in July 2018, was
designed to identify factors that impact balance and fall risk in
people poststroke and determine how manipulating these factors
influences self-reported perceptions of walking quality and the
ability to recover from experimentally imposed loss of balance.
The accrual goal was 40 participants. The study required a single
visit to a research lab based on a university medical campus in
Los Angeles and involved video-based recording of the
participants’walking patterns. After providing informed consent
and completing a screening questionnaire to determine
eligibility, participants completed a set of clinical assessments.
These included the lower-extremity portion of the Fugl-Meyer
Assessment, which quantifies motor impairment; the Berg
Balance Scale (BBS) [29]; the Functional Gait Assessment [30];
a 10-m walking test; the Activity-Based Confidence Scale [31];
and a fall efficacy and fall history questionnaire if they had
experienced at least 1 fall within the past year.

The participants then completed 4 walking trials on a dual-belt
treadmill. They first walked on the treadmill for 2 minutes at
their self-selected speed. The participants then completed 3
subsequent tests, where they were asked to modify their step
lengths to match the lengths of visual targets displayed on a
screen in front of the treadmill. In each test, the participants
responded to rapid accelerations of the treadmill belts, which
acted as perturbations of the participants’walking patterns. The
participants were compensated at a rate of $20 per hour for the
time that they spent in the lab. The trial was approved by the
IRB of the University of Southern California (USC;
HS-18-00417-AM002).
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To support research participant recruitment, researchers in the
lab where the research was conducted relied on a preexisting
participant registry and word-of-mouth referrals from local
physical therapists to reach out to stroke survivors who might
like to participate in new studies. However, this strategy often
had a relatively low rate of return. As of March 2019, with 4
months left in the award period, this study was behind its
enrollment target of 40 participants, having recruited only 15
participants. Missing this enrollment target would have resulted
in an underpowered study and wasted resources. Therefore, the
team decided to include digital recruitment methods on
Facebook and Google during the latter portion of the study in
2019.

Study Population
Eligible study participants included individuals 18 years and
older who had a single stroke and were currently ambulatory
in the community. Inclusion criteria included (1) a unilateral
brain lesion from a single stroke; (2) paresis confined to one
side; (3) ability to walk on a treadmill for 2 minutes; (4) absence
of cognitive impairment, as demonstrated by a Mini-Mental
State Examination score greater than 24; and (5) ability to
provide informed consent.

Recruitment Methods

General Practice Recruitment
The standard recruiting practice in the lab was to call individuals
listed in an IRB-approved stroke registry or contact local
physical therapists affiliated with USC or the Rancho Los
Amigos National Rehabilitation Center. Flyers for the study
(see Multimedia Appendix 1 for an example) were physically
placed throughout USC’s Health Sciences Campus.

Digital Recruitment
Between May 21, 2019, and June 26, 2019, the study was
promoted digitally using the social network Facebook and the
search engine marketing tool Google AdWords. The recruitment
ads (Multimedia Appendix 2) were posted on Facebook and
Google search results pages. The recruitment ads included a
link to the study page (Multimedia Appendix 3) to which users
who clicked were referred. On the study page, interested users
could use the contact form to get in touch with the study team
for further information and screening. Figure 1 outlines the
digital recruitment process.

Figure 1. Digital recruitment process for the social network Facebook and Google search results pages.

The text and images of the ads were reviewed and approved by
the Health Sciences Campus IRB of USC (HS-18-00417). The
text and images (Multimedia Appendix 2) were tailored to
people of all ages who had a stroke using a mix of images, such

as infographics and photos. We did not target the ads using any
other characteristics of potential viewers. The type of ad we
used per platform and targeting criteria are listed in Multimedia
Appendix 4.
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Outcome Measures
The primary outcomes of interest for both conventional and
digital methods included recruitment speed (enrollment rate)
and sample characteristics. We captured the number of
participants enrolled, the time required for enrollment, and
participant demographic and clinical characteristics. These
measures were used to compute the enrollment rate for each
method and to determine differences in the sample
representativeness. Secondary outcome measures for our digital
recruiting methods included the number of post impressions
(ie, the number of times a post was seen without a user
necessarily interacting with it), the number of clicks on the link
in the message, the number of resulting study page contacts,
the number of people screened, the cost per click, and the cost
per enrollee.

Data Collection
Recruitment-related data for each ad were collected in three
different ways: (1) SM-based engagement data, such as clicks
on the ads and impressions (the number of times an ad was
displayed), were collected from Facebook and Google; (2) study
website engagement data, including contact requests, were
collected using Google Analytics; and (3) enrollment data were
provided by the study team. Multimedia Appendix 5 details the
technical techniques we used to collect the data from the digital
platforms.

Analysis
Information on recruitment sources was collapsed into two
categories: (1) general practice and (2) digital (ie, Facebook
and Google). Digital recruitment was further broken down to
compare the recruitment results by digital platform. All
statistical analyses were performed in MATLAB 2019b (The
Mathworks, Natick, USA). We analyzed the normality of
participant characteristics, including age, the Fugl-Meyer
Assessment score, and the BBS score, using the Lilliefors test.
Normally distributed data were expressed as the mean (SD) of
the corresponding mean, and we compared the participant
characteristics between groups (ie, recruited via general practice
or digital approaches) using the Welch two-sample t test.
Nonnormally distributed data were expressed as the median
(IQR). We used the Mann-Whitney test to compare between
groups. Significance was set at the P=.05 level.

Results

Participant Demographics
Overall, the participants (N=40) included 15 (37.5%) women
and 25 (62.5%) men, and were aged 29-78 years (mean 59, SD
12 years) (Table 1). This age range is consistent with the current
literature, which indicates that stroke is most prevalent in adults
aged 60 years and older [32]. Most of the recruited participants
were non-Hispanic, that is, Asian (12/40, 30%), followed by
one-quarter Hispanic (10/40, 25%), white (9/40, 22.5%), more
than one race (9/40, 22.5%), and African American/black (8/40,
20%).

Table 1. Characteristics of enrolled study participants by recruitment method.

Total recruited (N=40), n
(%)

Recruited through digital
media (n=9), n (%)

Recruited through general
practice (n=31), n (%)

Characteristic

Age

1 (2.5)0 (0)1 (3.2)18-29 years

2 (5.0)0 (0)2 (6.5)30-39 years

6 (15.0)3 (33.3)3 (9.7)40-49 years

10 (25.0)1 (11.1)9 (29.0)50-59 years

15 (37.5)4 (44.4)11 (35.5)60-69 years

6 (15)1 (11.1)5 (16.1)70-99 years

Sex

25 (62.5)4 (44.4)21 (64.5)Male

15 (37.5)5 (55.6)10 (35.5)Female

0 (0)0 (0)0 (0)Other

Ethnicity/racial background

8 (20.0)2 (22.2)6 (19.4)African American/Black

0 (0)0 (0)0 (0)American Indian/Alaska Native

12 (30.0)5 (55.6)7 (22.6)Asian/Pacific Islander

10 (25.0)1 (11.1)9 (29.0)Hispanic

0 (0)0 (0)0 (0)Middle Eastern

9 (22.5)1 (11.1)8 (25.8)White

9 (22.5)0 (0)9 (29.0)Other
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Results of General Practice Recruitment
Throughout 2018, general practice recruitment proceeded slowly
as most of the members of the stroke registry who were
contacted either did not return the phone calls or were unable
to participate in the study. Between July 1, 2018, and May 20,
2019 (46 weeks), we recruited 26 participants through our
standard recruiting procedures. Between May 21, 2019, and
July 16, 2019 (8 weeks), we recruited an additional 5
participants through general practice recruiting methods. Of
these 31 participants, we recruited 20 participants from the
existing registry and 11 through word-of-mouth referrals from
local physical therapists and participants. The mean age of those
recruited through general practice was 58.7 (SD 11.9) years.

Results of Digital Recruitment
A total of 8 advertised messages were posted (6 on Facebook
and 2 on Google) over 5 weeks (between May 21, 2019, and
June 26, 2019) (Table 2). Figure 2 shows the recruitment flow
diagrams for Facebook and Google. The combined digital
recruitment efforts on Facebook and Google resulted in a total
of 85 valid referred potential study participants, of which 25
(29.4%) contacted the study team using the web-based contact
form. Of these 25, 9 participants met the inclusion criteria,
enrolled, and completed the study. The mean age of the
participants recruited through digital recruitment was 59.0 (SD
10.7) years, comparable to the mean age of the participants
recruited through general practice approaches.

Table 2. Performance of digital recruitment ads.

Cost per en-

rollee ($)a
Cost per
click ($)

People en-
rolled, n

People
screened, n

Study page
contacts, n

Cost ($)Link
clicks, n

Impressions, nAd run dates

Digital platform: Facebook

221.601.534615886.4358051,4355/21/2019-6/26/2019

802.071.55210211604.13103375,4595/22/2019-6/26/2019

—b0.9101181825.52011106,9925/24/2019-6/26/2019

—1.24002226.4618310,8525/24/2019-6/26/2019

1523.891.361321523.89111884,7985/21/2019-6/30/2019

537.281.441316537.2837333,7675/24/2019-6/26/2019

Digital platform: Google

964.423.31113964.42291947305/13/2019-06/03/2019

—2.2000250.592387605/13/2019-06/03/2019

846.52e1.36d1.1339.88952.34701.50c46,706.50Mean

N/AN/Af924797618.705612373,652Total

aValues were calculated by dividing the cost by the number of enrollees for each ad. – indicated that no enrollee was recruited through this ad.
bNot available.
cMeans for clicks and engagement values were rounded off to the nearest whole number. Unless otherwise indicated, these were calculated by dividing
by the total number of ads (n=8).
dThis value was calculated by dividing the total cost of the ads for both platforms by the total link clicks.
eThis value was calculated by dividing the total cost of the ads for both platforms by the number of total enrollees.
fN/A: not applicable.
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Figure 2. Recruitment flow diagrams for general practice and digital recruitment using Facebook and Google. IRB: institutional review board; SM:
social media.

Most Cost-Effective Digital Recruitment Messages
The digital recruitment ads used different types of images,
including infographics, images of older couples, and older
individuals after a fall. Figure 3 shows the ad message that ran
on Facebook, with the lowest cost per enrollee ($221.60)

compared to a higher cost per enrollee on Google ($964.42)
(Table 2). Multimedia Appendix 2 shows the recruitment ad
messages used in this study. We only ran two simultaneous
Google ads for about 3 weeks because of the cost of the ads and
the available budget.
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Figure 3. Example of the advertisement that ran on Facebook, with the lowest cost per enrollee.

Comparison of Recruitment Methods
We found that the rate of enrollment was higher when using
digital media (1.8 people/week) than when using general practice
approaches (0.57 people/week). We did not find any significant
differences in age, motor impairment level measured by

Fugl-Meyer scores, and functional balance measured by the
BBS (Table 3). Because of the small sample size, we were not
able to statistically compare the outcomes related to gender and
race/ethnicity for general practice and digital recruitment
methods.
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Table 3. Comparison of participant characteristics recruited via general practice versus digital approaches.

P valueRecruited through digital mediaRecruited through general practiceCharacteristics

.9559 (11)59 (12)Age (years), mean (SD)

.2225 (20-29)28 (25-30)Fugl-Meyer Assessment score, median (IQR)

.8252 (49-54)53 (48-54)BBSa, median (IQR)

N/Ac1.8 (9/5)0.57 (31/54)Enrollment rate (number of people enrolled/week)b

aBBS: Berg Balance Scale.
bThe rate of enrollment was calculated as the total number of people enrolled from each recruiting method/week between the first and last enrollment.
cN/A: not applicable.

Discussion

Primary Results
Our results indicate that digital recruitment methods can address
recruitment challenges regarding stroke survivors. The use of
digital approaches allowed us to enroll study participants and
close the recruitment gap at a faster rate (1.8 participants/week)
compared to using general practice approaches (0.57
participants/week). The effectiveness of SM-based recruitment
methods, for example, in comparison to more general
(traditional) approaches has been shown by a range of studies
[33]. However, comparable data on the effectiveness of
recruitment efforts for stroke survivors are currently limited.
The characteristics of the enrolled stroke survivors did not differ
significantly by age (P=.95) or clinical scores (P=.22; P=.82)
between digital and general practice approaches. However, we
observed a trend toward recruiting a higher percentage of female
participants through digital methods as compared to general
practice approaches. Our findings demonstrate that digital and
general recruitment practices can achieve similar levels of
sample representativeness, with the possibility that digital
methods may even result in samples with distributions of sex
that are more representative of the general population. There is
limited research on the representativeness of participants
recruited from digital media and SM. However, although some
studies have reported issues related to representativeness and
selection bias [34,35], our data support previous findings from
other studies that reported the successful use of SM to recruit
comparable and representative samples, as described in the
systematic review by Whitaker et al [36]. Additionally, Yu et
al [37], for example, were able to recruit geographically
representative samples of individuals with myeloproliferative
neoplasms in the United States for a survey study using multiple
recruitment strategies, including Google and Facebook.

Furthermore, comparing the cost-effectiveness of Facebook and
Google, we found that the use of Facebook resulted in a lower
cost per click and cost per enrollee per ad. The effectiveness
(with varying costs) of Facebook as a recruitment mechanism
has been reported in a number of studies across disease or health
topics and study types [36], such as mental health [38], mobile
health studies in psycho-oncology [39], a clinical trial involving
healthy elderly [40], and suicide prevention research [35].

Google ads have also been reported as recruitment methods but
less frequently [41,42].

Limitations
The external validity of our findings is limited. Study
participants were targeted and recruited in LA County.
Therefore, it is unclear to what extent the same recruitment and
targeting approach will lead to comparable results in other US
regions or internationally. It is also important to note that certain
populations are less likely to respond to social media ads. These
populations include people who are older, live in rural areas,
have little or no access to the internet, have a low level of
internet literacy, or do not use SM. Additionally, we were not
able to conduct a complete cost comparison between digital and
general recruitment approaches. At the time of study setup, the
study team did not plan to compare the cost-effectiveness of
different recruitment methods and did not collect related data,
for example, the percentage effort spent by the study coordinator
and the principal investigator on recruitment efforts and the
number of potential participants contacted and screened with
general practice methods. Lastly, it should be noted that the
sample size recruited using SM was small in this study, and
thus the statistical comparison of differences in age and clinical
scores between recruiting methods should be confirmed with
larger samples. Future studies should also determine whether
there are meaningful differences in sex or race between
participants recruited via conventional and digital methods, as
these methods may differ in their ability to identify a diverse
pool of potential study participants.

Conclusion
Digital recruitment can be used to expedite participant
recruitment of stroke survivors compared to general, more
traditional recruitment practices, while also achieving equivalent
sample representativeness. Both general practice and digital
media recruitment methods will be important for the successful
recruitment of stroke survivors. The data we provide here
demonstrate the potential of digital recruitment methods to aid
in meeting the accrual goal without delay. Future studies could
focus on testing the effectiveness of different digital platforms
and include robust cost-effectiveness analyses. Additionally,
examining the effectiveness of different messaging and visual
approaches tailored to culturally diverse and underrepresented
target subgroups could provide further data to develop
evidence-based recruitment strategies.
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Abstract

Background: The use of government health data for secondary purposes, such as monitoring the quality of hospital services,
researching the health needs of populations, and testing how well new treatments work, is increasing. This increase in the secondary
uses of health data has led to increased interest in what the public thinks about data sharing, in particular, the possibilities of
sharing with the private sector for research and development. Although international evidence demonstrates broad public support
for the secondary use of health data, this support does not extend to sharing health data with the private sector. If governments
intend to share health data with the private sector, knowing what the public thinks will be important. This paper reports a national
survey to explore public attitudes in Australia toward sharing health data with private companies for research on and development
of therapeutic drugs and medical devices.

Objective: This study aims to explore public attitudes in Australia toward sharing government health data with the private
sector.

Methods: A web-based survey tool was developed to assess attitudes about sharing government health data with the private
sector. A market research company was employed to administer the web-based survey in June 2019.

Results: The survey was completed by 2537 individuals residing in Australia. Between 51.8% and 57.98% of all participants
were willing to share their data, with slightly fewer in favor of sharing to improve health services (51.99%) and a slightly higher
proportion in favor of sharing for research and development (57.98%). There was a preference for opt-in consent (53.44%) and
broad support for placing conditions on sharing health information with private companies (62% to 91.99%). Wide variability
was also observed in participants’ views about the extent to which the private sector could be trusted and how well they would
behave if entrusted with people’s health information. In their qualitative responses, the participants noted concerns about private
sector corporate interests, corruption, and profit making and expressed doubt about the Australian government’s capacity to
manage data sharing safely. The percentages presented are adjusted against the Australian population.

Conclusions: This nationally representative survey provides preliminary evidence that Australians are uncertain about sharing
their health data with the private sector. Although just over half of all the respondents supported sharing health data with the
private sector, there was also strong support for strict conditions on sharing data and for opt-in consent and significant concerns
about how well the private sector would manage government health data. Addressing public concern about sharing government
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health data with the private sector will require more and better engagement to build community understanding about how agencies
can collect, share, protect, and use their personal data.

(J Med Internet Res 2021;23(10):e24200)   doi:10.2196/24200

KEYWORDS

big data; health information systems; health data; private sector; data linkage; public opinion; consent; trust; public interest; social
license

Introduction

Background
Every day, people produce large amounts of health information
about themselves through their interactions with health
professionals, hospitals, and other government and
nongovernment agencies. Beyond being a record of their health
care, this information can be collated for a wide range of
secondary uses, such as monitoring the quality of hospital
services, researching the health needs of populations, and testing
how well new treatments work.

As the secondary use of health data increases, so does the
interest in what the public thinks about such data sharing [1-5].
This interest is related in part to growing public awareness of
the risks associated with secondary use of health data,
accentuated through recent data breaches and public
controversies [6-10]. These events call attention to the fragility
of public trust in the institutions that collect, hold, and use health
data and highlight the need to understand what health data
sharing the public will support, under what circumstances, for
what purposes, and with whom.

Evidence from systematic and narrative reviews demonstrates
broad public support for the secondary use of health data,
particularly for health research [11-15]. However, research also
shows that this support may not extend to sharing health data
with the private sector, particularly if there is scope for
commercial gain from such use [2,4,16-18]. The risks related
to sharing health data, such as the potential for privacy
violations, inaccuracy, misuse, discrimination, reputational
damage, and embarrassment, are generally regarded as greater
when sharing data with the private sector, even if it is for the
purposes of research and development.

Public reticence about sharing health data with the private sector
does not seem to be matched by similar concerns among
governments. Rather, sharing health data with the private sector
has become a component of many governments’ health and
economic strategies [19-21]. For example, the use of large public
data sets to support all stages of therapeutic development is one
area of focus in Australia’s 2016 National Research
Infrastructure Roadmap [22]. Internationally, many other
countries have made similar moves through regulatory changes
to increase access to and use of large public data sets [19,20].
If governments intend to share health data with the private
sector, it is essential to know what the public considers
important.

Aim
This paper reports a national survey that aimed to explore public
attitudes in Australia toward sharing health data with private
companies for research on and development of therapeutic drugs
and medical devices.

Methods

Ethics Approval
This study was approved by the University of Wollongong
Ethics Committee. All participants provided consent before
participating in the study.

Survey Instrument
To develop the survey, we carried out an extensive review of
the literature and identified demographic and sociocultural
factors that might influence how the public view sharing
personal health information with the private sector. We searched
the peer-reviewed literature for tools to measure public attitudes
toward data sharing. We developed a new instrument by
combining questions from pre-existing tools with new questions
and drawing on insights from the literature [16,23].

We used Survey Monkey (Momentive Inc) software to design
a web-based version of the instrument [24]. To support
instrument readability, the survey was piloted with a
convenience sample of the general population (n=10) aged ≥14
years. We selected pilot participants to provide a diverse group
with respect to age, gender, education, ethnicity, and the
presence or absence of long-term illness. These participants
provided feedback on the meaning of each question, the design
and layout as a whole, and how long it took to complete the
survey. We then refined the survey instrument, with the final
survey taking approximately 9 minutes to complete. The survey
was then programmed by McNair yellowSquares on the Web
Survey Creator survey platform and checked for usability and
technical functionality before launching.

The 11-page survey instrument included a half-page summary
explaining the concepts of data linkage and sharing, including
potential benefits and risks. We mentioned research and
development of new drugs and medical devices and ended the
introduction with the following statement: “We would like to
know what you think about sharing this information with private
companies such as drug companies and medical device
manufacturers where the goal is to support the development of
new treatments for diseases and disabilities.”

This was followed by a 29-item instrument covering
sociodemographic and health-related information about
participants; support for sharing health information with private
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companies; general views about private companies; and
experience with health data collection, consent, and conditions
on sharing (the survey instrument is provided in Multimedia
Appendix 1). A single open-ended question at the end of the
survey invited additional comments. To help participants
understand that each question referred to deidentified
government health data, the following banner appeared at the
top of each page: “The questions below are about your
government health information which has personal information
removed, e.g. no name, no address, no date of birth, no Medicare
number.”

Recruitment and Procedures
An experienced market research company, McNair
yellowSquares, recruited an opt-in sample of 2500 participants
drawn from its online panel. McNair yellowSquares was asked
to secure a sample that would be nationally representative by
age, gender, and location. The company purposively selected
participants from its panel to meet this requirement. Although
potentially less ideal than probability sampling, this
methodology had the practical advantage of ease of
implementation and was considered appropriate for this
exploratory study [25].

Australian participants of the online panel were emailed an
invitation to participate in the closed survey via a unique
one-time use link. Once the survey was completed, the link was
disabled to prevent duplicates and the panel was regularly
checked for duplication with various data points. The survey
was not advertised in any manner. Up to 2 reminder emails were
sent over the 3-week period during which the survey was open
(May 17, 2019 to June 7, 2019). Upon completing the
introductory section to establish the quotas, participants were
directed to the participant information sheet, which described
the researchers, purpose of the study, risks and benefits, time
needed for completion, and data protection and storage.
Participants were asked to indicate that they understood the
participant information sheet; on assenting to this, they were
directed to the first page of the survey. All questions were
mandatory, and some items provided “I do not know” and “I

prefer not to answer” as options. Participants were not able to
view their responses by moving backward. There was no
randomization of items, and all responses were captured on the
McNair yellowSquares Web Survey Creator survey platform.
Participation was voluntary, and participants received a small
reward upon completion of all items in the survey.

McNair yellowSquares provided deidentified participant
responses to the research team. All data and analyses were stored
on a secure University of Wollongong server, only accessed by
the research team.

Statistical Analysis
IBM SPSS [26] was used to analyze the data. Only completed
survey data were analyzed. First, we provided a descriptive
summary of the survey outcomes by showing a frequency table
with relative frequencies for each question of interest. The
association between variables is given in cross tabulations, and
P values are provided to answer the specific questions of
interest. To support population inference, we analyzed the
survey data using poststratification gender-by-age-by-state
weights. We used the 2016 Australian Bureau of Statistics
census data to obtain the Australian population characteristics
of gender, age, and state and calculate the survey weights based
on the realized sample characteristics after combining categories
with small sample counts. All results except for participant
demographic in this paper are obtained using the SPSS Complex
Samples procedure. Raw proportions are reported to show the
distributions of demographic information about the participants
of this study (Table 1).

The open-ended question was analyzed inductively in NVivo
(QSR International) [27]. Coding was conducted by 1 author
(RB), with a second author (LC) coding half of the responses
to ensure coding integrity. The authors compared coding and
resolved differences before presenting the analysis to the entire
research team for further discussion. The quotes in the Results
section present examples of the diversity of responses in relation
to different parts of the survey and indicate how respondents
interpreted this question. A thorough analysis of this question
will be presented in a separate paper.
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Table 1. Demographics of participants (N=2537).

Values, n (%)Characteristics

Gender (N=2537)

1243 (48.99)Male

1285 (50.65)Female

9 (0.38)Other

Geographical area (N=2537)

1682 (66.29)Metropolitan

855 (33.7)Nonmetropolitan

Employment (n=2526)

1481 (58.63)Full-time and part-time employed

120 (4.75)Unemployed

250 (9.9)Home duties

112 (4.43)Student

456 (18.05)Retired

107 (4.24)Unable to work

Age (years; N=2537)

552 (21.76)<29

873 (34.41)30-49

652 (25.7)50-64

460 (18.13)≥65

Highest level of education (n=2525)

45 (1.80)No formal qualifications

265 (10.5)Year 10 or school certificate

422 (16.71)Finished high school

840 (33.27)Vocational education (trade or technical education)

953 (37.74)University

Self-rated health (N =2537)

758 (29.88)aPoor or fair

991 (39.06)aGood

788 (31.06)aVery good or excellent

aThe Australian population—adjusted proportion.

Results

Participant Demographics
This data set contains responses from participants recruited by
a market research company who completed the full survey. A
total of 2537 participants were recruited for this study. The
market research company employed to recruit participants set
the location, age, and gender quota matrix to +1%. This allows
for additional participants in the case of individuals being
removed after data checks (eg, not located in Australia). Fewer
potential participants were removed than was expected by the
authors, resulting in a data set with slightly more participants
than initially planned. There were equal number of male and
female participants, with approximately two-third residing in

metropolitan areas and 59.99% being employed. More than
20% of the participants were aged <29 years, approximately
35% were aged 30-49 years, 25% were aged 50-64 years, and
18% were aged ≥65 years. A total of 71.04% of the participants
had a university or vocational qualification, and a similar
proportion of the participants rated their health as good, very
good, or excellent. Demographic information about the
participants is provided in Table 1.

Participants were also asked if they had a My Health Record
[28]. The My Health Record is a web-based summary of one’s
health status, which was first launched as an opt-in record in
Australia in 2012 and then controversially amended to an opt-out
model in 2018. Approximately 1 in 10 Australians opted out of
the system when it was amended. Just over 40.99% of
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participants in our survey said they had a My Health Record,
35.98% said they did not, and 23.02% were unsure.

Sharing Health Information With Private Companies
Overall, participants were ambivalent about whether or not to
share their health data with private companies. Between 50.02%
and 59.99% of all participants were willing to share their data,
with a slightly fewer proportion in favor of sharing to improve
health services and a slightly higher proportion in favor of
sharing for research and development. Figure 1 shows the degree
of support for sharing health data for various purposes. The
range of views was reflected in participants’ comments at the
end of the survey:

I am happy to share my information if it benefits me
and others. [Male, 55-59 years, metropolitan]

Sharing health information with private companies
is ok if the goal is to support the development of new
treatments for diseases and disabilities. [Male, 18-24
years, metropolitan]

I don’t think that information is any use to anybody
for developing new drugs or procedures. [Male, ≥75
years, metropolitan]

I don’t like my information being used by a private
company. [Male, 60-64 years, metropolitan]

Figure 1. Support for sharing government health data with the private sector (N=2537): “To what extent do you agree with the government sharing
your health information with private companies, such as drug companies or medical device manufactures?”.

Conditions on Sharing
Participants were asked to assume that the government had
decided to share their health information with a private company
and to indicate the importance of various conditions on sharing.
The participants responded on a scale of 1-7 with the anchors
Not important at all and Very important and 4 in the neutral
position. For all statements except one, 80.02% or more of the
participants agreed that the condition was important. For one
statement—private companies should pay for the use of the
information—a small majority of participants (61.01%)
considered the condition to be important. Figure 2 shows
participants’ responses to the conditions on sharing government
health data with private companies.

For the aforementioned conditions, we compared the responses
of participants who had previously indicated that they were
willing to share government health data (for all three purposes)
with those who were neutral or not willing to share data
(Multimedia Appendix 2). In general, participants who were
willing to share data were more concerned that the conditions
be met; the differences were relatively small (7.64% to 28.54%),
but P values suggest that the differences are statistically
significant. The exceptions to this finding were being told which
companies would have access to health information (for all 3
purposes), how information would be used (for development
and research purposes), and whether the company would pay
for the data (for research purposes). For these conditions, there
were no differences between the 2 groups.
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Figure 2. Conditions on sharing government health data with the private companies—adjusted percentages of (N=2537): “How important are various
conditions if governments are to share data with private companies?”.

Views About Private Companies
A series of statements were designed to assess participants’
views about what private companies could or would do if they
had access to government health information (Figure 3).
Participants reported their level of agreement using a 7-point
Likert scale ranging from strongly disagree to strongly agree.
In reporting, these have been collapsed to broadly disagree
(1-3), neutral (4), and broadly agree (5-7). Figure 3 shows the
level of broad agreement for each of the statements.

There was wide variability in participants’ responses to these
statements (Figure 3). Over one-third of the participants
considered that private companies could be trusted to act for
the good of society or would store information safely, but these
views were almost equally balanced by participants who thought
the opposite. Approximately 59.99% of the participants thought
that the government could not stop private companies from
misusing information or control how they used it, but, again,
approximately 1 out of 5 participants disagreed. Just under half
of the participants said that their data could be reidentified, but
at the other end of the scale, 23.02% of the participants did not
think that reidentification was possible. Over half of the
participants thought that private companies should not be
allowed to make a profit from using the information, but

one-fourth of the participants disagreed. For each statement, at
least 1 in 5 participants was undecided.

The comments at the end of the survey illustrated this range of
views, and concerns about corporate interests, corruption, and
profit making were recurrent themes:

I think private companies will inevitably use our
information for profit rather than for the greater
good. [Male, 25-29 years, metropolitan]

The idea of greed preventing progress and a cure is
99% of my concerns. [Female, 18-24 years, rural]

I just worry that my information will not be safe.
[Female, 30-34 years, metropolitan]

Although this was not a survey about how the public sector held
and used health data, a number of participants were equally as
concerned that the government could not keep their information
secure:

The current government’s record of online
information processing has not been good. Look at
what happened with the census. [Male, 45-49 years,
metropolitan]

Government is not very good at stopping anything in
the past, e.g. bin full of census papers. [Male, 60-64
years, rural]
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Figure 3. Views on sharing government health data with private companies—adjusted percentages of (N=2537): “To what extent do you agree with
the following statements about private companies using government health information to support development of new treatments?”.

We examined the relationship between the participants’
willingness to share government health data (for all 3 purposes)
and their views about the private sector (Multimedia Appendix
3). The participants who had indicated that they were willing
to share health data were more likely to say that private
companies could be trusted (by between 51.3% and 60.82%),
and that they should be able to make a profit from using
government health data (51.31% to 45.62%). They were also
slightly less concerned about the risk of identification (0.6% to
5.9%). Both groups of participants, who had indicated a
willingness to share data and those who were neutral or did not
wish to share data, were equally likely to think that any controls
on data release would not work and that the government would
not be able to control misuse by the private sector.

Consent Preferences
The consent preferences of the participants are shown in
Multimedia Appendix 4. There was a preference for opt-in
consent (54.98%): it was 3 times more popular than any other
option. The participants’ comments at the end of the survey
reflected this view:

I would want total control over how, when and to
whom my information is used and or shared with me
giving the say so. [Female, 60-64 years, rural]

It MUST be voluntary and OPT IN only. [Male, 65-69
years, rural]

Each of the three other options for consent—refuse to share
information at all, opt out, and don’t need to know—attracted
approximately 13% of the participants. For those who wanted
opt-in consent, 62.51% requested that they be asked every time
and 23.58% wanted to give general consent and then be
recontacted from time to time, whereas the rest wanted to give
consent just once. Multimedia Appendix 4 shows the adjusted
percentages of consent preferences.

Participants in the opt-in group were slightly more likely to rate
as important the conditions that could be placed on sharing their
health information than those in the opt-out group (Table 2).
The largest difference was related to how their health
information would be used (89.98% stating that this was
important compared with 81% in the opt-out group), and the
smallest difference was related to payment for use of information
(62.98% compared with 59.99%).

Opt-in and opt-out participants held similar views about private
companies, with differences between the 2 groups very small
(2.7% to 6.6%) and nonsignificant for all but one statement
(Table 3).
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Table 2. Relationship between participants’ views on consent (opt in vs opt out) and level of agreement with the conditions on sharing data.

P valueType of consentConditions on sharing

Opt out (n=352), n (%)Opt in (n=1356), n (%)

<.001a284 (80.6)1215 (89.6)I am told how my health information will be used

.001a284 (80.6)1189 (87.7)I am told which company will have access to my health information

<.001a312 (88.7)1285 (94.8)My health information is stored in a safe place

.38210 (59.7)848 (62.5)The private company pays for the use of the health information

.007a286 (81.2)1187 (87.5)The information sharing is approved by an independent ethics committee

.02a288 (81.9)1180 (87.0)The private company is required to publish all results—both good and bad

.004a304 (86.3)1246 (91.9)The research is likely to lead to benefits for society

<.001a310 (88.1)1275 (94.0)There are strict rules to stop the information being passed on to anyone else

aIndicates level of significance at P<.05.

Table 3. Relationship between participants’ views on consent (opt in vs opt out) and views about private companies.

P valueType of consentViews about private companies

Opt out (n=352), n (%)Opt in (n=1356), n (%)

.38119 (33.7)494 (36.4)Private companies can be trusted to store health information safely

.4198 (27.8)346 (25.5)Private companies should be allowed to make profit from the use of this informa-
tion

.10105 (29.9)473 (34.9)Private companies can be trusted to act for the good of society

.04a202 (57.4)868 (64.0)If you give health information to a private company, you cannot control where it
ends up

.09157 (44.6)679 (50.1)Someone may be able to work out who I am even though my personal information
has been removed

.24199 (56.6)818 (60.3)The government won’t be able to stop private companies from misusing this in-
formation, even if they try

aIndicates level of significance at P<.05.

Sociodemographic Patterning of Responses
We investigated the impact of various sociodemographic factors
on participants’ views about whether health information should
be shared and the conditions under which sharing might be
acceptable (Multimedia Appendices 5-7). In general,
demographic factors seemed to have only a small impact on
participants’ views, with differences being less than 5.99% for
most demographic factors. There were a small number of
exceptions. Older people (aged >65 years) were more willing
than the youngest age group (60.2%-70.1% compared with
49.2%-56.4%) to share their health information with private
companies. They were slightly less troubled than younger people
about knowing which companies would have access to their
data and more committed to publishing negative results (89%
compared with 78.01%). The 3 oldest age groups were more
supportive of criminal penalties, and the youngest age group
was least likely to agree that ethics committee oversight was
needed.

Across all measures, differences between people living in
metropolitan and nonmetropolitan areas were small, with the
largest difference (5.01%) between the groups showing

nonmetropolitan dwellers slightly less likely to support data
sharing for research.

The participants’ level of education was related to their views,
but only for some domains (Multimedia Appendices 5-7). The
participants’ level of education was not related to the degree of
support for sharing government health data. However,
participants with higher levels of education were generally more
concerned about having conditions placed on the release of data,
with differences between the least and most well-educated
groups ranging from 16.98% to 40.01%. For example, 81.99%
of the participants with university-level education wanted ethics
committee oversight of data sharing, compared with 54% for
participants with only year 10-level education. Compared with
participants with year 10-level education, participants with
university-level education were also more likely to want to
know how their information would be used (81% compared
with 46.98%), which company would access their data (81%
compared with 50.02%), and that all results would be published
(81.98% compared with 42.01%). A history of employment in
the health sector or research did not appear to influence
participants’ responses.
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Participants with poorer self-reported healthstatus were slightly
less likely to support (5.01% to 5.99%) sharing their health data
with the private sector, as were those who took prescribed
medications (2.99% to 5.01%). However, participants (5.01%
to 7.02%) who reported having a chronic condition were slightly
more likely to support sharing data with the private sector.

Participants who said they had a My Health Record were
between 17.2% and 20.4% more likely than those who said they
did not have a record to support sharing data with private
companies for health services improvement, development, or
research.

Open-ended Question
The final question in the survey asked, “Is there anything else
you would like to tell us about your views on sharing
government health information with private companies where
the goal is to support the development of new treatments for
diseases and disabilities?” Approximately 18.01% of all
respondents provided comments, primarily describing concerns
about sharing government health information and the conditions
under which they would support sharing or indicating support
for data sharing.

Lack of trust in both private companies and the government
was the most common concern. The participants cited corporate
interests, corruption, and profit making as the main reasons for
their distrust of private companies. They also referenced the
poor track record of the government in handling data, and they
questioned the ability of the government to keep their data
secure and prevent misuse. Support for regulated access to health
information was linked to respondents’concerns about security:

There have been recorded cases of information being
misused, be it metadata to health information. The
current government’s record of online information
processing has not been good. Look at what happened
with the census. [Male, 45-49 years, metropolitan]

Not in favour at all as I don’t trust private companies
with any sort of information & same goes for this
bloody lying, corrupt government!!! [Female, ≥75
years, metropolitan]

I think private companies will inevitably use our
information for profit rather than for the greater
good. [Male, 25-29 years, metropolitan]

The respondents explained that if government health information
is to be shared with private companies, certain conditions need
to be met. The most common requirement was anonymization
of health information and a guarantee that all personal
information be removed. In addition, a large subset of
participants believed that data sharing needs to deliver public
benefits or support the common good. They provided examples
of public benefits, including developing new treatments, finding
cures, or improving the health of society. Giving consent was
a prerequisite to sharing health information for many participants
and the right to opt in rather than opt out was highlighted by a
subset.

Discussion

Principal Findings
This nationally representative survey provides preliminary
evidence that Australians are uncertain about sharing their health
data with the private sector. Although just over half of all
respondents supported sharing health data with the private
sector, there was also strong support for strict conditions on
sharing data and for opt-in consent. These views were reinforced
by participants’ ambivalence about the roles, motives, and
actions of the private sector with respect to health data.
Although, as a short survey, it represents relatively uninformed
positions, it does indicate how people might react initially to
reports of data sharing with the private sector in the news media
or in public documents.

The findings of this survey demonstrate how difficult it may be
to achieve policy change in this area in directions that are also
acceptable to the community. Some of the conditions that
participants wanted to impose on data sharing, such as using
opt-in consent and providing information about each instance
of use to each person who has provided data, are also conditions
that some advocates of sharing would argue cannot be
implemented [23,29-31]. Some intuitively attractive conditions,
such as ensuring safe storage or compelling private companies
to publish findings, may be difficult to enact through legislation
and even more difficult to police. For example, despite decades
of lament about publication bias in health research [32],
relatively little headway has been made to change the practice
[33-35].

A second set of challenges for policy makers may lie in
identifying exactly which members of the community are
concerned about what aspects of data sharing. In this survey,
sociodemographic differences in views were generally small,
and there were widely divergent views about what private
companies could or would do if they had access to government
health information. The participants who were willing to share
health data were more cautious about the conditions under which
they would be willing to share, but they were also more willing
to trust the private sector and more willing to allow the private
sector to take profits. The reasons for these findings are unclear,
but they could suggest that participants had variable
understandings of the private sector when answering the survey
or that they had particular companies in mind. Whatever the
reason, educating people about why it might be acceptable for
the private sector to use public administrative data is unlikely
to resonate equally across the community.

In its 2017 report on data availability and use in Australia, the
Productivity Commission concluded that Australia lags behind
other countries in its use of public sector data, particularly in
the private sector [36]. In the Commission’s view, Australia’s
foot-dragging has multiple causes, with limited community
understanding and fragile trust at the top of the list, closely
followed by legislative complexity, lack of leadership, data
breaches, and poor data quality.

Our survey findings support the Commission’s concern about
the lack of community trust in data sharing. The participants in
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our survey were uncertain about whether the private sector could
be trusted, with at least one-third of the participants doubting
the motivations and behaviors of the private sector when it came
to their health information. However, many participants also
agreed that sharing their health information with the private
sector could yield public benefits, with just over half of all
participants supporting the use of health information by private
companies.

Recent scholarly studies of public views on using health data
for secondary purposes also emphasize the importance of these
2 domains of trust and public benefit [15,37-39]. These recent
studies cohere with our findings that understanding the benefits
that can arise from using health data is necessary, but not
sufficient, if the public is to entrust its health data to the private
sector [10,40]. Many people are still uncomfortable with the
idea of private companies accessing their government health
data [41], and they have particular concerns about data privacy
[42] and passing information on to marketers or insurers [43].

Building trust is not just a matter for the private sector. Trust
in government is also important because it is the government
that collects, holds, and releases health information in the first
place [44]. This disquiet was reflected in the comments in our
survey, although we did not actually ask participants to tell us
their views on how well governments manage health data.
Recent studies have also highlighted public misgiving about
the public sector’s ability to implement and manage data sharing
and linkage safely, both in general and with private companies
[37,41,42]. In her article examining Australian women’s views
and experiences of the My Health Record, Lupton [42]
highlighted a number of well-publicized data breaches in
Australia that may have contributed to participants’ cynicism
about their government’s ability to keep health data protected.

At the time of this survey, we found no other Australian studies
that provide a quantitative estimate of public support for sharing
data with the private sector. The small number of international
studies placed support for data sharing between 15% and 65%
[45-47], a much larger range compared with our finding of 52%
to 58%. These point estimates are helpful, but different research
approaches are needed to reveal what lies beneath these
numbers. Studies using focus groups, particularly in vulnerable
populations; engagement and feedback through publicly focused

websites; and deliberative methods such as citizens’ juries will
all help explain why participants are reticent to share their health
data. For some topics, the use of different methods may yield
different answers. For example, we found strong support for
opt-in consent in this survey, whereas deliberative studies
suggest that people may become less concerned about consent
when they understand that shifting to opt-in consent for the
secondary use of administrative health data would make the
conduct of most big data research impractical and the findings
untrustworthy [16,48]. The participants in our study were
probably not all that different from other people in struggling
to understand how data sharing, deidentification, and data
linkage work or even how administrative health data could be
used for research and development.

Limitations
This survey was conducted with an online panel of members
of the public who had signed up to participate in research
questionnaires, and it, therefore, has a number of limitations.
In particular, as the participants were members of a panel who
expressed interest and willingness to participate in research
surveys, they may be more likely to be supportive of research,
or at least more interested than the general public in research.
The participants also probably had a reasonable level of
confidence in using information technology and the internet,
although what this meant for their attitudes to sharing their
health data with the private sector was unclear. In addition,
although participants were directed to focus on pharmaceutical
companies and medical device manufacturers, it is possible that
they also had other private health industries such as marketing
and insurance companies in mind. This may have influenced
the participants’ responses.

Conclusions
Although there is broad public support for the secondary use
of health data, our survey findings suggest that this support only
extends to sharing health data with the private sector under
tightly controlled circumstances. However, significant concerns
are likely to remain. Addressing public concern about sharing
government health data with the private sector will require more
and better engagement to build community understanding about
how agencies can collect, share, protect, and use their personal
data.
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The proportion of participants who were willing to share government health data by proportion of participants who agreed or
disagreed that specific conditions should be met before sharing could occur.
[PNG File , 66 KB - jmir_v23i10e24200_app2.png ]

Multimedia Appendix 3
The proportion of participants who were willing to share government health data by proportion of participants who agreed or
disagreed on the views of private companies.
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Multimedia Appendix 4
Consent preferences—adjusted percentages (N=2573): “What do you think about your health information being used by private
companies for the development of new medicines or devices?”.
[PNG File , 21 KB - jmir_v23i10e24200_app4.png ]

Multimedia Appendix 5
Adjusted percentages of willingness to share government health data with private companies by sociodemographic pattering
(N=2537): “To what extent do you agree with the government sharing your health information with private companies, such as
drug companies or medical device manufacturers?”.
[PDF File (Adobe PDF File), 122 KB - jmir_v23i10e24200_app5.pdf ]

Multimedia Appendix 6
Adjusted percentages of conditions on sharing government health data with private companies by sociodemographic patterning
(N=2537): “How important is it that each of the following conditions be met when information is shared with the private sector?”.
[PDF File (Adobe PDF File), 153 KB - jmir_v23i10e24200_app6.pdf ]

Multimedia Appendix 7
Adjusted percentages of views on sharing government health data with private companies by sociodemographic patterning
(N=2537): “To what extent do you agree with the following statements about private companies using government health
information to support development of new treatments?”.
[PDF File (Adobe PDF File), 140 KB - jmir_v23i10e24200_app7.pdf ]
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Abstract

Background: Washing hands helps prevent transmission of seasonal and pandemic respiratory viruses. In a randomized controlled
trial (RCT) during the swine flu outbreak, participants with access to a fully automated, digital intervention promoting handwashing
reported washing their hands more often and experienced fewer respiratory tract infections than those without access to the
intervention. Based on these findings, the intervention was adapted, renamed as “Germ Defence,” and a study was designed to
assess the preliminary dissemination of the intervention to the general public to help prevent the spread of seasonal colds and
flu.

Objective: This study compares the process evaluations of the RCT and Germ Defence dissemination to examine (1) how
web-based research enrollment procedures affected those who used the intervention, (2) intervention usage in the 2 contexts, and
(3) whether increased intentions to wash hands are replicated once disseminated.

Methods: The RCT ran between 2010 and 2012 recruiting participants offline from general practices, with restricted access to
the intervention (N=9155). Germ Defence was disseminated as an open access website for use by the general public from 2016
to 2019 (N=624). The process evaluation plan was developed using Medical Research Council guidance and the framework for
Analyzing and Measuring Usage and Engagement Data. Both interventions contained a goal-setting section where users self-reported
current and intended handwashing behavior across 7 situations.

Results: During web-based enrolment, 54.3% (17,511/32,250) of the RCT participants dropped out of the study compared to
36.5% (358/982) of Germ Defence users. Having reached the start of the intervention, 93.8% (8586/9155) of RCT users completed
the core section, whereas 65.1% (406/624) of Germ Defence users reached the same point. Users across both studies selected to
increase their handwashing in 5 out of 7 situations, including before eating snacks (RCT mean difference 1.040, 95% CI 1.016-1.063;
Germ Defence mean difference 0.949, 95% CI 0.766-1.132) and after blowing their nose, sneezing, or coughing (RCT mean
difference 0.995, 95% CI 0.972-1.019; Germ Defence mean difference 0.842, 95% CI 0.675-1.008).

Conclusions: By comparing the preliminary dissemination of Germ Defence to the RCT, we were able to examine the potential
effects of the research procedures on uptake and attrition such as the sizeable dropout during the RCT enrolment procedure that
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may have led to a more motivated sample. The Germ Defence study highlighted the points of attrition within the intervention.
Despite sample bias in the trial context, the intervention replicated increases in intentions to handwash when used “in the wild.”
This preliminary dissemination study informed the adaptation of the intervention for the COVID-19 health emergency, and it has
now been disseminated globally.

Trial Registration: ISRCTN Registry ISRCTN75058295; https://www.isrctn.com/ISRCTN75058295

(J Med Internet Res 2021;23(10):e26104)   doi:10.2196/26104

KEYWORDS

behavior; infection; prevention; respiratory tract infection; internet; evaluation studies; pandemic; COVID-19; transmission;
virus; influenza; respiratory; intervention; digital intervention; dissemination

Introduction

Pandemic respiratory viruses present a global health threat,
leading to more deaths across a wider spread of the population
than seasonal flu, as seen through outbreaks such as SARS-CoV
(severe acute respiratory syndrome), swine flu (H1N1 influenza),
MERS-CoV (Middle East Respiratory Syndrome), as well as
COVID-19 (SARS-CoV-2) [1]. However, for more vulnerable
groups such as the older adults or seriously ill, seasonal flu can
still present a serious health risk and increased likelihood of
needing medical care [1]. Handwashing is an accessible and a
simple infection control behavior [2,3] that has been promoted
to the general public for many decades to slow the spread of
cold and flu viruses both seasonally and during pandemics [4,5].
The COVID-19 pandemic has seen renewed calls for increased
handwashing from governments and health organizations around
the world as a means to control the spread of the virus [6,7].
Yet, despite high levels of health promotion and public
awareness of handwashing, evidence from prior pandemics (ie,
SARS-CoV and swine flu) suggests that increases in the reported
levels of handwashing were low [8,9]. An effective,
evidence-based behavioral intervention to support increased
handwashing within the home in the event of pandemics such
as COVID-19 and for seasonal respiratory tract infections is
urgently required [10-13]. Digital interventions provide the
advantages of quick dissemination and flexibility so that
contents can be updated to reflect the changes during a
pandemic.

PRIMIT (PRImary care trial of a website based infection control
intervention to Modify Influenza-like illness and respiratory
infection Transmission) was commissioned and funded by the
UK Medical Research Council in 2008 for use in the event of
a pandemic [14]. A theory-based, stand-alone, digital
intervention to increase handwashing targeting the general
population was developed using the person-based approach
[15]. This included extensive mixed-methods evaluation of the
usability, functionality, and acceptability of the intervention
[3,16,17]. A randomized controlled trial (RCT) of over 20,000
participants was carried out in the United Kingdom while swine
flu was circulating in the community. The findings of this RCT
established that participants who had access to the intervention
reported washing their hands more than those who did not: they
and the people they lived with had lesser respiratory tract
infections and users who contracted respiratory tract infections
were ill for lesser time [14]. A behavioral analysis of the data
collected during the RCT demonstrated that viewing each of

the 4 available sessions led to additive increases in handwashing
levels [18]. However, completing the first session was deemed
to be effective engagement; after viewing this session, the
majority of users increased their handwashing to sufficient levels
to lower the transmission of viruses [18,19]. This session
contained a range of motivational messages and included a
goal-setting behavior change technique (BCT). The goal-setting
section required users to consider their current handwashing
frequency across a range of specific situations (eg, after going
to the toilet, before eating a meal) and then make a plan to
increase handwashing in the future. Based on the findings from
the behavioral analysis [18], in 2016, the architecture of the
intervention was adapted to enable access to all the intervention
contents in 1 session (rather than 4 sequential sessions). The
intervention was renamed as “Germ Defence” and disseminated
to the general public to lower the transmission of seasonal cold
and flu viruses [20]. The data generated by the PRIMIT and
Germ Defence studies provide us with the opportunity to
compare the uptake and usage of the intervention in the RCT
and “in the wild” contexts.

RCTs are considered to be the gold standard for evaluating
intervention efficacy. However, they have been criticized for
producing results that are not replicated once an intervention is
freely disseminated to the intended population [21-23]. RCTs
require artificial conditions that differ from how an intervention
may be used “in the wild.” For example, RCTs of digital
interventions typically involve effortful web-based research
procedures such as lengthy enrollment processes, followed by
in-depth baseline, interim, and follow-up data collection across
several weeks, if not months [24]. These demanding procedures
may affect both the type of people who take part in an RCT and
how they use the intervention [21,25,26]. Participants with lower
levels of education or health literacy are more likely to drop out
of a study during these processes [27], meaning that these groups
are unintentionally excluded. Conversely, this can lead to
volunteer bias within the sample [26], whereby people who are
more highly motivated to perform the behavior or have higher
levels of health literacy/education are more likely to participate
in the trial. In addition, research suggests that effortful
procedures may increase participants’ sense of support or
accountability, leading to artificially high levels of engagement
[21].

Calls have been made to evaluate digital interventions so that
their effectiveness may be established beyond trial conditions
[24]. However, a review of studies of publicly available digital
interventions found that few reported in-depth usage data and
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only 1 intervention was identified as having been empirically
examined through an RCT as well [21]. Having established the
effectiveness of the PRIMIT intervention in a trial context, the
Germ Defence study was subsequently devised as a novel
preliminary dissemination of the intervention to the general
public. Comparing intervention usage across these 2 contexts
provides the opportunity to examine the impact of the rigors of
RCTs on intervention usage and effectiveness and to assess
whether the intervention maintains efficacy when accessed “in
the wild” [28,29].

This paper reports process evaluations [30] of the PRIMIT and
Germ Defence studies. The aim of this study was to provide
insights that would help to optimize the intervention and
maximize reach in the event of a pandemic and to provide a
comparison between RCT and “in the wild” contexts. This has
proved timely, as the Germ Defence intervention has now been
adapted and widely disseminated for use during the COVID-19
pandemic [31,32]. By comparing trial and “in the wild” contexts,
we were able to examine the effect of the RCT research
procedures on uptake and usage. Examining attrition during
trial procedures has the potential to inform RCT design and
produce findings that will translate when implemented at scale
within the community. Further, examining the usage of
intervention content across the 2 contexts provides insight into

how to design interventions that are likely to be more effective
and engaging when disseminated at scale. As the intervention
is effective where other public health campaigns have had less
success [8,9], it is important to understand how increased
handwashing was achieved. The Germ Defence study enabled
us to examine whether the goal-setting section continued to
support increased intentions for handwashing in specific
situations when the intervention is not supported by the trial
context. The specific objectives of this study were to compare
(1) completion of the web-based research enrollment procedures,
(2) usage of the intervention content, and (3) self-reported
intentions to wash hands in specific situations.

Methods

Study Procedures
The PRIMIT trial ran across 3 winters from 2010 to 2012.
Participants were randomized equally to either the intervention
or control groups. Both groups were required to give consent,
log in, and complete baseline measures to enroll in the study.
Participants in the intervention group were given immediate
access to the first session of the website (Figure 1). This trial
is registered with the ISRCTN registry number
ISRCTN75058295; for full details of the trial, see [14].

Figure 1. Research procedures for PRIMIT (PRImary care trial of a website based infection control intervention to Modify Influenza-like illness and
respiratory infection Transmission) and Germ Defence studies.

Germ Defence was available from 2016 to 2019. On the
webpages prior to accessing the intervention, users were

provided with details of the study and asked if they would like
to participate by providing baseline measures or go directly to
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the intervention. For users volunteering to complete baseline
measures, the consent process was adapted to provide minimal
but sufficient information for informed consent, with full details
available as an optional click-through.

Study Design
A process evaluation plan to compare usage of PRIMIT and
Germ Defence studies and interventions was developed while
adapting and preparing Germ Defence for dissemination in
2016. The plan was structured using the Analyzing and
Measuring Usage and Engagement Data (AMUsED) framework
[20,33-35] (see Multimedia Appendices 1-3) and is in line with
Medical Research Council process evaluation guidance [30].
The process evaluation team combined expertise in psychology,
primary care, statistical analyses, and computer science. Most
team members were already familiar with the intervention
having worked on the PRIMIT study development [3,16,17] or
the RCT [14,18].

Participants
PRIMIT study participants were recruited to the RCT by letters
sent from National Health Service general practices to patients
aged 18 years or older living with at least one other person who
was willing to report their illnesses for the study and had internet
access. Patients with severe mental problems, who were
terminally ill, or who had a skin complaint that restricts
handwashing were excluded from this study. Access to the
website was restricted so that only users who received specific
login details were able to enroll and consent to the study online.
Participants were not compensated for taking part in this study.

The Germ Defence study was accessible to members of the
general public who indicated being aged 16 years or older.

Website details were distributed to various health sector
organizations for use with their clients (eg, health support
charities for people at risk from respiratory tract infections and
local council public health organizations). Germ Defence is
endorsed by the National Institute for Health and Care
Excellence antimicrobial resistance guidelines and a link to the
intervention is provided on their website. The intervention was
also promoted directly to the general public (eg, through a chain
of high-street pharmacies, play groups, social media, student
intranet).

Ethical Approval
The PRIMIT study was approved by a multicenter research
ethics committee (08/H0502/14). The Germ Defence study was
approved by the University of Southampton, School of
Psychology ethics committee (19399).

Measures
The PRIMIT study and Germ Defence websites were developed
using LifeGuide software (University of Southampton) [36].
The software collected self-report measures and automatically
recorded user interaction with the intervention such as time,
date, pages viewed, and the order they were viewed in. For the
Germ Defence study, web-based, self-reported baseline
measures of user characteristics and behaviors were streamlined
in comparison to those used in the PRIMIT study (see Table 1).
Measures were selected based on the findings from the PRIMIT
study [14] and completion of the AMUsED framework
checklists [20]. By making the baseline measures voluntary, it
was possible to split the sample into 2 groups: those who chose
to complete these measures and those who did not.
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Table 1. Germ Defence and equivalent PRIMIT web-based study measures.

Germ
Defence

PRIMITa

studyResponse optionsDescriptionMeasures, items

Baseline web-based self-report questionnaires

✓✓Male, Female, OtherPlease select oneGender

✓✓PRIMIT study: 18-99 years, Germ Defence: 16-99
years

Select age from dropdown box.Age

✓health support group, school or children’s group,
search engine, social media, news article, word of
mouth, other.

How did you hear about the website?Recruitment

✓✓0-2, 3-4, 5-6, 7-9, 10 times or more.How many times a day do you wash your
hands, including using antibacterial hand
gel, on average?

Current daily handwashing

✓✓0-2, 3-4, 5-6, 7-9, 10 times or more.How many times a day do you intend to
wash your hands in the future, including
using antibacterial hand gel, on average?

Intended daily handwash-
ing

Perceived risk of catching a respiratory tract infection

✓✓1-7 Likert scale ranging from “strongly disagree”
to “strongly agree”

PRIMIT: 2 items (eg, My chances of
catching a cold or flu are high if I don’t
take action to prevent it).

Perceived likelihood of
users catching a respiratory
tract infection

1-7 Likert scale ranging from “strongly disagree”
to “strongly agree.”

Germ Defence: My chances of catching
a cold, flu, or stomach bug are high if I
don’t take action to prevent it.

✓1-7 Likert scale ranging from “strongly disagree”
to “strongly agree.”

If I catch a cold, flu, or stomach bug, I
am likely to become seriously ill.

Perceived severity of
catching a respiratory tract
infection

Goal-setting section within the intervention

✓✓1=almost never, 2=sometimes, 3=quite often,
4=very often, 5=almost always

C1: Before I ate a mealCurrent behavior: Over the
last week, I washed my
hands

✓✓1=almost never, 2=sometimes, 3=quite often,
4=very often, 5=almost always

C2: Before I ate snacks

✓✓1=almost never, 2=sometimes, 3=quite often,
4=very often, 5=almost always

C3: After I went to the toilet

✓✓1=almost never, 2=sometimes, 3=quite often,
4=very often, 5=almost always

C4: When I came in to the house

✓✓1=almost never, 2=sometimes, 3=quite often,
4=very often, 5=almost always Germ Defence only:
0=not applicable

C5: After I had been close to someone
with a cold, flu, or upset stomach

✓✓1=almost never, 2=sometimes, 3=quite often,
4=very often, 5=almost always Germ Defence only:
0=not applicable

C6: After blowing my nose or sneez-
ing/coughing on my hands

✓Germ Defence only: 1=almost never, 2=sometimes,
3=quite often, 4=very often, 5=almost always 0=not
applicable

C7: After touching something with lots
of germs on

Responses as for current behaviorItems as for current behaviorIntended behavior: I will
try to wash my hands

aPRIMIT: PRImary care trial of a website based infection control intervention to Modify Influenza-like illness and respiratory infection Transmission.

Intervention Structure
The intervention used for the PRIMIT and Germ Defence studies
was developed by researchers at the University of Southampton.
Full details of intervention structure and development are
reported elsewhere [3,14,16,17] and archived copies are
available [37] (see PRIMIT and Germ Defence v1). The

intervention content for both the studies was “frozen” during
the trial and dissemination periods.

PRIMIT study users had access to 4 sessions of theory-based
and evidence-based content released sequentially over 3.5
weeks. Having established that viewing the first session of the
PRIMIT study intervention represented effective engagement
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[18], Germ Defence was also structured with the same content
as the core section (Figure 2). After completing the core section,
all information from the following 3 sessions was then available,
allowing users to access the whole intervention in 1 visit, with
no further sessions necessary. These core pages focused on
informing, supporting, and motivating users to wash their hands
more [3,17] and were “tunneled” so that users had to move
through pages in a specific order. The appearance was updated
for Germ Defence, but only 2 content changes were made to
the core section: details about pandemic flu [17] and particularly
the swine flu outbreak that started in 2009 were removed and
a motivational message from the original “session 2” was added
in between the goal-setting pages.

Within this core section was a goal-setting BCT encouraging
handwashing in situations where there is increased risk of
infection through spreading the virus inside the home (eg, when

I come into the house) or transmission of viruses from hands
to face (eg, before I eat snacks). These are the only pages in the
intervention that require user interaction, and users were only
able to progress further if they selected current and intended
future handwashing for all situations. Users were provided with
feedback after completing their plan: positive for high or
improved levels of handwashing; supportive for low and
unimproved levels of handwashing, suggesting users’ revisit
and change of their plan. Having finished these pages, PRIMIT
study users had completed session 1. For Germ Defence users,
after this core section was a menu allowing users to access 3
further components with information from sessions 2-4 of the
PRIMIT study. These included further support for handwashing
and information on other infection prevention behaviors (ie,
social distancing, not touching your face, wearing a mask,
cleaning surfaces).

Figure 2. PRIMIT (PRImary care trial of a website based infection control intervention to Modify Influenza-like illness and respiratory infection
Transmission) study and Germ Defence intervention structure for core section.
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Data Analysis
Anonymous usage data collected automatically through
interaction with the intervention was examined for all Germ
Defence users and PRIMIT participants in the intervention
group. Usage of the core section of Germ Defence is reported
for the whole sample and the subsample of users who completed
baseline measures. Responses to self-report measures (ie, at
baseline and goal-setting) were analyzed for the PRIMIT study
intervention group and Germ Defence baseline respondents. As
part of the PRIMIT trial requirement, a small proportion of users
was placed into a substudy and they completed different baseline
measures that excluded handwashing behaviors. As this group
cannot be included in analyses with other users, they have been
removed from this process evaluation.

SPSS for Windows version 25 (IBM Corp) was used for all
statistical analyses. The frequency distribution of the scores for
self-report measures was visually assessed for normality, and
all measures of user characteristics at baseline were nonnormally
distributed. All analyses were two-tailed. Owing to the
difference in sample sizes, analyses of usage data are reported
as percentages to enable more meaningful comparisons.

Completion of Web-Based Research Enrollment
Procedures
To examine the completion of the web-based research
enrollment procedures, usage data were analyzed for the
proportions of users who had viewed each page, continued on
to another page, and left the study. Owing to changes in the data
collection across the 3 winters, usage data covering research
enrollment for the first 2 winters are not available (intervention
usage data were unaffected). Therefore reported usage
percentages for enrollment pages are taken from users recruited
in the third winter, representing over 75% of the total sample.
The number of views for the welcome pages (PRIMIT study
n=209,852, Germ Defence n=12,106) included multiple views
by the same participants, people who arrived at the page
unintentionally, and bots (automated software programs). In
addition, PRIMIT study participants who were returning to the
intervention to view later sessions are included in this number.

To enable equivalent comparisons between the 2 research
procedures and to ensure that usage was intentional, the first
page has been separated and proportions of participants have
been calculated based on the sample who reached the second
page.

Intervention Usage
Intervention content usage was examined for the pages viewed
and attrition in the core section of the intervention. Confidence
intervals at 95% were used to compare the means of baseline
behavioral and psychological measures to determine whether
there were any differences between the intervention users in the
two contexts. Logistic regression analyses were carried out to
examine whether baseline user characteristics predicted
completion of the core section of the intervention.

Handwashing Behaviors
Confidence intervals at 95% were also used to compare the
scores for intentions to handwash in the goal-setting situations.
The first completion of intended handwashing responses for the
goal-setting items was analyzed. Confidence intervals comparing
individual handwashing situations are reported for practical
significance, with mean differences >0.3 on a scale of 1-5.
Paired sample cases items were excluded listwise to reduce any
bias due to attrition, and equal variances were assumed for
independent samples.

Results

Completion of Web-Based Research Enrollment
Procedures
Letters inviting patients to take part in the PRIMIT study were
sent to 804,897 individuals, of which 2.5% (20,042/804,897)
provided web-based consent, completed baseline measures, and
were assigned to a group (Figure 3). The Germ Defence website
received 12,106 visits to the first page. The majority of these
were identified as bots (7639/12,106, 63.1%). Of the remaining
4467 visits, 4.9% (223/4467) continued to provide baseline
measures and access the intervention and 8.9% (401/4467)
accessed the intervention directly.
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Figure 3. Flowcharts of usage during PRIMIT (PRImary care trial of a website based infection control intervention to Modify Influenza-like illness
and respiratory infection Transmission) study and Germ Defence research procedures. Owing to the difference in sample sizes, analyses of usage data
are reported as percentages to enable more meaningful comparisons. GP: general practice; PIS: patient information sheet.

Intervention Usage

User Characteristics
The sample population in Germ Defence study was younger
(mean 42 years) and predominantly female (184/243, 75.7%)
compared to that in PRIMIT (mean 57 years, 5002/8943,
55.9%). The samples were similar in most of the self-reported
behaviors and beliefs at baseline (Table 2). PRIMIT study users
reported higher intended levels of daily handwashing at baseline
(mean 3.97) compared to current daily levels (mean 3.85; mean
difference 0.118, 95% CI 0.107-0.130), as did Germ Defence
users (intention mean 4.11, current mean 3.87; mean difference
0.239, 95% CI 0.131-0.348). Comparisons of scores between
PRIMIT study and Germ Defence users for current (mean
difference –0.022, 95% CI –0.172 to 0.127) and intended (mean
difference –0.150, 95% CI –0.296 to –0.004) daily handwashing
showed no practical significance. Germ Defence users perceived
themselves as more likely to contract a respiratory tract infection
(mean 5.53) than users in the PRIMIT study intervention group
(mean 5.11; mean difference 0.418, 95% CI 0.199-0.637). None
of the user characteristics recorded at baseline (eg, age, daily
handwashing behavior) predicted completion of the core section
for either PRIMIT or Germ Defence (Table S1 in Multimedia
Appendix 4).

When asked how they had heard about the Germ Defence
website, 236 users responded the following sources: news
(41/236, 17.4%), word of mouth (21/236, 8.9%), social media
(16/236, 6.8%), search engine (15/236, 6.4%), school or
children’s group (14/236, 5.9%), and health support group
(4/236, 1.7%); 125 (52.97%) users selected “other.” When asked
to provide further details, 67 (28.4%) users identified themselves
as working in health care–related professions. Owing to health
care professionals’ (HCPs) familiarity with infection prevention
behaviors, the characteristics of the identified HCPs were
compared with those of non-HCPs within the Germ Defence
study to examine any potential sample bias. When the sample
was split by profession, HCPs indicated higher daily levels of
current handwashing (mean 4.26) than non-HCPs (mean 3.71;
mean difference 0.543, 95% CI 0.237-0.849). HCPs also selected
higher daily intentions to wash their hands in the future (mean
4.51) compared to non-HCPs (mean 3.96; mean difference
0.550, 95% CI 0.243-0.856). Although HCPs perceived
themselves as more likely to contract a respiratory tract infection
(mean 6.00) than non-HCPs (mean 5.33; mean difference 0.667,
95% CI 0.213-1.121), the perceived likelihood of becoming
very ill was similar across all Germ Defence baseline responders
(HCPs mean 3.25; non-HCPs mean 3.62; mean difference 0.038,
95% CI –0.472 to 0.549).
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Table 2. Characteristics of PRIMIT study intervention group and Germ Defence study baseline responders.

Min-MaxMean (SD)Participants (n)Measure

Responders

N/AN/Ab8959PRIMITa study

N/AN/A250Germ Defence

Gender split (female)

N/AN/A5002PRIMIT study (n=8943)

N/AN/A184Germ Defence (n=243)

Age (years)

18-9456.64 (13.631)8945PRIMIT study

16-7442.11 (13.035)250Germ Defence

Current daily handwashing

1-53.85 (1.150)8945PRIMIT study

1-53.87 (1.094)234Germ Defence

Intended daily handwashing

1-53.97 (1.117)8944PRIMIT study

1-54.11 (1.090)231Germ Defence

Perceived likelihood of user becoming ill

1-75.11 (1.652)8837PRIMIT study

1-75.52 (1.582)223Germ Defence

Perceived severity for user

N/AN/AN/APRIMIT study

1-73.61 (1.747)223Germ Defence

aPRIMIT: PRImary care trial of a website based infection control intervention to Modify Influenza-like illness and respiratory infection Transmission.
bN/A: not applicable.

Intervention Content Usage
Attrition was lower in PRIMIT, with fewer users failing to
complete the core section (568/9155, 6.2%) compared to Germ
Defence users (218/624, 34.9%) (see Figure 4). The pages that
saw the most attrition in Germ Defence were those leading up
to and including the first page of the goal-setting section, which
saw a total of 25.2% (157/624) of users leave the intervention,
accounting for 72.0% (157/218) of all attrition. Germ Defence
users who had volunteered to complete baseline measures had
lower levels of attrition across all of the core section (54/223,

24.2%) and up to the start of the goal-setting section (43/223,
19.3%). The introduction page to the PRIMIT study saw the
highest level of attrition (304/9155, 3.3%), meaning that 53.5%
(304/568) of the total attrition occurred on the first page.
Completion of the core section of Germ Defence by users who
had identified themselves as HCPs was 79.1% (53/67), which
was similar to that of all baseline responders (169/223, 75.8%).
After completing the core section, 38.8% (242/624) of all Germ
Defence users accessed one or more of the 3 further components
(see Figure 1) compared to 47.5% (106/223) of the Germ
Defence baseline respondents.
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Figure 4. Flowcharts of percentage of usage for the core sections of PRIMIT (PRImary care trial of a website based infection control intervention to
Modify Influenza-like illness and respiratory infection Transmission) and Germ Defence. Owing to the difference in sample sizes, analyses of usage
data are reported as percentages to enable more meaningful comparisons.

Handwashing Behaviors
Germ Defence baseline responders and PRIMIT study users
both chose to increase their intended handwashing compared
to their current levels for 5 of the 7 situations (see Figure 5 and
Tables S2-S4 in Multimedia Appendix 5 for mean differences
and confidence intervals). Intentions to wash hands after going
to the toilet did not increase in either context (Table S2 in
Multimedia Appendix 5). Germ Defence users also selected
similar current and intended levels for “after touching something
with germs on.” Scores for HCPs using Germ Defence were
not different from those of non-HCPs for both current and
intended behavior (Table S4 in Multimedia Appendix 5). Owing

to the large sample size, mean ranges for the PRIMIT study are
smaller than those for the Germ Defence sample.

When comparing current behavior between the 2 studies, the
score for “before I ate a meal” was the only practically
significant situation (mean difference 0.320, 95% CI
0.121-0.518), with PRIMIT study users washing their hands
more frequently (mean 3.73) than Germ Defence users (mean
3.41) (Table S3 in Multimedia Appendix 5). Scores for intended
behavior showed that PRIMIT study users had selected higher
frequencies (mean 4.10) for “after blowing my nose,
sneezing/coughing on my hands” (mean difference 0.381, 95%
CI 0.206-0.557) compared to Germ Defence users (mean 3.72).

J Med Internet Res 2021 | vol. 23 | iss. 10 |e26104 | p.757https://www.jmir.org/2021/10/e26104
(page number not for citation purposes)

Miller et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 5. Means and confidence intervals for goal-setting behavior change technique for PRIMIT (PRImary care trial of a website based infection
control intervention to Modify Influenza-like illness and respiratory infection Transmission) study and Germ Defence.

Discussion

Overview of This Study
This paper presents process evaluations of an intervention
applied in 2 different contexts to lower the transmission of
viruses at home by increasing handwashing. The intervention
was used in an RCT by National Health Service patients
recruited via their general practices (PRIMIT study) and as an
open access intervention available to the general public (Germ
Defence). By comparing the 2 contexts, we hope to better
understand any effect that the design of the RCT had on who
accessed the intervention, how the intervention was used, and
whether the intervention continued to increase handwashing
intentions once disseminated to the public.

Implications for Web-Based Research Enrollment
Procedures
Half the PRIMIT RCT participants dropped out during the
web-based research enrollment process prior to reaching the
intervention. This intervention had been developed in line with
the person-based approach; accessibility and engagement with
content and design were optimized through think-aloud
interviews and survey responses [3]. However, although baseline
measures were assessed quantitatively to ensure they were valid
[17], additional patient and public involvement or qualitative
assessment during development would have provided
information on the impact and acceptability of these research
processes. This would have allowed the opportunity to improve
them and reduce the risk of losing a substantial number of
potential users before they have even reached the intervention.
The Germ Defence study lost a third of the participants during
research enrollment. Considerable effort was invested to develop
and optimize the consent and baseline measures for Germ
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Defence. The process was made easier and quicker than that
for PRIMIT with optional rather than compulsory baseline
measures. These pages were constructed in line with the design
values and language used for the original intervention [3,17]
and were additionally tested for usability by 8 researchers
experienced in person-based digital intervention development.
As a preliminary dissemination study, these procedures were
necessary to compare participant characteristics and
handwashing behaviors of the Germ Defence study to those
from the PRIMIT study. As with the PRIMIT RCT, the potential
impact of this on uptake had not been assessed in advance.
However, by making the process voluntary, we were able to
demonstrate that over 60% of Germ Defence users preferred
not to complete baseline measures at all. Almost 80% of the
first visits to the Germ Defence website did not progress past
the first page. The data available do not offer explanation for
the high initial dropout. One possible explanation could be that
the intervention was first developed in 2008 and intended to be
used on personal computers and larger screen tablets; the website
was unable to responsively adapt to mobile viewing (eg, users
needed to enlarge or scroll across the page if viewing content
on a mobile phone screen). This may have discouraged a
considerable number of users. In addition, the number of visits
at this point may include multiple visits by the same people;
consequently, users who visited the first page and then decided
to return at a later point to view the whole intervention cannot
be identified within the attrition rate.

Implications for Intervention Usage
High levels of attrition during research enrollment procedures
are a concern as they may lead to selection bias in the remaining
sample. Comparison of intervention usage between the 2
contexts highlighted this effect: over 90% of PRIMIT study
users completed the core section of the intervention compared
to 65% of all Germ Defence users. This suggests that effortful
enrollment research procedures and high levels of dropout may
have resulted in a remaining sample that was more motivated
to use the intervention. This is supported within Germ Defence
where the completion rate increased to 75% for users who had
participated in baseline measures, and they were more likely to
view the additional components within the intervention. As
none of the user characteristics recorded at baseline (eg,
handwashing behavior, perceived likelihood of becoming ill)
were associated with completing the core section of the
intervention, explanations for this increased usage may be
explained by alternative characteristics (eg, motivation to learn
about infection prevention behaviors, altruism). As suggested
above, extending qualitative methods used to develop
intervention content to include research procedures may also
help identify characteristics associated with engagement with
the research as well as with target behavior.

The majority of attrition from the intervention occurred across
the first few pages in both studies. Germ Defence users may
have chosen to leave as they were dissatisfied with the content,
or alternatively, given that these pages received positive
feedback during development, users may have felt they had
found sufficient information and did not need to continue.
Further research is required to understand this attrition,
particularly for the introduction page of the PRIMIT study. This

page contained no “active ingredients,” yet saw the highest
proportion of users leave despite having completed the effortful
enrolment process. The page with the highest proportion of
attrition in Germ Defence was the first page of the goal-setting
section. This is the first time users were required to interact with
the intervention, and they were unable to progress to the next
page without entering current handwashing frequencies.
Although users may have decided to leave rather than complete
an activity they considered to be too effortful, the goal-setting
section was seen to be effective at raising intentions to wash
hands more in the future.

Implications for Promoting Increased Handwashing
When comparing PRIMIT study and Germ Defence
handwashing selections for the goal-setting BCT, users in both
contexts intended to improve their frequency of handwashing
in the future in 5 situations (ie, before meals, before snacks,
after coming in to the home, after being close to someone who
is ill, after sneezing or coughing). Minimal improvement was
seen for washing hands after going to the toilet and touching
something with germs on. This is probably due to the high levels
already reported for current behavior. Interestingly, users
reported only washing their hands “quite often” on average after
blowing their nose, sneezing, or coughing, despite repeated
public health campaigns targeting this specific behavior in the
United Kingdom [38]. Qualitative research during intervention
development highlighted that people found this situation difficult
to carry out due to lack of control [2,3]. However, users did
chose to improve on this behavior in the future having viewed
the intervention.

The goal-setting section helped Germ Defence users to plan
improvements in handwashing in the same way as had been
seen in the PRIMIT study RCT for 5 of the 6 shared situations.
This suggests that the intervention mechanisms work as
effectively when disseminated to the general public as they did
in the RCT and that the reduction of illnesses seen in PRIMIT
study sample is likely to be replicated in the Germ Defence
sample. These similar levels of intended handwashing occurred
despite the RCT experiencing greater levels of selection bias
as discussed above, leading to a more motivated sample. An
explanation for this may be found in the Germ Defence sample
where almost a quarter of baseline responders were HCPs. At
baseline, HCPs indicated higher amounts of both current and
intended daily handwashing than non-HCPS. Yet, when
completing the goal-setting section, HCPs and non-HCPs
showed similar levels of current and increased intended future
handwashing for the specific situations within the BCT. This
suggests that although HCPs wash their hands more frequently,
they might be overlooking handwashing opportunities in the
home that are important for reducing infection transmission. If
this effect was seen with HCPs using Germ Defence, then it is
likely that using these specific situations was also effective for
highly motivated users in the PRIMIT study.

Application of the Findings to Disseminate Germ
Defence for Use in a Pandemic
In March 2020, Germ Defence was adapted and disseminated
globally for use in the COVID-19 pandemic [31,32]. The
findings from this preliminary dissemination study were applied
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to the intervention to maximize uptake and reach. Having
established that even minimal research enrolment procedures
may act as a barrier to usage, all baseline measures were
removed for the Germ Defence COVID-19 intervention so that
users could access the intervention as quickly and easily as
possible [31]. Instead, after completing the core section, users
are invited to take part in a survey where some demographic
information is collected along with questions about using the
intervention. While the sample that reaches this stage of the
intervention will be biased, the survey has still collected valuable
and insightful information [39]. In addition, the goal-setting
section embedded within the intervention provides a measure
of past/intended behavior. To reduce attrition within the
goal-setting section, an additional message explaining the value
of completing the measures has been added, which is hoped
will encourage participation.

Limitations
Comparing the large sample in the PRIMIT study to the much
smaller number of users who accessed Germ Defence is
problematic because they are likely to differ in many respects,
which could not be evaluated. However, comparisons are often
made between implementation of interventions in different
contexts, and given the difference in contexts and probably also
populations, it is notable that beliefs at baseline and self-reported
behaviors were similar in the trial and the implementation. The
difference in the number of participants is likely to reflect
recruitment methods: the PRIMIT study sent letters directly to
over 800,000 people, whereas Germ Defence relied heavily on
health organizations to distribute the details. The low level of
Germ Defence users suggests that prevention of seasonal colds
and flu may not be a strong motivation for many people (Germ
Defence for COVID-19 has seen considerably higher usage)
[30]. This means that people who did use Germ Defence may
have been more highly motivated to practice good infection
prevention behaviors, and given the low proportion of uptake
for PRIMIT, the same may be said of that sample. Yet, despite

this, the intervention group for the PRIMIT study experienced
lesser respiratory tract infections, and selections for the
goal-setting section demonstrated the ability of the intervention
to help users in both studies to increase their handwashing.

The large proportion of dropouts seen on the first page of Germ
Defence is unexplained. This is a common phenomenon of
intervention usage in the community [40], and as such, including
qualitative data collection in future process evaluations would
provide some insight for this problem and inform further
refinement of the first page to maximize usage.

Conclusions
This study provides an example of how interventions assessed
through RCTs can be examined and adapted to try to optimize
their usage when disseminated to the general public. By
comparing RCT data to a novel preliminary dissemination study,
we were able to examine our 3 aims. First, this research
demonstrates that the Germ Defence intervention continues to
raise users’ intentions to wash their hands more in specific
situations where the risk of virus transmission is high, replicating
the behavior changes reported during the PRIMIT RCT. The
responses show that using a goal-setting BCT was helpful for
increasing intended handwashing, including in situations
identified as being particularly difficult, despite having been
already targeted by long-term public health messages. Second,
we established that the effortful web-based enrolment procedures
required for the PRIMIT RCT led to participant dropout, acting
as a barrier to accessing health information. Third, the effect of
this was apparent through our aim of comparing intervention
usage, as the remaining PRIMIT users showed higher levels of
usage than those accessing the intervention in the Germ Defence
study. By designing the Germ Defence study to observe and
compare the preliminary dissemination of the intervention, we
were able to establish points of increased attrition within the
intervention. The findings provided the opportunity to adapt
and improve Germ Defence for wider dissemination and during
the onset of COVID-19 for a public health emergency.
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Abstract

Understanding the preferences of potential users of digital health products is beneficial for digital health policy and planning.
Stated preference methods could help elicit individuals’ preferences in the absence of observational data. A discrete choice
experiment (DCE) is a commonly used stated preference method—a quantitative methodology that argues that individuals make
trade-offs when engaging in a decision by choosing an alternative of a product or a service that offers the greatest utility, or
benefit. This methodology is widely used in health economics in situations in which revealed preferences are difficult to collect
but is much less used in the field of digital health. This paper outlines the stages involved in developing a DCE. As a case study,
it uses the application of a DCE to reveal preferences in targeting the uptake of smoking cessation apps. It describes the
establishment of attributes, the construction of choice tasks of 2 or more alternatives, and the development of the experimental
design. This tutorial offers a guide for researchers with no prior knowledge of this research technique.

(J Med Internet Res 2021;23(10):e32365)   doi:10.2196/32365
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discrete choice experiment; stated preference methods; mHealth; digital health; quantitative methodology; uptake; engagement;
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Introduction

Understanding how the public values different aspects of digital
health tools, such as smoking cessation or physical activity apps,
can help providers of the tools to identify functionality that is
important to users, which may improve uptake (ie, selection,
download, and installation of apps) [1]. This is important
because uptake of digital tools is generally low. More
information regarding the preferences of users when selecting
a digital health tool, for example via an app store, may allow

providers to present their products in such a way that may
increase their uptake. However, pragmatic challenges, such as
examining how each potentially modifiable aspect of a digital
health product (eg, presentation, design, and features that it
offers) or intervention design will impact preference or the
choice of uptake, often mean this is not feasible or practical [2].
Therefore, increasing attention is being paid toward stated
preference methods to understand preferences when designing
digital health products and services, with examples including
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COVID-tracing apps [3,4], sun protection apps to prevent skin
cancer [5], and the uptake of health apps in general [6].

Stated preference methods are survey-based methods aiming to
elicit individuals’ preferences toward a specific behavior,
particularly those that are not well understood. The most widely
used type of stated preference method is the discrete choice
experiment (DCE) [7]. According to Spinks et al [8], Louviere
and Hensher (1982) and Louviere and Woodworth (1983)
originally developed DCEs to study the marketing and
economics of transport, and the fields of psychology and
economics have profoundly influenced the DCE methodology
since it was developed. In recent years, DCEs have been
increasingly used in health and health care settings [9,10], as
well as in addiction research [11] and digital health [4-6]. The
increasing number of DCEs in digital health highlights their
potential, although they are currently underused.

Discrete choice differentiates from other stated preference
methods in the way that responses are elicited [12]. The DCE
uses a survey-based experimental design, where participants
are presented with a series of hypothetical scenarios. In these
scenarios, participants are shown situations, known as choice
tasks. Attempting to mimic real-world decision making, in each
choice task, participants then have to choose a product or a
service from two or more options, known as alternatives [13].
Each alternative consists of a set of characteristics, known as
attributes, with at least two types, known as attribute levels
[13]. Participants are asked to choose a preferred alternative in
each choice task, which allows researchers to quantify the
relative strength of preferences for improvements in certain
attributes [8,14].

The outputs from statistical models developed using DCE data
can be beneficial for estimating uptake of new products or
services, including digital health tools, where observational data
are not available or are difficult to obtain otherwise [15,16].
Lack of observational data often implies a requirement to seek
scientific views and comments from experts in order to generate
predictions of a target behavior [17]. However, DCEs can
provide an empirical alternative to expert opinions, while
accounting for possible interactions between attributes (eg,
design of a product and brand name), which are otherwise often
ignored [18].

In our research, we wanted to understand how to present health
apps on curated health app portals to increase their uptake. This
paper describes the development of a DCE in digital health that
aims to elicit potential user preferences on smoking cessation
app uptake. It explains how the attributes and their levels are
selected and describes the construction of choice tasks and the
experimental design. The study protocol of the research this
paper is based on is registered on the Open Science Framework
[19].

Development of a DCE

The development of a DCE should follow published
recommendations, including the checklist for good research
practices [9], guides on the development of a DCE [13,20],

recommendations on how to construct the experimental design
[7,20-23], and which statistical methods can be used [24].

Establishing Attributes
An important step in designing a DCE is the identification of
the relevant attributes for the subject matter. Attributes in a
DCE can be quantitative, such as cost, or qualitative, such as
the design of a product [25]. The identification of attributes is
typically based on primary and secondary data collection to
ensure that the DCE is tailored to the study setting [13]. It should
ideally commence with a literature review that will inform
qualitative research to identify relevant attributes [26]. Although
there is no set limit on the number of attributes that can be
included in a DCE, to ensure that the cognitive load of the
participants is manageable, it should be less than 10 [13], with
a general expectation to include 5-7 attributes [27].

Our DCE was based on a comprehensive systematic review
investigating factors influencing the uptake and engagement
with health and well-being smartphone apps [28] and a
qualitative research component that consisted of a think-aloud
and interview study to examine further the previously identified
factors or attributes [29]. The importance of qualitative research
lies in ensuring inclusion of attributes that are relevant to most
participants [25]. Of the 14 factors initially identified as being
relevant for the uptake of health and well-being apps, 5 were
retained and included in the DCE: the monthly price of the app,
who developed the app, the star ratings of the app, the
description of the app, and images shown. These factors were
chosen due to their perceived importance during our previous
qualitative research and for pragmatic reasons, including how
easily measurable and presentable they were within the DCE.

An important step in designing a DCE is in ensuring the content
validity of the instrument: the identification of relevant attributes
for the subject matter. Following administration of the survey,
methods are available for the measurement and assessment of
the content validity of the instrument, although their use is not
widely reported [30].

Establishing Attribute Levels
The next step is to establish attribute levels. The level of an
attribute must also be of a range that ensures a trade-off between
attributes. A trade-off is defined as an exchange in which a
participant gives up some amount of one attribute to gain more
of another. It has been suggested that increasing the number of
levels for an attribute increases the relative importance of that
attribute [31] and that imbalance in the numbers of levels across
attributes raises the importance of the attributes with higher
levels [32]. Yang et al [32] suggested that a balance exists
between simpler designs with lower numbers of levels, which
reduce the respondent burden (and consequently measurement
error) and are useful for identifying attribute rankings, and more
complex designs with higher levels (and higher statistical
precision) and is more sensitive to identifying trade-offs between
attributes. Based on this, and the commonly adopted practices
in the research field, we aimed to include at least three levels
for each attribute.

If a range is not suitable, participants might consider the
differences between levels unimportant [25]. For example, the
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difference between the star ratings of 4.8 and 4.7 for a smoking
cessation app is not as relevant as the difference between 4.8
and 4. In our research, to refine attribute levels, a survey was
conducted with 34 participants. In the survey, the levels of two
attributes we were unsure of (the monthly price of the app and
the ratings) were carefully considered in order to specify at a

sufficiently wide range so that the difference between the levels
would likely make a difference in response. When a range is
not wide enough, there is a risk that participants could ignore
the attributes because they judge the difference between levels
to be insignificant [20]. See Figure 1 for the final list of
attributes and levels included in our DCE.

Figure 1. Attributes and attribute levels in our DCE. DCE: discrete choice experiment.

Choice Tasks
Once the attributes and their levels are identified, the decision
to develop full- or partial-profile tasks with or without an opt-out
option needs to be made. A full profile refers to the display of
all five attributes in both alternatives in each choice set. A partial
profile DCE will not present certain attributes for certain
alternatives. For example, if a DCE is used to investigate the
trade-off between a higher number of attributes (eg, a total of
nine attributes), it could be beneficial to limit the number of
attributes shown at one time (eg, five attributes) to limit
participant cognitive load. Five attributes are generally
considered low enough to complete a full-profile choice task,
which consequently maximizes the information about trade-offs
[33]. Hence, in our research, we applied a full-profile DCE.

A neutral option (“Neither of these 2”), known as an opt-out
alternative, was included, in addition to selecting alternative
apps. The opt-out option has the potential to make the choices
more realistic [34] by simulating a real-world context where
individuals can exercise their right not to take up an app, given
the apps on offer [20]. In our DCE, a participant had the option
to choose or reject the hypothetical uptake of a smoking
cessation app. However, when a participant selects the opt-out
option, no information is provided on how they trade-off
attribute levels or alternatives [13]. In some situations, a
forced-choice scenario can be included, where participants who
chose the opt-out option are prompted to make a choice
regardless. An example of a scenario with an opt-out option is
shown in Figure 2.
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Figure 2. An example of a scenario with an opt-out option used in our DCE. DCE: discrete choice experiment.

Experimental Design
An experimental design is a systematic method of generating
choice sets that are presented to respondents. This enables the
specification of the choice sets that respondents see, with the
objective of obtaining a high-quality data set [7]. When creating
the experimental design, there are several aspects that need to
be taken into consideration, including (1) the analytical model
specification, (2) whether the aim is to estimate main effects
only or interaction effects as well, (3) whether the design is
labeled or unlabeled, (4) the number of choice tasks and
blocking options to be used, (5) which type of design of the
choice matrix to use (eg, full factorial or fractional factorial,
orthogonal or efficient), and (6) how the attribute-level balance
will be achieved. These are now considered.

Analytical Model Specification
The first step in the generation of an experimental design is to
specify the analytical model to estimate the parameters of the
DCE. This step is an important component of choosing the type
of choice matrix design, described later in this paper. The
approach selected here needs to be accounted for when
generating the structure of the experimental design.

A discrete choice model describes the probability that an
individual will choose a specific alternative. This probability
is expressed as a function of measured attribute levels specific
to the alternative and of characteristics of the individual making

the choice. This probability is represented by the dependent
variable (the choice variable), which indicates the choice made
by participants [8]. In this modeling framework, the attributes
are the independent variables [8,13].

As part of the analytical model specification, knowing what
type of statistical analysis will be used is key. Data analysis
involves regression modeling in a random utility framework
[8]. The random utility model conventionally used is also based
on the Lancaster theory of consumer demand [35], which
together assume that individuals make trade-offs when making
a decision and would choose an option that offers the greatest
utility [36], determined by how much importance they place on
the attributes associated with the product [37].

The multinomial logit (MNL) model has been previously
described as the “workhorse” of DCE estimation [38,39], and
it typically serves as a starting point for basic model estimation
(although alternative models, such as probit, may be used). It
is important to note that MNL requires some important
assumptions and limitations—for example, independence of
irrelevant alternatives, homogeneity of preferences, and
independence of observed choices [40,41]. Extensions of MNL
(eg, nested logit, mixed logit, and latent class models) may be
used to account for these limitations [39,40].

Based on the model specified in our DCE, the underlying utility
function for alternative j [38] is shown in Textbox 1.
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Textbox 1. The utility function used in our DCE research. DCE: discrete choice experiment.

Uj = (βcost × Xjcost) + (βdeveloper × Xjdeveloper) + (βratings × Xj ratings) + (βdescription × Xjdescription) + (βimages × Xnjimages) + ε

Note:

1) U is the overall utility derived from alternative j.

2) β is the coefficient attached to Xj estimated in the analysis and represents the part-worth utility attached to each attribute level.

3) ε is the random error of the model—in other words, the unmeasured factors influencing the variation of preferences.

Main Effects or Interaction Effects
The next step in model specification is deciding whether main
effects or interaction effects will be investigated. The main
effects, the most commonly used, investigate the effect of each
attribute level on the choice variable. The effect on the choice
variable gained by combining two or more attribute levels (eg,
app developer and the app's monthly cost) refers to an interaction
effect [13]. In our DCE, given the novel nature of the research
on the uptake of health apps and the lack of empirical evidence
to suggest the presence of potential interactions between
attributes, we decided to only look at main effects.

Labeled or Unlabeled Experiment
In a labeled experiment, the alternatives are specific and
different (eg, smartphone app-based smoking cessation
intervention vs website-based smoking cessation intervention)
and alternative specific attributes could be used (eg, some
attributes relevant only for apps and others for websites). This
is in contrast to an unlabeled experimental design, where the
alternatives are unspecified (eg, smoking cessation app
alternative 1 vs smoking cessation app alternative 2) and also
must have the same attributes. Given that a DCE model
estimates parameters for each of the alternatives being
considered, these alternative specific parameters must be
included in the structure of the experimental design (described
in the next section) in a labeled experiment; in an unlabeled
experiment, because alternative specific parameters are arbitrary,
they are excluded [22,42,43]. In health economics, the unlabeled
approach is the most common. In our DCE, the unlabeled
approach was deemed logical here as we were comparing
different presentations of the same app. Therefore, our DCE
design applied an unlabeled approach.

Generation of the Structure of the Experimental Design
Once the model is specified, the structure of the experimental
design can be generated. For this stage, hypothetical alternatives
are generated and combined to form choice tasks, based on the
chosen attributes and their levels. Several different software
packages may be used to generate the experimental design of
a DCE, such as Ngene, SAS, SPEED, SPSS, and Sawtooth. For
our DCE, Ngene software was used [44].

Number of Choice Tasks and Blocking

The next step in the generation of an experimental design is to
decide on the choice task and blocking. To minimize respondent
and cognitive burden, and the risk of participants losing interest
during the DCE task, consideration must be paid to the target
population, the number of tasks, and their complexity [13]. The
higher the number of attributes, alternatives, and choice tasks,
the higher the task complexity [20]. The literature suggests that

a feasible limit is 18 choice sets per participant [45,46]. In the
review by Marshall et al [27], most studies included between 7
and 16 choice sets. In our DCE, we administered 12 choice
tasks per participant, which were deemed a number low enough
to avoid excessive cognitive load but high enough to establish
sufficient statistical precision.

We developed 48 choice tasks and blocked them into 4 survey
versions (12 choice tasks for each). Each block represented a
separate survey, and participants were randomly assigned to
one of the four survey versions. Blocking is a technique widely
used in DCEs to reduce cognitive burden by partitioning large
experimental designs into subsets of equal size, thereby reducing
the number of choice tasks that any one respondent is required
to complete [47]. Blocks were generated in Ngene software,
which allows for the minimization of the average correlation
between the versions and attributes’ levels [48]. For the blocking
to be successful, the number of choice tasks included in one
block must be divisible by the number of attribute levels; in our
DCE, attributes had either three or four levels.

It is noteworthy that to undertake the sample size calculation,
it is crucial to know the number of alternatives per choice set,
the largest number of levels of any attribute (for DCEs looking
at main effects only) or the largest level of any two attributes
(for a DCE looking at interaction effects), and the number of
blocks [38]. Therefore, DCEs using blocking require a larger
sample size [47].

Type of Choice Matrix Design

Depending on the number of attributes and their levels, a full-
or fractional-factorial design can be applied. A full-factorial
design would include all possible combinations of the attributes’
levels and allow the estimation of all main effects and interaction
effects independent of one another [20]. However, this type of
design is often considered impractical due to the high number
of choice tasks required [20]. To illustrate this, the formula of
calculation of the possible unique choice alternatives for a

full-factorial design is LA, where L represents the number of
levels and A the number of attributes [39]. If the attributes in
the DCE have a different number of levels, these need to be
calculated separately and multiplied together. To reduce
response burden, in our DCE, we generated a fractional-factorial
design in Ngene [44], representing a sample of possible
alternatives from the full-factorial design. This way, we were
able to reduce the total 432 alternatives in the full design (given

by LA = 42 × 33) to a fractional sample of 96 alternatives,
arranged in 48 choice pairs.

Systematic approaches for generation of fractional-factorial
designs may be further categorized into orthogonal design and
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efficient design. An orthogonal design is a column-based design
based on orthogonal arrays that present properties of
orthogonality (attributes are statistically independent of one
another) and level balance (levels of attributes appear an equal
number of times) and does not introduce correlation between
the attributes [38]. An orthogonal array is an optimal design
that is often used for DCEs examining main effects when the
number of attributes and their levels is small.

For studies with five or more attributes with two or more levels,
an orthogonal design may not be practical. There has therefore
been a recent change in thinking toward a nonorthogonal and
statistically more efficient design [38]. When perfect
orthogonality and balance cannot be achieved or are not
desirable, an efficient design can be applied [20]. In contrast to
an orthogonal design, an efficient design aims to increase the
precision of parameter estimates for a given sample size (ie,
minimizing the standard errors of the estimated coefficients),
while allowing some limited correlation between attributes. The
most widely used efficiency measure is the D-error, which may
be easily estimated using various software packages, such as
Ngene, and refers to the efficiency of the experimental design
in extracting information from respondents [21]. Experimental
designs generated using this approach are known as D-efficient
designs. A D-efficient experimental design is also recommended
to maximize statistical efficiency and minimize the variability
of parameter estimates [7].

An efficient design requires that known prior information about
the parameters (known as priors) be made available to the
algorithm and also requires the analyst to specify the analytical
model specification, as described previously. Depending on
what information is available, one of three types of D-efficient
design can be generated [21]:

1. Dz-efficient design (z stands for zero priors): If no prior
information about the magnitude or directions of the
parameters is available. Dz-efficient design is an orthogonal
design. This design assumes the parameters are zero.

2. Dp-efficient design (p stands for priors): This assumes a
fixed, certain value and direction for the parameters.

3. Db-efficient design (b stands for Bayesian): A Bayesian
approach is whereby the parameter is not known with
certainty but may be described by its probability
distribution.

The best practice is to pilot the DCE. For the pilot phase, there
is limited information available and using the Dz-efficient or
Dp-efficient design is sensible. In our DCE, we chose to apply
a Dp-efficient design, as the direction of priors of the app was
known from the previously conducted survey, to narrow down
the attribute levels and to provide prior estimates of the
parameters for the attribute levels. For example, we knew that
a trusted organization will likely positively influence uptake
and cost estimated negatively so. The direction of priors was
assumed to be a small near-zero negative or a positive value for
the design.

The pilot phase provided the estimation that we used to generate
a Db-efficient design for the final DCE. It is noteworthy that

when the parameter priors are different from zero, the efficient
design generated produces smaller prediction errors than
orthogonal designs [21,49,50]. Hence, a D-efficient design will
outperform an orthogonal design, and (given reliable priors), a
Dp-efficient design will outperform a Dz-efficient design [21].
Further, when reasonable assumptions about the distributions
are made, a Db-efficient design will outperform a Dp-efficient
design. Therefore, it may be advisable to start piloting with a
Dp-efficient design and to generate a Db-efficient design for the
final DCE. The DCE literature provides a detailed and more
comprehensive description of orthogonal and efficient designs
[21] and the approximation of the Bayesian efficient design
[23].

Attribute-Level Balance in the Model

The attribute-level balance aims to ensure all attribute levels
ideally appear an equal number of times in the experimental
design. The allocation of the attribute levels within the
experimental design can affect statistical power; if a certain
level is underrepresented in the choice sets generated, then the
coefficient for that level cannot be easily estimated. How
attributes levels are distributed is therefore an important
consideration when designing the choice sets. Dominant
alternatives, where all attribute levels of one alternative are
more desirable than all attribute levels in the others, do not
provide information about how trade-offs are made, as
individuals usually would select the dominant alternatives.
Therefore, avoiding dominant alternatives in the experimental
design is important and can be achieved by consulting the
software manual to ensure the correct algorithm is used. The
syntax used in Ngene to generate choice sets of the pilot phase
and more information about the algorithm used can be accessed
on the Open Science Framework [19].

Piloting the DCE and Generating the Bayesian Design
In addition to providing estimations for the choice matrix design
described above, piloting offers an opportunity to ensure that
the information is presented clearly and that the choices are
realistic and meaningful. It also provides insight into how
cognitively demanding it is for respondents to complete. This
can be achieved by gathering feedback on the survey completion
process. The findings of the pilot may suggest that the DCE
needs to be amended, such as reducing the number of choice
sets or the number of attributes, so that the responses are a better
reflection of the participants’ preferences and improve the
precision in the parameter estimates [13].

There is no formal guidance on how large the pilot sample
should be, and this is largely guided by the budget and
complexity of the experimental design. Accuracy of the priors
will improve with increasing sample size, but as few as 30
responses may be sufficient to generate useable data [44]. In
our pilot study conducted with 49 individuals, feedback from
the participants suggested that with the initial order of the
attributes, there was a tendency to ignore the last two attributes,
app description and images of the app, the most text-heavy
attributes. This may have compromised the examination of the
relative importance of those two attributes (app description and
images of the app). Therefore, we decided to change the final
order of the attributes from (1) monthly price of the app, (2) the
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ratings of the app, (3) who developed the app, (4) the
description, and (5) images shown to the one listed in Figures
1 and 2. The longest completion time for the survey was under
12 min. Thus, we concluded that the number of choice tasks
did not need to be reduced.

In our research, the data from the pilot phase were analyzed
using the freely available Apollo package in R software [51].
The coefficients and their standard errors from the output were
used as priors to generate the final choice sets using the Bayesian
efficient design following the steps described previously. The
syntax used in R used to analyze the pilot data and that used to
generate the Bayesian efficient design in Ngene can be accessed
on the Open Science Framework [19].

Internal Validity
Assessing the internal validity of a DCE can help with
understanding the consistency and trade-off assumptions made
by participants [52]. There are several ways to examine the
internal validity of a DCE. For example, in the stability validity
test, a choice task would be repeated later in the sequence to
investigate the consistency of the participants’decision, whether
they would choose the same alternative [52]. Another way to
test internal validity is the within-set dominated pairs type of
internal validity, in which one alternative is a dominant
alternative in which all attributes are the most desirable ones.
The choice sets designed to measure internal validity are
excluded from the analysis. There are several internal validity
tests that are built into software packages such as MATLAB
[52], although these can be produced manually as well. In our
research, we used the stability validity test to check the internal
validity by repeating a randomly generated choice task (in our
case, it was the fourth). Therefore, participants were shown 12
choice tasks, plus an additional hold-out task. The data from
the randomly generated hold-out task were excluded from the
analysis.

Although internal validity checks provide some measure of data
quality, it should be noted that answering a repeat choice
inconsistently is not a violation of random utility theory [53].
Furthermore, there is no consensus on what to do with the data
from responses that fail validity tests. Following the advice of
Lancsar and Louviere [54], we did not exclude participants who
failed the internal validity check, as that might have caused
statistical bias or affected statistical efficiency. However, we
reported data on internal validity to enable the reader to make
a judgement on likely biases.

All additional study materials used in our example, including
the full data set and the results of the DCE, can be accessed on
Open Science Framework [19].

Discussion

Summary
This paper describes the development of a DCE, following the
stages required to establish attributes and their levels, construct
choice tasks, define the utility model, decide on labeled and
unlabeled choices to apply, decide on the number of choice
tasks that need to be generated, and make decisions on the
structure of the experimental design, how to achieve

attribute-level balance, how to assess the internal model validity,
and how to pilot-test. In doing so, the intention is to advance
methodological awareness of the application of stated preference
methods in the field of digital health, as well as to provide
researchers with an overview of their application using a case
study of a DCE of smoking cessation app uptake.

Although DCEs are widely used to understand patient and
provider choices in health care [8,10,15,55], they have only
recently started to gain popularity in digital health [4-6] and as
such represent an underused approach in digital health. With
the growing evidence of the benefit of digital health initiatives,
there are clear benefits to widening the application of DCEs so
that they may more routinely inform digital health development,
inform digital tool presentation, and, most importantly, predict
uptake and engagement with digital products. Although several
attempts have been made to measure engagement with digital
tools using a wide range of methodologies [56-58], the insights
we have from them that can be translated to uptake are limited.
One plausible explanation is that uptake of digital tools is
difficult to empirically measure.

Benefits and Limitations of DCEs
DCEs bring several benefits to help overcome the issue of
measuring uptake in digital health or in other areas where the
measurement of the predictors of uptake in a good or service is
required. For example, as illustrated by the case study here, they
enable the researcher to gain measurable insights into situations
in which quantitative measures are hard to otherwise obtain,
such as the factors impacting the uptake of health apps on
curated health app portals. A DCE also helps to quantify
preferences to support more complex decisions [59]. An example
would be the consideration of how to plan the development of
an app that would provide appealing looks or features that would
promote uptake. The DCE methodology is also considered a
convenient approach to investigate the uptake of new
interventions, including digital health interventions [38], for
example, digital behavior change interventions using a health
and well-being smartphone app. Therefore, DCEs can be used
in hypothetical circumstances, enabling the measurement of
preferences for a potential policy change or digital health system
change before it is implemented [13], such as the recent
investigation of the uptake of a COVID-19 test-and-trace health
app [3,4]. The experimental nature of the DCE also means that
participants’ preferences can be recorded based on controlled
experimental conditions, where attributes are systematically
varied by researchers to obtain insight into the marginal effect
of attribute changes on individuals’ choices [7].

Despite their benefits, the application of DCEs presents several
challenges. As with all expressed preference methodologies,
the hypothetical nature of the DCE choice set raises concerns
about external validity and the degree to which real-world
decisions might equate to those made by study participants
under experimental conditions, a phenomenon known as the
intention-behavior gap [60]. As such, participants may believe
they would choose a scenario presented and described in a
choice task, but in real life, there might be other factors that
would influence their behaviors, such as the aesthetics of the
app [28]. This limitation can at least partially be overcome by
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developing convincing and visually appealing choice tasks.
Nevertheless, to date, there has been limited progress in testing
for external validity due to the difficulty in investigating
preferences in the real world [38]. Indeed, a recent systematic
review of the literature on DCEs in health care reported that
only 2% of the included studies (k=7) report details of the
investigation of external validity [47], while an earlier systematic
review and meta-analysis (k=6) found that DCEs have only a
moderate level of accuracy in predicting behaviors of health
choices [61]. To our knowledge, no study has been published
that investigates the external validity of a DCE developed in
digital health. One potential opportunity to undertake some
testing would be through a curated health app portal, where the
same health app is presented in two or more different ways.
With the help of website analytics, actual user behavior could
be measured in this situation.

A final significant concern associated with the use of a DCE is
that any single choice set is unlikely to be able to present the
user with all relevant attributes, regardless of how well it has
been developed [61]. Choosing the most relevant attributes to
test in a DCE, therefore, requires comprehensive preparatory
research, which can lengthen the time required to undertake the
development phase of any piece of work.

Conclusion
In summary, DCEs have significant potential in digital health
research and can serve as an important decision-making tool in
a field where observational data are lacking. We hope that the
content of this paper provides a useful introduction and guide
to those interested in developing such experiments in digital
health.
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Abstract

Background: Pain is a complex experience that involves sensory-discriminative and cognitive-emotional neuronal processes.
It has long been known across cultures that pain can be relieved by mindful breathing (MB). There is a common assumption that
MB exerts its analgesic effect through interoception. Interoception refers to consciously refocusing the mind’s attention to the
physical sensation of internal organ function.

Objective: In this study, we dissect the cortical analgesic processes by imaging the brains of healthy subjects exposed to
traditional MB (TMB) and compare them with another group for which we augmented MB to an outside sensory experience via
virtual reality breathing (VRB).

Methods: The VRB protocol involved in-house–developed virtual reality 3D lungs that synchronized with the participants’
breathing cycles in real time, providing them with an immersive visual-auditory exteroception of their breathing.

Results: We found that both breathing interventions led to a significant increase in pain thresholds after week-long practices,
as measured by a thermal quantitative sensory test. However, the underlying analgesic brain mechanisms were opposite, as
revealed by functional near-infrared spectroscopy data. In the TMB practice, the anterior prefrontal cortex uniquely modulated
the premotor cortex. This increased its functional connection with the primary somatosensory cortex (S1), thereby facilitating
the S1-based sensory-interoceptive processing of breathing but inhibiting its other role in sensory-discriminative pain processing.
In contrast, virtual reality induced an immersive 3D exteroception with augmented visual-auditory cortical activations, which
diminished the functional connection with the S1 and consequently weakened the pain processing function of the S1.

Conclusions: In summary, our study suggested two analgesic neuromechanisms of VRB and TMB practices—exteroception
and interoception—that distinctively modulated the S1 processing of the ascending noxious inputs. This is in line with the concept
of dualism (Yin and Yang).
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Introduction

Background
With the development of functional neuroimaging, our
understanding of pain has matured to a concept of
multidimensional experience in which the brain integrates inputs
from sensory-discriminative and cognitive-emotional systems
as a central hub [1]. Pain neuroimaging has also proved that
complementary medicine approaches, beyond pharmacological
analgesic means, can modulate these central systems [2].

Mindful breathing (MB) is widely accepted as an authentic
treatment for pain relief by patients and society in general [3].
The adoption of MB is a welcomed change in our clinical
mindset. It decreases our tendency to rely exclusively on pain
medications, which can sometimes escalate to dire side effects
[4]. In addition, MB techniques are self-facilitated and easy to
implement compared with other methods. MB requires learners
to regulate their attention to the dynamic interoceptive nature
of breathing. When other thoughts disrupt the focus, the learners
need to recognize the disruption and refocus on their breathing.
This practice gradually gains a learner’s mental control and
stabilization abilities. This ability has been proven to alleviate
anxiety, stress, depression, and pain among patients [5].

However, the brain mechanisms for the MB practice in pain
modulation are poorly understood [5]. Pain is believed to be
represented in the brain via affective and sensory networks [6].
Briefly, the ascending noxious signal reaches the spinal
trigeminal nucleus, thalamus, and sensory cortex [7,8]. The
signal is also processed in the insular cortex and subjectively
evaluated in the anterior cingulate cortex, prefrontal cortex
(PFC), and other cognitive-emotional regions [9,10]. However,
whether the two dimensions can be separately modulated is not
well supported by the existing literature [2]. One study
investigated a group of long-term Zen meditation practitioners
with significantly higher pain thresholds and found increased
activation in sensory-related regions (thalamus and insula) but
reduced activation in pain-evaluation areas (medial PFC and
anterior PFC [aPFC]) [11]. Moreover, direct associations were
found between the level of PFC deactivation and
meditation-induced pain reduction [11]. In addition, another
study compared the effect of a real-meditation training program
and a placebo relaxation program, which found increased
connectivity between the posterior cingulate cortex and the
dorsolateral PFC (DLPFC) [12,13]. Collectively, these findings
suggest that mindfulness meditation may modulate pain through
a unique mechanism (eg, high-level cortical function in the
PFC).

An existing problem with current MB training is the difficulty
of long-time attention focusing, especially for beginners, as this
is a subjective interoception process. Therefore, there is an
urgent need for a tangible method that can provide an immersive
sensory guide to facilitate mental control and match the

expectations of the current tech-savvy generation. Recently, the
development of virtual reality (VR) has enabled the
implementation of such methods. VR is a computer-simulated
3D and interactive experience [14]. Delivered by a visual-audio
headset, the virtual experience modulates human sensory and
emotional systems. The VR technology has effectively managed
pain from burns, cancer, and dental procedures [15,16].
Researchers assumed that this process translocates the patients
into immersive 3D auditory (eg, esoteric music and rain sound)
and visual (eg, breaking waves and moving geometric patterns)
contextual experiences [17], although the exact brain
mechanisms remain unclear. For a long time, the VR-based pain
modulation effect was understood as a distraction mechanism,
in which limited attention is partially occupied by exteroceptive
VR stimulation (auditory and visual) instead of pain [15,16]. A
couple of previous studies found decreased activation of
pain-related regions during VR sessions. However, recent studies
have shown an after-VR effect rather than only distraction
mechanisms [18].

Objectives
Although proven to be effective in pain modulation, the
underlying brain mechanisms of the two processes—abstract
s enso ry - in t e rocep t ion  and  VR-based
sensory-exteroception—remain unclear. This study compared
the effectiveness of the two methods in modulating the patients’
pain thresholds in the same study design and clinical
environment. We used a week-long protocol in which the
participants practiced the traditional MB (TMB) and VR
breathing (VRB) in the lab on the first and seventh day,
respectively, intercalated by five daily MB practices at home.
During the in-lab sessions, we measured the participants’ pain
threshold using a facial thermal quantitative sensory test (tQST)
after their breathing practices. We used functional near-infrared
spectroscopy (fNIRS) as a neuroimaging technique to measure
participants’ cortical connectivity and activation. fNIRS is a
novel optical brain imaging technique that uses near-infrared
light to monitor oxygen levels at multiple cortical locations
[19]. Although with less spatial resolution and limited light
penetration ability, studies have found that fNIRS signals are
highly correlated with blood-oxygen-level-dependent signals
[20]. It can be a promising substitute for fMRI in many
particular scenarios, given that it is quiet, nonferromagnetic,
and relatively motion tolerant. In addition, the higher resolution
of fNIRS can provide more physiological information, such as
heart rate variability (HRV) [21,22]. In the field of pain, an
increasing number of fNIRS-based investigations have been
developed [23,24]. In this study, owing to the noise level
requirements of mindfulness meditation, and the use of
electronic VR devices, we selected fNIRS as the neuroimaging
technique to study the VRB and TMB practices by focusing on
the key cortical regions for sensory processing and inhibition.
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Methods

Participants
We recruited 40 healthy adult participants in this study (women:
21/40, 52%; age: mean 28 years, SD 4 years). Our exclusion
criteria included significant hearing or visual impairment, a
history of chronic pain or recent acute pain, significant medical
conditions, or current evidence of respiratory distress or asthma.
The recruited participants were randomly divided into 2 groups.
The first group had interoceptive breathing focusing sessions
using an in-house–developed, visual-auditory, 3D VR
technology aid (VRB: n=20; women: 11/20, 55%; age: mean
26 years, SD 4 years), whereas the second group had abstract
MB (TMB: n=20; women: 10/20, 50%; age: mean 29 years, SD
4 years). This study was approved by the institutional review
board of the University of Michigan.

Experiment Protocol
We designed a week-long protocol for both groups. Within the
seven days of the protocol, we scheduled each participant for
two in-person appointments in the lab on the first and seventh
days. From the second to the sixth day, we asked the participants
to practice home self-guided exercises following the instructions
(Multimedia Appendix 1).

For both in-lab sessions, we asked each participant to complete
a set of McGill Pain Questionnaire and the Positive and Negative
Affect Schedule (PANAS) questionnaire. Participants were then
seated in a dental chair, and we helped them with the
comfortable placement of headphones, Oculus Rift virtual
imaging equipment (Oculus VR), and a plethysmography belt.
Finally, we set up the fNIRS imaging sensors and thermal
quantitative sensory thermode, as indicated in Figure 1 (A and
B).

As indicated in Figure 1C, we first asked the participants to
relax and rest in the dental chair for 5 minutes while we
collected the resting-state fNIRS data. The participants then
underwent a 10-minute interoceptive breathing awareness
practice (TMB or VRB protocol). Participants in the VRB group
watched an in-house developed VR display of a 3D lungs image

that was synchronized to their inhaling and exhaling cycles in
real time via an Oculus Rift device (Oculus VR), as shown in
Figure 1B. Meanwhile, they listened to their breathing sounds
using headphones. In an early study, Abushakra and Faezipour
[25] conceptualized a mobile app with synchronization based
on the breath sounds picked by the microphone; however, in
practice, their concept could not accurately discern between
expiration (breathing out) and inspiration (breathing in) sounds.
In our independent method, breathing synchronization was
performed using a Braebon plethysmography belt (Great Lakes
Neuro Technology). Alternatively, we asked the TMB group
participants to abstractly imagine their breathing inflating and
deflating. We collected fNIRS data during breathing practice
for both groups.

Next, we administered 20 trials of the tQST (Medoc Pathway
System). We used 20 times repeated measurements and used
the averaged temperature thresholds for further analysis to
ensure the test-retest. We placed a single unilateral thermode
on the left mandibular nerve branch of the trigeminal cranial
nerve (V3 division) for each participant. Within each trial of
the 20 trials, the thermode temperature controlled by the
controlling device increased from a baseline of 30 °C (86 °F)
to a maximum temperature of 50 °C (122 °F), with an increase
rate of 1 °C per second. We instructed participants to click the
button on the mouse at the first detection of pain, as it stopped
the temperature from increasing. The thermode temperature
then returned to its baseline and gave the subject a 10-second
rest period before the next thermal trial. We also collected fNIRS
brain data during the tQST session.

Upon completion of all 20 tQST trials, we asked participants
to relax for another 5 minutes for a final collection of
resting-state fNIRS data. In addition, we asked participants to
complete another set of PANAS and McGill pain questionnaires.
Following the completion of the first session, we gave
participants a sheet of at-home breathing practice prompt and
instructed them to read and complete this exercise for 5 minutes
three times a day (after waking, midday, and before bed).
Finally, we asked participants to repeat the same protocol during
their second in-lab visit on day 7.

Figure 1. (A) The experimental setup with all the technologies integrated. (B) The virtual 3D lungs in the Oculus Rift headset from participants’ view,
which moved in synchronization with their breathing cycles in real time (inhaling and exhaling). (C) The experiment protocol. FNIRS: functional
near-infrared spectroscopy; QST: quantitative sensory test; TQST: thermal quantitative sensory test.
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fNIRS Neuroimaging and Probe Localization
We used a TechEN-CW6 fNIRS system (TechEn, Inc) with
wavelengths of 690 and 830 nm. The fNIRS cap setup included
eight emitters of near-infrared light and 28 detectors spaced 3
cm apart, yielding 45 data channels (CHs) deployed at the
bilateral aPFC, premotor cortex (PMC), supplementary motor
area (SMA), motor cortex, primary somatosensory cortex (S1),
and visual cortex (V1), as indicated in Figure 2. Neuroimaging
data were collected at a sampling rate of 25 Hz throughout the
entire experiment.

The probe holding cap was established and applied consistently
for each participant using the international 10-10 transcranial
system positioning [26]. We designed the cap in three sizes—56,
58, and 60, respectively (an example cap is shown in Figure 2),
to account for head size variation. In addition, we applied a
photogrammetry method to register all optodes and data CHs

onto the cortical surface. The detailed method was described in
our previous paper [27]. Briefly, we used the Structure Sensor
(Occipital Inc) with an iPad (Apple Inc) to capture the 3D photos
of the designed caps in three sizes. We then loaded the 3D photo
in the MATLAB software (Mathworks) and pinpointed the
locations of fNIRS optodes with five fiducial markers (Nasion,
Inion, Cz, AR, and AL in the 10-10 system). The derived
optodes coordinates were affinely transferred into the Montreal
Neurological Institute space using the MATLAB-based
AtlasViewerGUI toolbox (Citation). The midpoints between
the source and detector (optodes) pairs were used as the
coordinates for each CH. Finally, we matched the regions
detected by each CH using the estimated center points in the
neurosynth.org database. We also estimated the covering range
for each CH with a voxel size of 10 mm using the WFU_pick
atlas in the XJview toolbox [28].

Figure 2. The designed functional near-infrared spectroscopy cap for functional near-infrared spectroscopy light emitters and detectors with channel
(emitter-detector pairs) localization estimation.

HRV Data Estimation
We estimated the HRV data using time-domain methods by
calculating the SD of the normal-to-normal parameter using
MATLAB software (MathWorks). We calculated the parameters
based on the optical density data of 830 wavelengths, bandpass
filtered with a cutoff frequency of 0.01-2 Hz. The parameters
were then calculated using the formulas also available in the
paper by Wang and Huang [29]:

where N is the total number of R peaks and is the mean of
the R-R intervals.

fNIRS Data Analysis
We analyzed fNIRS data using the near-infrared
spectroscopy–toolbox [30] in MATLAB software (MathWorks)

and a set of customized scripts. In this study, we focused only
on oxyhemoglobin (HbO) and not deoxyhemoglobin (HbR).
Quantitative analysis indicated that HbR signal changes
contributed 16%-22%, whereas HbO signal changes contributed
73%-79% to the total changes measured by fNIRS in cortical
hemoglobin concentrations [31].

Brain Activation Analysis During the tQST Session
We applied a generalized linear model with prewhitening and
robust least squares [32] to analyze the data collected during
the tQST session. Specifically, the raw fNIRS data were first
down-sampled to 2 Hz and then converted into HbO and HbR
using the modified Beer-Lambert law [33]. We then applied a
CH-based generalized linear model regression to each
participant’s data, assuming a canonical hemodynamic response
function model peaking at 6 seconds. The process can be
expressed as follows:

Wyi,j = Wxβi,j + Wεi,j (3)
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where W is the whitening matrix, y is the observed HbO data,
x is the design matrix (model), β is the regression coefficient,
ε is the residual, and i and j separately represent the participant
and CH index, respectively.

Group-level analysis was conducted using a linear mixed-effects
model based on the regression coefficients derived from the
individual-level analysis. The model can be expressed as
follows:

Yg = XgB + Zgθ + ε(4)

where Yg is the regression coefficient obtained from the first
level, Xg is the fixed effects term including the modeled brain
response at the group level, Zg is the random effects term
counting for between-participant difference, B and θ are the
fixed and random effects (coefficients) at the group level, and
ε is the residual. Finally, we used a 2-tailed t test to examine
the effect of a specific CH:

where Covgroup is the covariance of the group-level model.

Brain Connectivity Analysis
To study the brain mechanism during breathing practice, we
calculated the associated functional connectivity patterns using
the pipelines in the near-infrared spectroscopy–toolbox [30].
The calculation process was described in a previous study [34].
The raw fNIRS data were first down-sampled to 4 Hz. We
converted the raw data into HbO and HbR using the modified
Beer-Lambert law [33]. We then used bandpass filters to filter
the HbO data into two frequency bands: high (0.5-1 Hz) and
low (0.01-0.08 Hz) frequency bands. These two frequency bands
were selected to avoid the physiological signal bandwidth,
including the Mayer wave (0.1 Hz), respiratory (0.3-0.5 Hz),
and cardiac (1-1.5 Hz) relevant fluctuations [35]. Next, we
calculated the between-CH correlation at the individual level
using the robust correlation method in the toolbox [34]. Then,
the individual-level correlation coefficient was converted to a
Z score using Fisher Z-transform [36]. Finally, a linear
mixed-effect model was applied to obtain the group-level
connectivity effect. This calculation was implemented on the
data collected from both groups during the two lab visits.

Brain Connectivity-Temperature Correlation Analysis
We inspected the relationship between brain connectivity during
breathing practice and the temperature threshold measured
during the tQST session. We ran an elastic net regression to
select the best region-to-region connections for the temperature
thresholds. This selection process was performed using the
Lasso toolbox in MATLAB (MathWorks). Specifically, we
iteratively varied the weight controlling the lasso versus ridge
optimization from 0 to 1 in increments of 0.1 to achieve a
minimum squared error. With each weight, we applied 10-fold
cross-validation with Monte Carlo repetitions (100 times) to
guarantee a converged output. Next, we calculated the Pearson
correlation coefficient (r) and Spearman rank correlation
coefficient (ρ) between the selected connections and temperature
thresholds. In addition to the Pearson correlation coefficient,
we calculated the Spearman rank correlation coefficients to
prevent outliers from affecting the correlation analysis [37].

Results

Clinical Measurement
Our first observation was that the average temperature threshold
measured by the tQST increased from 45.4 to 46.0 °C (P=.001)
for the TMB group, whereas the threshold increased from 46.5
to 47.1 for the VRB group (P=.02) from in-lab sessions 1 to 2
after one week (Figure 3A). Although the thresholds increased
at approximately the same level, we did not find a
between-group difference. In addition, Figure 3 (B and C)
indicate that participants in the TMB group gained higher
serenity scores after the practice (visit 1: P=.01; visit 2: P=.001).
However, they felt more tired (visit 1: P=.03; visit 2: P=.01),
according to the PANAS questionnaires.

Figure 4 shows the HRV estimation results, where panel A
shows the heartbeat signal extracted from the fNIRS signal, and
panel B shows the estimated SD of normal-to-normal parameters
for different sessions. We did not find significant differences
between the TMB and VRB groups, suggesting that there might
be no different breathing patterns associated with the two
breathing practices.
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Figure 3. (A) Temperature thresholds measured in the thermal quantitative sensory test sessions for traditional mindful breathing and virtual reality
breathing groups. (B) Serenity score (Positive and Negative Affect Schedule) in pre- and postbreathing practices in the traditional mindful breathing
group. (C) Fatigue score (Positive and Negative Affect Schedule) in pre- and postbreathing practices in the traditional mindful breathing group. (D)
Serenity score (Positive and Negative Affect Schedule) in pre- and postbreathing practices in the virtual reality breathing group. (E) Fatigue score
(Positive and Negative Affect Schedule) in pre- and postbreathing practices in the virtual reality breathing group. TMB: traditional mindful breathing;
VRB: virtual reality breathing. The asterisks indicate statistical difference between the scores collected from two groups.
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Figure 4. (A) The extracted heartbeat signal from the functional near-infrared spectroscopy signal. (B) The estimated SDNN parameter for the
prebreathing resting-state sessions, traditional mindful breathing, and virtual reality breathing practice sessions. SDNN: SD of normal to normal; TMB:
traditional mindful breathing; VRB: virtual reality breathing.

Brain Functional Connectivity
To study and compare the mechanisms of the two breathing
practices, we then investigated the brain connectivity during
both breathing practices (pre-tQST) and brain activation during
the tQST sessions (thermal pain challenge). As shown in Figure
5A, during breathing practices, the TMB group demonstrated
a denser functional connectivity pattern (P<.001) among areas
such as the aPFC, PMC, SMA, the S1, and the auditory and
visual regions than the VRB group.

We further investigated the correlation between brain
connectivity and temperature thresholds across participants. As

shown in Figure 5 (B and C), the connections within the aPFC
(r=−0.46, P=.003; ρ=−0.52, P<.001), between the bilateral PMC
(r=−0.49, P=.001; ρ=−0.45, P=.004), between the aPFC and
PMC (r=−0.47, P=.002; ρ=0.32, P=.046), and between the S1
and PMC/SMA (r=+0.47,0.48, P=.002; ρ=0.52, 0.51, P<.001)
were found to be associated with the temperature thresholds in
the TMB group. Whereas in the VRB group, the connections
between the PMC/DLPFC and the inferior parietal lobe
(r=−0.51, P<.001; ρ=−0.50, P=.002), between the S1 and V1
(r=−0.51, P=.002; ρ=−0.42, P=.01), and between the S1 and
superior temporal gyrus (STG; r=−0.48, P=.003; ρ=−0.41,
P=.01) were found to be associated with the temperature
thresholds in the VRB group.
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Figure 5. Functional connectivity patterns during the breathing practices. (A) Significant connectivity patterns (P<.001). (B) Connections directly
correlated with pain thresholds. (C) Scatter plots of the connectivity-pain threshold relationship. aPFC: anterior prefrontal cortex; DLPFC: dorsolateral
prefrontal cortex; IPL: inferior parietal lobe; M1: motor cortex; PMC: premotor cortex; S1: primary somatosensory cortex; STG: superior temporal
gyrus.

Brain Activation
Next, we examined cortical activation during the tQST session
to study how the brain processes pain after the two types of
practices. As indicated in Figure 6, the analysis first confirmed

contralateral S1 region activation in both groups at both visits
(TMB group visit 1: CH 35, t72=3.0, P=.004; TMB group visit
2: CH 35, t72=2.1, P=.04; VRB group visit 1: CH 35, t72=2.4,
P=.02; CH 30, t72=2.4 P=.02; CH 29, t72=4.9, P<.001; VRB
group visit 2: CH 30, t72=3.4 P<.001).

Figure 6. Brain activation map for the thermal quantitative sensory test sessions on visit days 1 and 7. aPFC: anterior prefrontal cortex; DLPFC:
dorsolateral prefrontal cortex; M1: motor cortex; PMC: premotor cortex; S1: primary somatosensory cortex; SMA: supplementary motor area; STG:
superior temporal gyrus; TPJ: temporal-parietal junction.
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Our second observation was the activation of the aPFC region
in both groups, as indicated in Figure 6 (TMB group, visit 1:
CH 2-8, t72=4.9 [P<.001], 2.4 [P=.02], 2.7 [P=.008], 2.7
[P=.009], 2.6 [P=.01], 4.7 [P<.001], 3.7 [P<.001], visit 2: CH
2, t72=2.0 [P=.047], CH 6-7, t72=3.2 [P=.002], 2.6 [P=.01]; VRB
group, visit 1: CH 2, t72=2.1 [P=.04], CH 7, t72=4.6 [P<.001]).

Next, for the TMB group, we found activations in the PMC:
visit 1, CH 13, t72=2.4 (P=.02), visit 2: CH 11, t72=2.2 (P=.03),
CH 13, t72=3.0 (P=.004), CH 14, t72=3.4 (P=.001), CH 26,
t72=2.6 (P=.01), CH 33, t72=2.3 (P=.03). We also observed
deactivations in the bilateral auditory cortices (visit 1: CH 22,
t72=−3.7 [P<.001], CH 23, t72=−2.3 [P=.02]; visit 2: CH 22,
t72=−3.2 [P=.002], CH 23, t72=−3.6 [P<.001], CH 42, t72=−4.0
[P<.001]) and right temporal-parietal junction (TPJ; visit 1: CH

39, t72=−2.9 [P=.004]). For the VRB group, we observed
activations in the PMC/SMA (visit 1: CH 9, t72=2.8 [P=.007],
CH 11, t72=2.8 [P=.007], CH 33, t72=4.3 [P<.001], CH 34,
t72=3.6 [P<.001], visit 2: CH 10, t72=2.3 [P=.03], right DLPFC,
visit 1: CH 32, t72=7.0 [P<.001], visit 2, CH 32, t72=4.6
[P<.001]) and V1 (visit 2 CH 43, t72=2.2 [P=.03]).

Finally, we performed a contrast analysis between the two
groups by combining the two visits, as shown in Figure 7. The
results suggested that the VRB group showed greater activation
in the right DLPFC (CH 32, t72=5.0 [P<.001, false discovery
rate (FDR) corrected]), right TPJ (CH 39; t72=3.4 [P=.001, FDR
corrected]), and left STG regions (CH 23, t72=2.7 [P=.048, FDR
corrected]). A detailed list of brain activation during the tQST
sessions is provided in Multimedia Appendix 2.

Figure 7. Between-group contrast analysis results (virtual reality breathing group [+Red]; traditional mindful breathing group [−Blue]). DLPFC:
dorsolateral prefrontal cortex; STG: superior temporal gyrus; TPJ: temporal-parietal junction.

Discussion

Principal Findings
It is commonly assumed that MB exerts its analgesic effect
through abstract interoception [5]. Interoception refers to
consciously refocusing the mind’s attention to the physical
sensation of organ function. On the other hand, VR provides
participants with an immersive visual-auditory
sensory-exteroceptive experience that modulates pain. In this
study, we dissected these central analgesic processes by imaging
the brains of 2 groups of healthy subjects using fNIRS, exposed
to either TMB or a VRB protocol.

Our first finding was that both groups attained a raised pain
threshold after one week of breathing practice without
significantly different HRV measurements. The results suggested
that both TMB and VRB techniques effectively increased pain

thresholds in the participants. It is worth noting that the
pain-evaluation (tQST) sessions were conducted after the
breathing practices, which reproduced their application in the
clinical environment, as before a medical/dental procedure.
Thus, the analgesic effects were postbreathing effects. The 0.6
°C pain threshold increase in both groups is considered
significant, as the human nociceptive sensation thresholds for
warmth can be as low as 1.5 °C above the baseline at around
30 °C [38,39]. Nevertheless, the collected PANAS scores
suggested that the analgesic mechanisms of the two breathing
practices were different. We found that the serenity score
increased in the TMB group, although it was accompanied by
an increased fatigue score. In contrast, the VRB group showed
no significant change in the serenity scores. Serenity is a mental
state of being calm, peaceful, and untroubled [40]. This mental
state has been shown to increase after meditation [41] and reduce
pain [42].
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Following the observed temperature threshold changes, we first
analyzed the brain activation patterns during the tQST sessions.
Our results first confirmed the activation of the contralateral S1
region to noxious thermal stimulation. The S1 has been studied
intensively for its critical function in pain and intensity
processing [43,44]. As expected, we observed consistent
activations in the contralateral (right) S1 region during the tQST
sessions in both groups, evoked by the noxious heat stimulation
applied to the participants. Interestingly, we noticed a qualitative
association between aPFC activation and average pain thresholds
across visits and groups, as indicated in Figure 6. Specifically,
the TMB group had the lowest pain threshold of 45.4 °C on day
1, accompanied by significant activation in seven out of eight
data CHs, whereas the VRB group had the highest pain threshold
of 47.1 °C on day 7, with aPFC activation. As one of the cortical
executive regions, the aPFC plays an essential role in pain
appraisal [45]. Structurally, previous studies reported that
chronic pain led to gray matter loss [46-49], whereas meditation
increased gray matter volume in the aPFC region [50].
Functionally, studies have found greater aPFC activation with
meditation practice [51]. In the context of pain, aPFC activation
was correlated with the unpleasantness aspect of pain [52].
However, during the pain process, fMRI imaging revealed
reduced functional brain activation in the aPFC region [11,53].
In this study, the trend of less activation was associated with
an increased pain threshold, suggesting that less appraisal of
pain was induced by the week-long breathing practice. We also
found right TPJ, right DLPFC, and V1 activation in the VRB
group, whereas TPJ and STG (auditory) deactivation were
observed in the TMB group. The TPJ region serves as a hub for
integrating multisensory body-related information, including
touch, visual, and auditory inputs [54]. In this study, different
from the proposed distraction mechanisms [16,18], we observed
a postbreathing effect, in which the participant’s TPJ and visual
activation were present under the pain condition, even without
the VR experience. The right DLPFC possibly provided a
modulatory effect on pain to achieve a higher pain threshold.
The DLPFC is a critical region that directs attention away from
pain [55,56] and inhibits both affective and sensory aspects of
pain in the brain [57], as revealed by previous fMRI studies.

To further study the brain mechanisms during the two types of
breathing practices, we then analyzed their associated functional
connectivity. The TMB group demonstrated a closer working
relationship among areas, including the aPFC, PMC, and S1
regions. In contrast, we observed fewer connections to the visual
and auditory regions in the VRB group. The immersive 3D,
sensory-exteroceptive, virtual experience reinforced the
participants’ cortical audio-visual activations, thus depriving
the S1 processing of the ascending pain inputs. To study whether
functional connectivity is related to pain sensitivity, we
examined the correlations between the observed connectivity
strength and the pain thresholds measured during the tQST
session. Interestingly, we found that the connections among the

aPFC, PMC, and S1 regions in the TMB group were associated
with pain thresholds across visits. In contrast, in the VRB group,
we found that the functional connections among the
auditory/visual regions, PMC, inferior parietal lobe, and S1
were associated with temperature thresholds. A previous
resting-state fMRI study found lower pain sensitivity in
meditators with decoupled executive and pain-relevant brain
regions [11]. Similarly, in our study, we found lower pain
sensitivity in the TMB group participants with less connectivity
between the aPFC and PMC-S1 regions. For the VRB group,
lower pain sensitivity was observed in participants with
decoupled visual-auditory-DLPFC and PMC regions.

On the basis of these findings, we propose two possible
mechanisms for the TMB and VRB practice—in the TMB
group, the aPFC modulated attention [58-60] and contextual
evaluation of internal sensory events [61-63]. The PMC, as part
of the mirror neuron system [64], increased its functional
connection with the S1 to facilitate the sensory-interoceptive
processing of breathing. This process inhibited the S1 in
sensory-discriminative pain processing during later tQST
sessions. In contrast, VR induced an immersive 3D
exteroception with augmented visual-auditory cortical
activations to diminish functional connection with the S1,
consequently weakening the pain processing function of the S1.

Limitations
There were some caveats in this study. First, we asked the
participants to mimic the VR experience for at-home practices
between day 1 and day 7 lab visits. However, the at-home
practice was not as immersive as the in-lab VR practice (owing
to the noncompletely portable apparatus of the technologies),
which might have dampened its effect. We will use a mobile
VR device that works with smartphones in our future studies
to address this issue. Next, instead of a nonintervention control
group, we used the TMB group as the active control group.
Although we found different brain activation and connectivity
patterns, in contrast to the VRB group, we still need to compare
both groups with a nonintervention control group and evaluate
the effects of both the TMB and VRB breathing practices in the
future.

Conclusions
In conclusion, as shown in Figure 8, our study suggested two
distinct analgesic mechanisms of VRB and TMB practices,
following the concept of dualism, Yin and Yang, in ancient
Asian philosophy [65]. On the Yin-side, the aPFC, activated by
the TMB practice, modulated the PMC to maintain an
uninterrupted sensory-interoception via the S1, which prevailed
over its sensory-discriminative processing of the ascending pain.
On the Yang-side, the VRB practice brought an immersive 3D
sensory-exteroceptive VR experience via augmentation of
cortical visual-auditory activations that overrode the pain
processing function to raise the pain threshold.
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Figure 8. Schematic plots of the mechanisms under traditional mindful breathing and virtual reality breathing accompanied by the temperature thresholds
measured by the thermal quantitative sensory test in this study. S1: primary somatosensory cortex; PMC: premotor cortex.
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S1: primary somatosensory cortex
SMA: supplementary motor area
STG: superior temporal gyrus
TMB: traditional mindful breathing
TPJ: temporal-parietal junction
tQST: thermal quantitative sensory test
V1: visual cortex
VR: virtual reality
VRB: virtual reality breathing
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Abstract

Background: Virtual reality (VR) training is a promising intervention strategy that has been utilized in health care fields like
stroke rehabilitation and psychotherapy. Current studies suggest that VR training is effective in improving the locomotor ability
of stroke patients.

Objective: This is the first meta-meta-analysis of the effects of VR on motor function in stroke patients. This study aimed to
systematically summarize and quantify the present meta-analyses results of VR training and produce high-quality meta-meta-analysis
results to obtain a more accurate prediction.

Methods: We searched 4 online databases (Web of Science, Scopus, PubMed, and Chinese National Knowledge Infrastructure)
for meta-analysis studies. After accounting for overlap, 10 studies (accounting for almost 550 stroke patients) were obtained.
Based on the meta-meta-analysis of these patients, this study quantified the impact of VR training on stroke patients’ motor
performance, mainly including upper limb function, balance, and walking ability. We combined the effects under the random
effect model and pooled the estimates as standardized mean differences (SMD).

Results: The results of the meta-meta-analysis showed that VR training effectively improves upper limb function (SMD 4.606,
95% CI 2.733-6.479, P<.05) and balance (SMD 2.101, 95% CI 0.202-4.000, P<.05) of stroke patients. However, the results
showed considerable heterogeneity and thus, may need to be treated with caution. Due to the limited research, a meta-meta-analysis
of walking ability was not performed.

Conclusions: These findings represent a comprehensive body of high-quality evidence that VR training is more effective at
improving upper limb function and balance of stroke patients.

(J Med Internet Res 2021;23(10):e31051)   doi:10.2196/31051

KEYWORDS

virtual reality; stroke; motor function; review; meta-meta-analysis; mental health; motor skills; rehabilitation; digital intervention;
health care; stroke patients
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Introduction

Stroke is the most common cause of chronic physical
disabilities, such as dyskinesia. Most stroke patients have
dyskinesia, which causes different degrees of impediment to
upper limb function, walking ability, and balance. Because of
limited exercise ability, these patients cannot participate in daily
activities; thus, their quality of life is reduced [1,2]. Stroke
rehabilitation mainly aims to help patients return to society and
work [3]. Therefore, it is important to comprehensively
understand the severity of stroke; improve treatment methods;
reduce the incidence, disability, and mortality of stroke; and
find safe and effective treatment for stroke patients.

In the past decade, virtual reality (VR), as a means of
neurological rehabilitation for stroke, has gradually become
popular in the field of rehabilitation because of the continuous
improvement in virtual systems and the substantial reduction
in cost of virtual equipment [4]. VR technology is a system that
can simulate the environment, scene, and activity in real time
and allow users to interact through multiple sensory modalities.
The system can be combined with a treadmill, bionic gloves,
or robots to provide better feedback for users [5]. Moreover, in
the virtual rehabilitation scene created by VR technology, the
content, duration, and intensity of the exercise can be
manipulated, and even timely feedback can be obtained so as
to provide users sufficient and personalized exercise [6]. The
following VR-related technologies are widely used in the
treatment of stroke patients: an innovative exoskeleton, VR
telerehabilitation system, IREX immersion VR systems, Xbox
Kinect, keyboard with VR, VR combined with gloves, Nintendo
Wii, and virtual surfaces [6]. Compared with traditional
rehabilitation, the main advantage of VR training is that stroke
patients can think of it as an exciting game rather than as
treatment; VR training can help users focus their attention
completely on the task, thus improving motivation and treatment
compliance, which can be of great benefit in recovering from
poststroke trauma [7].

In the last 20 years, a large number of studies have confirmed
that VR training has certain advantages in improving the
condition of people with dyskinesia [8,9]. Among these studies,
nearly 300 experimental and more than 60 meta-analysis studies
of stroke patients have been published in international journals.
However, between the different meta-analysis studies, there is
an inconsistency in the effect size of VR training to improve
the different exercise abilities of stroke patients. The purpose
of this study was to aggregate high-quality evidence from
randomized trials and quantify the effects of VR training on the
exercise performance of these patients. Meta-meta-analysis is
the meta-analysis of meta-analyses and follows the primary
outcome research. Moreover, the overlap of primary studies in
a meta-analysis is also fully considered in order to clearly
illustrate the effectiveness of VR training in improving motor
performance. These findings are expected to be the highest
quality of evidence to date. Meanwhile, the methodological
quality of the included meta-analyses was evaluated to provide
valuable information for future research and practice and to
help clinical rehabilitation practitioners better understand the
potential benefits of VR training.

Methods

Search Strategy
Two researchers independently searched for meta-analysis
articles published in the following databases: Web of Science,
Scopus, PubMed, and China National Knowledge Infrastructure.
They used 3 sets of keywords: (1) meta, meta-analysis; (2)
stroke, poststroke; (3) virtual reality, virtual game, virtual video,
Nintendo Wii, Kinect, Xbox, exergame. The Chinese versions
of the aforementioned keywords were retrieved from the Chinese
database. The search time frame was from the establishment of
the database to November 25, 2020. A complete record of search
strings is provided in Multimedia Appendix 1, and the PubMed
search strategy is provided as an example. In addition, the
reference lists of eligible studies were manually searched to
ensure that all meta-analysis studies were included as much as
possible.

Study Selection
In this study, 2 researchers independently screened articles by
title, abstract, and full text. Before reaching a consensus,
differences between the 2 researchers were discussed. If no
agreement was reached, a third researcher made the final
decision after a group discussion. First, the titles and abstracts
were screened, and the following studies were excluded: (1) not
a meta-analysis; (2) did not involve related topics, including
upper limb function, balance ability, and walking ability (hand
function was excluded from upper limb function for research
homogeneity); (3) focused on nonstroke patients; (4) used
languages other than English or Chinese; or (5) was not
published in peer-reviewed journals (ie, excluding conference
abstracts, book chapters, and reviews). Next, the full text was
screened to exclude meta-analyses with unclear participants or
topics. The included meta-analyses had to be randomized
controlled trials; other related meta-analyses, such as
observational research and longitudinally designed research,
were excluded. VR technology can only be used as a general
term at present. However, in order to further homogenize the
included meta-analyses, it was necessary to define VR
technology. The intervention measures of VR technology had
to involve building a VR platform. Patients can interact with
the electronic screen through motion sensors, accelerometers,
gyroscopes, machine gloves, and other devices, and there is no
need for them to grasp or manipulate any real objects. In
addition to excluding non-VR, computer program–aided
meta-analyses, those with unclear statistics were also excluded.

Data Extraction
A table was designed to extract relevant information. When the
2 researchers had differences during the data extraction process,
they discussed and resolved these differences between
themselves. If the data were not transparent or lacked relevant
information, the author was contacted as much as possible to
obtain specific information and improve the quality of this
research. If the sample size was not directly stated, the
researcher calculated the sample size as accurately as possible
from the experimental study. If only the total sample size was
reported, these samples were divided into 2 parts to determine
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the experimental group’s and control group’s approximate
values.

If there were multiple measurements for the final indicators, we
used the Fugl-Meyer Assessment Upper Extremity Scale
(FMA-UE) as the primary measurement for upper limb function,
the Berg Balance Scale (BBS) for balance, and Timed Up and
Go for walking ability. In addition, in order to obtain more
reliable data, the first choice for this study was to extract data
comparing the effects of VR training with those of conventional
rehabilitation training.

Quality Assessment
The meta-meta-analysis quality was evaluated by 2 researchers
who independently coded using an 11-item multisystem
evaluation tool (Assessment of Multiple Systematic Reviews)
[10], which proved to be of the right consistency, reliability,
and content validity. The scoring criteria were 1 for “yes” and
0 for “not met,” “not applicable,” or “not reported.” The total
score of each meta-analysis was the sum of the 11 items, and
the quality evaluation was set as low quality (0-4), medium
quality (5-8), or high quality (9-11). The final score for each
meta-analysis was the average score between the 2 researchers,
and the meta-analyses assessed as low quality were excluded.
After the included studies were coded, the researchers discussed
the coding divergence and used SPSS Version 22 (IBM Corp,
Armonk, NY) to assess the intraclass correlation coefficients
(ICCs) in order to determine the reliability between the
evaluators: 1.00 means complete agreement, and 0.00 means
absolute difference [11].

Correction for Overlap of Basic Research
According to the research results of Munder et al [12] and
considering that the overlap of research in a meta-meta-analysis
may lead to distortion of the results, this study took the overlap
of the main results into account and corrected for the overlap
of initial studies. When an experimental study was included in
multiple meta-analysis studies, it only contributed to this
meta-meta-analysis. This was mainly completed by determining
the number of meta-analyses of each significant study. For each
meta-meta-analysis, the uniqueness of each included
meta-analysis was added to set the adjusted research number:
kadj. Finally, a meta-analysis with kadj ≤3 was excluded.

Data Analysis
The information included in this study and the conclusions on
the benefits of VR training in improving stroke patients’ motor

performance were from the meta-analyses we rated as medium
or high quality. A meta-analysis of the effect size of VR training
was conducted under the random effect model of multiple motor
abilities. Only 1 effect size was extracted for each meta-analysis.
Comprehensive Meta-Analysis (CMA) software 2.0 was used
to combine the effect size. CMA is a weighted estimation of
effect size based on the method by DerSimonian and Laird. The
effect size of each meta-analysis was converted into a
standardized mean difference (SMD) to obtain the overall effect
size. The effect size was quantified as large (SMD >0.8),
medium (SMD 0.5-0.8), or small (SMD 0.2-0.5) [13,14].

The weighted estimation of heterogeneity in all of the

meta-analyses was quantified as I2 (because heterogeneity is
not accidental, but instead is the percentage of total variation
among studies), with 25%, 50%, and 75% representing low,
medium, and high, respectively. For those using the Q value,
the heterogeneity score needed to be re-estimated for
cross-review comparison. Larger values indicated higher
heterogeneity, and P<.05 indicated significant differences in
heterogeneity [15]. Because of the small number of included
studies, further subgroup analysis and sensitivity analysis were
not conducted in this study.

Publication Bias
Publication bias is defined as “the bias caused by the nature and
direction of research that influences the decision whether to
publish or otherwise distribute it” [16], which leads to an
unknown number of unpublished negative results. Since there
were less than 10 meta-analysis articles for each result in this
study, no funnel plot was generated, and the Egger test was used
to evaluate the publication bias [17].

Results

Literature Search
A total of 226 records was retrieved from the database, and 180
records remained after removing the duplicate records. A total
of 138 records was deleted because of their unqualified titles
and abstracts. A more detailed full-text screening was performed
with the remaining 42 studies, of which 25 were excluded
because they did not meet the established criteria. Therefore,
the qualitative research included 17 studies. An additional 7
studies were excluded because kadj was ≤3, and therefore, the
final quantitative analysis included a total of 10 meta-analysis
studies (Figure 1).
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram for studies included in and excluded from
the meta-meta-analysis.

Research Characteristics
The characteristics of all the included studies are shown in
Tables 1-3. A total of 10 studies was obtained: 6 studies

evaluated the rehabilitation of upper limb function (Table 1), 4
studies evaluated the rehabilitation of balance (Table 2), and 2
studies evaluated the rehabilitation of walking function (Table
3).
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Table 1. Characteristics of the included studies for upper limb function.

kadjI2Effect sizeMeasur-
ing instru-
ment

Sample
size

kaAimAuthor(s), year

P value95% CI (LLb to ULc)Effect
size

3.0330≤.0012.47 to 6.064.27FMA-

UEg
EGe: 164;

CGf: 143

8Effect of VRd technology on
the rehabilitation of upper
and lower limb motor func-
tion in stroke patients

Yang et al, 2013
[18]

4.8670.0011.29 to 5.323.30FMA-UEEG: 191;
CG: 172

10To determine the efficacy of
VR compared with an alter-
native intervention or no in-
tervention on upper limb
function and activity

Laver et al, 2017
[19]

7.95012.0020.08 to 0.330.21FMA-UEEG: 704;
CG: 551

17To evaluate the efficacy of
specific VR and nonspecific
VR systems for rehabilitat-
ing upper limb function and
activity after stroke

Maier et al, 2019
[20]

8.11722≤.0013.54 to 7.135.33FMA-UEEG: 283;
CG: 274

17To evaluate the VR technol-
ogy on the clinical curative
effect of upper limb function
in patients undergoing cere-
bral apoplexy hemiplegia
rehabilitation

Zhong et al, 2019
[21]

3.41792.0030.51 to 2.541.53FMA-UEEG: 154;
CG: 148

9To evaluate game-based VR
interventions to improve
upper limb motor function
and quality of life after
stroke

Domínguez-Téllez
et al, 2020 [2]

9.95064.010.93 to 6.753.84FMA-UEEG: 363;
CG: 345

19To evaluate the overall effec-
tiveness of VR therapies
compared with that of con-
ventional therapies in the
recovery of upper limb

functions across the 3 ICFh

domains

Mekbib et al, 2020
[22]

ak: number of primary studies.
bLL: lower limit.
cUL: upper limit.
dVR: virtual reality.
eEG: experimental group.
fCG: control group.
gFMA-UE: Fugl-Meyer Assessment Upper Extremity Scale.
hICF: International Classification of Functioning, Disability and Health.
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Table 2. Characteristics of the included studies for balance.

kadjI2Effect sizeMeasur-
ing instru-
ment

Sample
size

kaAimAuthor(s), year

P value95% CI (LLb to ULc)Effect
size

4.07710.420.11 to 0.730.42BBSg,

FRTh
EGe: 104;

CGf: 95

9Effects of VRd on lower
limb outcomes in stroke pa-
tients

Gibbons et al, 2016
[23]

5.0122.622≤.0010.259 to 0.7530.506BBSEG: 132;
CG: 142

12To evaluate the effective-
ness of VR interventions in
improving balance in a
chronic stroke population

Iruthayarajah et al,
2017 [24]

5.53036.7.0830.36 to 0.920.64BBS,
FRT,

PASi

EG: 161;
CG: 153

13To evaluate the effect of VR
on balance as compared with
that of conventional therapy
alone poststroke

Mohammadi et al,
2019 [25]

8.51384.5≤.0012.20 to 5.974.09FRT,
PAS

EG: 215;
CG: 217

17To evaluate the effective-
ness of VR technology in
promoting balance and
walking function rehabilita-
tion in stroke

Liang et al, 2020
[26]

ak: number of primary studies.
bLL: lower limit.
cUL: upper limit.
dVR: virtual reality.
eEG: experimental group.
fCG: control group.
gBBS: Berg Balance Scale.
hFRT: functional reach test.
iPAS: Postural Assessment Scale.

Table 3. Characteristics of the included studies for walking ability.

kadjI2Effect sizeMeasur-
ing instru-
ment

Sample
size

kaAimAuthor(s), year

P value95% CI (LLb to ULc)Effect
size

5.4670.0020.134 to 0.6010.367TUGgEGe: 145;

CGf: 166

13To evaluate the effective-

ness of VRd interventions in
improving balance in a
chronic stroke population

Iruthayarajah et al,
2017 [24]

12.26786.2.009–4.88 to –0.69–2.79TUGEG: 271;
CG: 271

18To evaluate the effective-
ness of VR technology in
promoting balance and
walking function rehabilita-
tion in stroke

Liang et al, 2020
[26]

ak: number of primary studies.
bLL: lower limit.
cUL: upper limit.
dVR: virtual reality.
eEG: experimental group.
fCG: control group.
gTUG: Timed Up and Go.
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Methodological Quality of Included Studies
In this study, the methodological quality of 10 meta-analysis
articles was evaluated. Their scores were all >4, which was a

satisfactory result. The specific scores are shown in Table 4.
Moreover, the reliability of the quality evaluation was high
(ICC=0.96, 95% CI 0.93-0.98, P<.001).

Table 4. Methodological quality of the included studies.

Total score11k10j9i8h7g6f5e4d3c2b1a

8011?111?l101Yang et al, 2013 [18]

8001?1111111Gibbons et al, 2016 [23]

500??1001111Laver et al, 2017 [19]

600??1111101Iruthayarajah et al, 2017 [24]

9101?1111111Mohammadi et al, 2019 [25]

6111?1110010Maier et al, 2019 [20]

7111?111?111Zhong et al, 2019 [21]

9101?1111111Domínguez-Téllez et al, 2020 [2]

8011?111?111Liang et al, 2020 [26]

5101?1000101Mekbib et al, 2020 [22]

aWhether the preliminary design scheme was provided.
bWhether the included studies and data extraction were repetitive.
cWhether an extensive and comprehensive literature search was carried out.
dWhether the publication was considered.
eWhether the list of included and excluded studies was provided.
fWhether the characteristics of the included studies were described
gWhether the scientificity of the included studies was evaluated and reported.
hWhether the scientificity of the included studies was appropriately used in the derivation of conclusions.
iWhether it was appropriate to summarize the research results.
jWhether the possibility of publication bias was evaluated.
kWhether the relevant conflicts of interest were explained.
lUnknown.

Upper Limb Function
Evidence for VR training helping to improve stroke patients’
upper limb function was provided by 7 meta-analysis studies,
and significant differences were found in these studies. After
accounting for overlap, 6 studies were finally confirmed. As

shown in Figure 2, the meta-meta-analysis showed that the
effect of VR-based intervention on stroke had a statistically
large effect size (SMD 4.606, 95% CI 2.733-6.479, P<.05;
Figure 2), and considerable heterogeneity was found (Q=62.851,

I2=92.045). The intercept of the Egger Test for publication bias
was –1.44, P=.671.

Figure 2. Meta-meta-analysis of the effects of virtual reality (VR) interventions on upper limb function. The bottom row describes a combined overall
effect of treatment which random-effects models were used to estimate.
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Balance Function
Evidence for VR training helping to improve stroke patients’
balance ability was provided by 11 meta-analysis studies, and
significant differences were found in 10 studies. After
accounting for overlap, 4 studies were finally confirmed. As

shown in Figure 3, the meta-meta-analysis showed that the
efficacy of VR-based intervention on balance after stroke had
a statistically large effect size (SMD 2.101, 95% CI 0.202-4.000,
P<.05), and considerable heterogeneity was found (Q=27.061,

I2=88.914). The intercept of the Egger Test for publication bias
was –7.09, P=.222.

Figure 3. Meta-meta-analysis of the effects of virtual reality (VR) training on balance. The bottom row describes a combined overall effect of treatment
which random-effects models were used to estimate.

Lower Limb Function
Evidence for VR training helping to improve lower extremity
function in stroke patients was provided by 8 meta-analyses,
and 8 studies showed significant differences. After accounting
for overlap, only 2 studies met the condition of kadj >3, and
therefore, the effect size was not summarized.

Discussion

Principal Findings
The purpose of this meta-meta-analysis was to quantify the
impact of VR training on motor performance in patients
poststroke by summarizing the current mid-quality and
high-quality meta-analysis results. It found that VR training
showed a significant improvement in upper limb function (SMD
4.606) and balance ability (SMD 2.101), which was consistent
with the results of most previous meta-analysis articles.
According to the included meta-analysis studies, there were 7
studies on the effect of VR training on the upper extremities
and 10 studies on balance. Our conclusions provided strong
evidence for VR-induced improvement and confirmed the
potential therapeutic benefits of VR training.

In the included meta-analysis studies, the FMA-UE was used
to evaluate the upper extremities. It includes 33 items related
to proximal and distal upper extremity movement, mainly to
evaluate the reflex activity, motor control, and muscle strength
of the upper extremity on the hemiplegic side. FMA-UE is
widely applied as the outcome index of rehabilitation tests and
to record recovery after stroke [27]. Unfortunately, due to the
limited number of studies, it is impossible to test the dose effect
for stroke patients with different degrees of dyskinesia to
determine the most effective intervention dose of VR. The BBS

was used by 3 of 4 included studies, showing a greater degree
of improvement. Balance ability is a crucial step to improve the
motor ability of stroke patients, although rehabilitation often
involves many functions, such as visual function, vestibular
function, and somatosensory receptors. However, based on the
existing meta-analysis studies, VR training can effectively
ameliorate these functions, leading to a greater degree of
improvement in balance. It is worth noting that a customized
balance rehabilitation system seems to have the same curative
effect as a commercial virtual balance system, suggesting that
stroke patients can carry out rehabilitation training through
commercial virtual games [24]. In this meta-meta-analysis, there
was a specific deviation in the effect size of these meta-analysis
articles that can be considered a result of the different studies
included. In addition, statistical differences were not excluded.
In terms of gait, 2 meta-analysis results in this study showed
moderate effects on improving walking ability. Due to the lack
of sufficient qualified meta-analysis studies, no
meta-meta-analysis of walking ability was performed, but its
influence cannot be ignored. Due to decreased walking ability
and fear of falling, stroke patients’ motor ability is weakened,
which is unfavorable for recovery [28].

Optimizing and strengthening brain compensation mechanisms
are essential for dyskinesia [29]. The virtual environment created
by VR technology can promote the illusion of body movement,
strengthen the activation of the motor brain area with a sense
of immersion, mobilize changes in brain neuroplasticity,
reconstruct the cell synapses of the nervous system, and realize
the direct training of the central nervous system, which plays a
significant role in the reorganization and recovery of neural
structures after stroke [30,31]. Compared with other
interventions, VR training has many potential advantages. For
example, the cost of current VR equipment is relatively low.
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Only a screen and VR system are needed for the completion of
the intervention. Second, repetitive task training has been proven
to be effective in improving the motor ability of stroke patients.
Current VR equipment is more convenient to carry; thus,
patients can carry out regular training in their own homes. Third,
current VR systems are compatible with other systems, which
makes it more convenient for training. All of these cannot be
realized by conventional therapy. Without increasing the number
of rehabilitation therapists, these are conducive to improving
the efficacy of rehabilitation and reducing patients’ medical
burden [32].

VR training includes 4 components that could work together to
ensure success: intensive therapy, motivating therapy through
exercise games, stimulation of motor learning, and positive
feedback between the stimulus and the response. Therefore, a
single mechanism cannot explain the impact of VR training on
stroke patients, which may be the result of both psychological
mechanisms (such as self-efficacy, reward mechanism, and
emotion) and physiological mechanisms (vestibular and
somatosensory receptors) [33-35]. With the development of
medical imaging, researchers have begun to explore the effects
of VR training on the brain functions of stroke patients.
Although the current research is still in its infancy, with the
deepening of research, the effectiveness of VR training will
soon benefit from more direct evidence [18,19,36-38].

This study conducted a meta-meta-analysis on the current
meta-analysis data for VR training in improving stroke, which
strengthened the evidence on this topic. After a series of
controlled experiments and strict methodological quality
assessment, confidence in applying VR technology in clinical
rehabilitation was increased. Nevertheless, there were still some
limitations in this study. First, the retrieval language was
confined to English or Chinese; thus, publications in other
languages may have been missed. Second, since this
meta-meta-analysis was based on previously published
meta-analysis articles, primary research without meta-analysis
may be omitted. Finally, our primary problem was that the
results showed a high degree of statistical heterogeneity.
Therefore, the results should be interpreted with caution.

Conclusion
In general, the current evidence supports that VR, which has a
medium to large effect size, is beneficial for stroke patients’
motor ability, especially in the upper extremities and for balance.
However, no specific rehabilitation treatment has been
formulated to date, likely due to different motor ability levels.
Consequently, future research on this topic requires randomized
controlled trials with larger sample sizes and longer duration
to verify that VR training is the best treatment for improving
stroke patients’ motor performance and to verify the optimal
type, frequency, duration, and cycle of VR training for patients
with different motor abilities.
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Abstract

Background: As health resources and services are increasingly delivered through digital platforms, eHealth literacy is becoming
a set of essential capabilities to improve consumer health in the digital era. To understand eHealth literacy needs, a meaningful
measure is required. Strong initial evidence for the reliability and construct validity of inferences drawn from the eHealth Literacy
Questionnaire (eHLQ) was obtained during its development in Denmark, but validity testing for varying purposes is an ongoing
and cumulative process.

Objective: This study aims to examine validity evidence based on relations to other variables—using data collected with the
known-groups approach—to further explore if the eHLQ is a robust tool to understand eHealth literacy needs in different contexts.
A priori hypotheses are set for the expected score differences among age, sex, education, and information and communication
technology (ICT) use for each of the 7 eHealth literacy constructs represented by the 7 eHLQ scales.

Methods: A Bayesian mediated multiple indicators multiple causes model approach was used to simultaneously identify group
differences and test measurement invariance through differential item functioning across the groups, with ICT use as a mediator.
A sample size of 500 participants was estimated. Data were collected at 3 diverse health sites in Australia.

Results: Responses from 525 participants were included for analysis. Being older was significantly related to lower scores in
4 eHLQ scales, with 3. Ability to actively engage with digital services having the strongest effect (total effect –0.37; P<.001),
followed by 1. Using technology to process health information (total effect –0.32; P<.001), 5. Motivated to engage with digital
services (total effect –0.21; P=.01), and 7. Digital services that suit individual needs (total effect –0.21; P=.02). However, the
effects were only partially mediated by ICT use. Higher education was associated with higher scores in 1. Using technology to
process health information (total effect 0.22; P=.01) and 3. Ability to actively engage with digital services (total effect 0.25;
P<.001), with the effects mostly mediated by ICT use. Higher ICT use was related to higher scores in all scales except 2.
Understanding health concepts and language and 4. Feel safe and in control. Either no or ignorable cases of differential item
functioning were found across the 4 groups.

Conclusions: By using a Bayesian mediated multiple indicators multiple causes model, this study provides supportive validity
evidence for the eHLQ based on relations to other variables as well as established evidence regarding internal structure related
to measurement invariance across the groups for the 7 scales in the Australian community health context. This study also
demonstrates that the eHLQ can be used to gain valuable insights into people’s eHealth literacy needs to help optimize access
and use of digital health and promote health equity.
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Introduction

Background
eHealth literacy, also known as digital health literacy, has been
described as a set of essential capabilities to improve consumer
health in the digital era [1,2]. As health resources and services
continue to move to digital platforms, people need “the ability
to seek, find, understand, and appraise health information from
electronic sources and apply the knowledge gained to addressing
or solving a health problem” [1]. Digital health will have limited
value if people do not have adequate eHealth literacy to
effectively engage with these resources [1,3,4]. Hence, an
understanding of eHealth literacy needs is paramount to ensure
that digital health resources are aligned with such needs and
avoid the potential widening of health inequities. However,
current research and insights into the eHealth literacy needs of
populations are limited, and the results can be inconsistent [5],
possibly because of the lack of a rigorous theoretical framework
to measure eHealth literacy [6].

To understand eHealth literacy needs, a useful and valid
measurement of eHealth literacy is needed. With the introduction
of this concept in 2006, the study by Norman and Skinner [7]
developed the eHealth Literacy Scale (eHEALS) to assess
people’s ability to engage with eHealth, with the purpose of
informing clinical decisions and health promotion planning.
Initial validity testing of the tool in Canada demonstrated good
internal consistency (coefficient α=.88), with principal
component analysis suggesting a single-factor solution [7].
However, recent validation studies have cast doubts on the tool’s
dimensionality. The tool was found to be a better fit for a
two-factor model in 5 studies, but there was no consensus on
the items for the 2 subscales among these studies [8-12], whereas
3 studies reported that the eHEALS consisted of 3 dimensions
[13-15]. Nevertheless, the tool has been widely used in eHealth
literacy studies across the world in various settings to understand
the eHealth literacy of various population groups, examine the
association of eHealth literacy and sociodemographic factors,
measure the effects of eHealth literacy on health outcomes, and
use as an outcome measure of eHealth literacy interventions
[6,16]. Yet, the linkages of the findings of these studies to
specific eHealth recommendations were usually vague [6]. In
contrast, the study by Norman [17] acknowledged that the digital
landscape had evolved since 2006, especially around the
interactivity and expanded capabilities of information and
communication technologies (ICTs), and called for revision of
the concept as well as its measurement tool.

Using a grounded validity-driven approach [18], the study by
Norgaard et al [19] developed the eHealth Literacy Framework
by integrating the perspectives and experiences of a wide range
of eHealth stakeholders, including patients, health care
providers, health informatics professionals, public health
researchers, and computer scientists. Through concept-mapping

workshops and international web-based surveys, 7 domains of
eHealth literacy were identified [19]. On the basis of the eHealth
Literacy Framework and on the back of the widely used and
tested Health Literacy Questionnaire [20], the eHealth Literacy
Questionnaire (eHLQ) was subsequently developed comprising
7 scales and representing the following 7 eHealth literacy
constructs:

1. Using technology to process health information
2. Understanding of health concepts and language
3. Ability to actively engage with digital services
4. Feel safe and in control
5. Motivated to engage with digital services
6. Access to digital services that work
7. Digital services that suit individual needs [21]

Each eHLQ scale has 4 to 6 items relating to a 4-point ordinal
scale, ranging from strongly disagree to strongly agree. The
results are 7 scale scores with a range of 1-4, calculated by
averaging the item scores within each scale with equal
weighting. Initial validity testing of the eHLQ involved
extensive discussion of the test content in the Australian and
Danish contexts by an international multidisciplinary team
experienced in questionnaire development and cognitive
interviewing with community members from different cultural
and educational backgrounds to ensure that the items were
understood as intended. The items were then administered to
475 Danish participants randomly approached by trained
interviewers in the broader-community locations, including
libraries, workplaces, hospitals, nursing homes, health centers,
and an outpatient clinic. Bayesian confirmatory factor analysis
supported the seven-factor model, with all items loading strongly
on their relevant factors and no statistically significant
cross-loadings. Composite scale reliability (ranging from 0.75
to 0.87) demonstrated good internal consistency. Item response
theory analysis confirmed that there were no disordered
thresholds, and differential item functioning (DIF) testing
established evidence of measurement invariance for age and
sex [21]. The eHLQ has since been used to investigate the
eHealth literacy of nursing students and pregnant migrant
women in Denmark [22,23], as well as to examine the
association of eHealth literacy and digital health service use in
both Denmark and Australia [24,25]. The tool has also been
used in Australia to understand the eHealth literacy needs of
community members, leading to the generation of numerous
concrete solutions to address the identified needs [26].

Study Aim
According to the Standards for Educational and Psychological
Testing (the Standards) [27], the authoritative reference used
to develop, use, and interpret educational and psychological
measurements, validity testing is a continuous process and
involves the examination of 5 sources of evidence to support
the interpretation and use of the scores, including test content,
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response process, internal structure, relations to other variables,
and consequences of testing [27]. This study aims to examine
evidence based on relations to other variables to further evaluate
the eHLQ as a tool used to understand eHealth literacy needs.

Evidence of relations to other variables refers to an analysis of
the relationship between the eHLQ scores and other variables
with which the scores are predicted by theory or past research
to be associated. The evidence may include association of the
scores with certain demographic groups, relationships with
predicted outcomes, or relationships between the scores and
other external instruments that measure the same construct
[27,28]. As there is no consensus on the dimensionality of the
eHEALS, which is the most commonly used eHealth literacy
tool, comparing the scores of the 2 instruments would be
problematic. Therefore, this study focused on the testing of the
association of the eHLQ scores with certain demographic
groups, which is usually described as known-groups validity.
A seminal paper on validity by Cronbach and Meehl [29]
discussed that “If our understanding of a construct leads us to
expect 2 groups to differ on the test, this expectation may be
tested directly” [29]. Hence, group differences can be used to
examine if an instrument is sensitive enough to discriminate
“between these groups” [30]. However, the paper by Cronbach
and Meehl [29] further noted that only moderate association
should be expected because members of the groups were
expected to overlap on the test, whereas failure to find a
difference would also have serious implications for the test [29].

Hypotheses Setting

Literature Review
To evaluate known-groups validity, hypotheses based on
theoretical and empirical evidence need to be set up and tested.
As this is an emergent field of research, studies on the predictors
of eHealth literacy are limited, and inconsistent results are
common [5]. Nevertheless, it has been argued that inequalities
due to sociodemographic factors will affect the use of
technology, acquisition of skills, and digital literacy.
Conventional evidence, both theoretical and empirical, generally
suggests that age, sex, education, and ICT use are associated
with the ability to use technology for health, which will in turn
potentially link to a person’s eHealth literacy [31-33]. Hence,
a literature review was undertaken to generate hypotheses about
the expected score differences across age, sex, education, and
ICT use in relation to the 7 constructs or latent variables (ie,
traits that cannot be directly observed or measured) representing
the 7 scales of the eHLQ.

Age
People aged above 65 years are less likely than the younger
generation to have had the chance to familiarize themselves
with ICT either at school or at work [34,35]. Combined with
the cognitive, motor, and sensory decline associated with aging,
older adults face more barriers to and challenges in using
technology for health than their younger counterparts [35-42].
With inadequate skill and ability, older people are more likely
to experience computer anxiety [34,38], leading to less interest
in using technology for health [34,38,43]. Slower processing
of information and reduction of working memory caused by

cognitive decline [39] can also lead to difficulty in understanding
health concepts. In a systematic review of the use of digital
health records among older adults, the 2 main barriers identified
were privacy and security and access to, and ability to use,
technology and the internet [42]. Hence, it was hypothesized
as follows:

• H1: Age is negatively related to the scores on all latent
variables representing the 7 scales.

Sex
Technology is traditionally perceived as a male-dominated
domain, with men usually reporting higher levels of digital skills
than women [32,44]. However, the study by Hargittai and Shafer
[45] found no significant difference in the skill of web-based
information searching by men and women in actual performance
tests. Empirical findings indicated that women were more likely
and more inclined to search for health information using the
internet [38,46-48], with studies continuing to report that men
tend to lag behind women in health knowledge [49-51]. The
study by Brouwer et al [52] also found that women recorded a
higher participation rate for a web-based health intervention
than men, and women were more likely to engage in preventive
activities related to health than men [49]. In terms of privacy
concerns, no discussion of sex differences could be identified
from the studies. These considerations led to the following two
hypotheses:

• H2a: Being female is related to higher scores on the 3 latent
variables representing the scales 1. Using technology to
process health information, 2. Understanding of health
concepts and language, and 5. Motivated to engage with
digital services.

• H2b: Sex is not related to score differences on the 4 latent
variables representing the other 4 scales.

Education
Many studies have found education to be a predictor of ICT use
and skills [32,34,35,38,53]. People with limited literacy, because
of their limited ability to read and write, are likely to have less
extensive health knowledge [49-51,54,55]. The generally
higher-than-average reading level of web-based health
information [56,57] may also disadvantage people with limited
literacy. In addition, access to digital services to connect with
health professionals generally requires some ability to read and
write [58]. Besides, studies continue to find that searching for
web-based health information, interpreting such information,
and making decisions based on it is challenging for people with
low literacy [36,59-61]. A further deterrence to using technology
for health among people with limited literacy is that they tend
to have greater privacy concerns because of mistrust of the
internet and limited understanding of its capabilities [62].
Therefore, it was hypothesized as follows:

• H3: Education is positively related to the scores on all latent
variables representing the 7 scales.

ICT Use
Higher ICT use is frequently found to be related to better digital
skills and higher likelihood of searching for health information
and using web-based health information and health apps
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[35,43,53,63]. With skills and access, people are more likely to
be motivated to adopt and use web-based health resources with
ease [34]. Furthermore, frequent use of ICT will also improve
skills to deal with digital privacy concerns [62]. However, the
relationship between ICT use and health knowledge has been
hardly explored in the literature. These findings led to the
following hypothesis:

• H4: ICT use is positively related to the scores on the 6 latent
variables representing scales 1, 3, 4, 5, 6, and 7 but not to
the score on the latent variable representing 2.
Understanding of health concepts and language.

Language
Considering that Australia is a multicultural country, whether
the nation’s main language—English—was spoken at home
was also included for analysis. However, because of the limited
studies on the eHealth literacy of ethnic minorities [64] and
because no studies could be identified targeting migrants who
could speak the main language of their adopted country, no
hypothesis was formulated for this group.

Methods

Data Collection
A cross-sectional survey was conducted across 3 health sites in
Victoria, Australia, in 2018. The 3 sites included a private
primary care medical clinic and a not-for-profit community
health organization located in metropolitan areas as well as a
private primary care medical clinic in a regional area. These
sites were selected because they represented a mix of
advantaged, disadvantaged, culturally diverse, metropolitan,
and regional areas to ensure that the sample would capture
people with different eHealth literacy levels. People attending
the health sites were invited to participate if they were aged 18
years or older, with or without any health conditions, and were
able to complete the eHLQ in paper-based format, web-based
format, or face-to-face interview. The option of offering
interviews allowed people with lower literacy who were not
interested in reading to feel comfortable to participate in the

survey, another strategy to ensure that people with potentially
lower eHealth literacy were included. The exclusion criteria
included people currently experiencing significant cognitive or
mental health issues or too clinically unwell as deemed by their
treating health care professionals and those with insufficient
fluency in English to complete the survey because no family
member or carer was present to assist them. The study was
approved by the Deakin University Human Research Ethics
Committee (approval number: HEAG-H 146_2017). Potential
participants were provided information about the study,
including that participation was voluntary. Returning the
completed questionnaire was regarded as implied consent.

Demographic data collected for analysis included age, sex (male
or female), education (less than secondary school, completed
secondary school, certificate or diploma, or completed university
or higher), language (spoke English at home or not), and ICT
use. The classification of education into 4 categories was
somewhat arbitrary. Other Australian studies of eHealth literacy
and internet use only included the 3 education categories of
secondary school or less, certificate or diploma, and university
or higher [5,65]. Given that 17.9% (94/525) of the participants
did not complete secondary school in this study (Table 1), it
was decided that 4 categories of education would be appropriate.
On the basis of existing studies, ICT use generally refers to
access to, and use of, digital devices and the internet [43,47,60].
Therefore, ICT use was assessed by 3 survey questions,
including number of digital devices used (range 0-4), number
of ICT platforms used (range 0-10), and whether the participant
had looked for web-based information in the last 3 months (yes
or no). The number of digital devices used was determined by
the question “Do you use any of the following devices?” with
the answers including computer or laptop, mobile phone or
smartphone, tablet, and other. The number of ICT platforms
used was calculated by the participants’ answer to the question
“Do you use any of the following to connect with others?” with
the answers including email, text message, Facebook, Twitter,
Instagram, Snapchat, WhatsApp or WeChat, blogging, forum
or chat room, and other.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e30243 | p.805https://www.jmir.org/2021/10/e30243
(page number not for citation purposes)

Cheng et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 1. Participant characteristics (N=525).

ValueCharacteristics

56.8 (18.6; 18-94)Age (years), mean (SD; range)

Sex, n (%)

320 (61)Female

203 (38.7)Male

Education, n (%)

94 (17.9)Less than secondary school

106 (20.2)Completed secondary school

141 (26.9)Certificate or diploma

175 (33.3)Completed university or higher

363 (69.1)Spoke English at home, n (%)

Ownership of digital device (a person may have more than one device), n (%)

372 (71.2)Computer or laptop

459 (87.4)Mobile phone or smartphone

241 (45.9)Tablet

6 (1.1)Other

2.1 (0.9; 0-4)Average number of digital devices owned, mean (SD; range)

Use of digital communication platform (a person may use more than one platform), n (%)

394 (75)Email

398 (75.8)Text message

266 (50.7)Facebook

30 (5.7)Twitter

104 (19.8)Instagram

51 (9.7)Snapchat

112 (21.3)WhatsApp or WeChat

15 (2.9)Blogging

26 (5)Forum or chat room

9 (1.7)Other

2.7 (1.8; 0-10)Average number of digital platforms used, mean (SD; range)

392 (74.4)Looked for web-based information in the last 3 months, n (%)

Statistical Analysis
To evaluate known-groups validity, an important prerequisite
for hypothesis testing is evidence of measurement equivalence
or invariance across the groups [66], which refers to the stability
of measurement across the different groups [67,68].
Measurement nonequivalence can occur when the characteristics
of certain groups or grouping variables that are irrelevant to the
construct being measured affect how people respond to the
measurement [68]. Hence, group differences cannot be
satisfactorily established if measurement invariance across group
is not examined [69,70].

To evaluate measurement invariance, DIF is a common
statistical observation that signals whether an item is functioning
differentially across the grouping variables [71,72]. The presence
of DIF indicates that there is a direct effect from a grouping

variable on an item net of the association between the grouping
variable and the latent construct. As such, the item is not
measuring what it is intended to measure, and the estimated
group differences are biased [68,73]. There are 2 types of DIF:
uniform DIF and nonuniform DIF. Uniform DIF occurs when
a group scores consistently and systematically higher or lower
on a specific item than the other groups across all levels of
ability, whereas nonuniform DIF is detected when the
probability of endorsing an item among the groups varies across
different ability levels [68,72,74]. According to the Standards,
the main concern is uniform DIF because it can lead to
“systematically different responses to a particular item” [27].

To ensure that DIF was considered, analysis using the multiple
indicators multiple causes (MIMIC) model approach was chosen
for this study. The MIMIC model is a type of structural equation
modeling (SEM), which contains a measurement model that
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describes the relationship of the latent variables and their
observed variables and a structural model that describes the
links among the latent variables [75]. Therefore, taking the SEM
approach to known-groups analysis with latent variables will
account for measurement error in the outcome variables [76].
This approach also “allows simultaneous factor analysis and
regression of factor scores on covariates for the comparison of
item functioning across groups, while accounting for differences
in several personal characteristics” [77]. In a MIMIC model,
covariates (represented by group membership) can be categorical
or continuous such that continuous variables (eg, age) do not
have to be divided into arbitrary groups as in other statistical
methods [77,78]. The MIMIC model approach has also been
shown to have superior performance even with small or uneven
group sample sizes compared with using other approaches
[70,74,79]. As the DIF and known-groups analysis for this study
involved both categorical and continuous variables, and small
and uneven sample sizes for certain groups existed, the MIMIC
model was considered suitable. Although the MIMIC model
approach only tests for uniform DIF, rather than nonuniform
DIF, the method was still considered appropriate because
uniform DIF is more likely to occur than nonuniform DIF [80],
and the main purpose of collecting DIF evidence, according to
the Standards, is to identify systematically different responses
[27].

Furthermore, a Bayesian approach was used for the MIMIC
model in this study. It has been argued that the Bayesian
approach is a better reflection of substantive theories because
it is less restrictive; in addition, it does not rely on data with
normal distribution and performs well with a small sample size
[80,81]. A few studies have pointed to several advantages of
using Bayesian SEM modeling over the traditional frequentist
approaches such as maximum likelihood [80,81]. Of particular
relevance to this study, these studies have highlighted the benefit
that Bayesian SEM offers for investigating covariances among
item residuals and potential cross-loadings that can be
hypothesized to be approximately zero rather than exactly zero
as in traditional SEM [82]. The same strategy was used here by
including uniform DIF in the model.

For a Bayesian MIMIC model, informative small variance priors
are applied to the DIF paths. A prior variance of 0.01 or 0.02
means that 95% of the variation lies within the ranges of ±0.20
or ±0.28 [81,82]. In addition, informative priors are also given
to the residual covariances using the inverse-Wishart
distribution, “a standard prior distribution for covariance
matrices in Bayesian analysis” [81]. The application involves
testing a model with a large enough df of the inverse-Wishart
distribution and gradually lowering the df parameter to find a
more flexible model [82]. As such, several models with different
informative priors are usually tested and compared to identify
the model of interest, which is the model that is not rejected by
the data and can be considered closest to the frequentist model
that fits well enough [82]. Model fit in the Bayesian approach
is evaluated by the posterior predictive P value (PPP) and 95%
CI for the difference between the observed and replicated
chi-square values. PPP<.05 and positive 95% CI indicate a
misfit, and PPP of approximately .50 and a value of zero falling
close to the middle of the 95% CI indicates an excellent fit [81].

Models can further be compared by examining model
convergence and discrepancy information criterion with quicker
convergence (potential scale reduction being consistently less
than 1.05) and lower discrepancy information criterion value
to be chosen as the model of interest [82].

For the MIMIC model, age, sex, education, ICT use, and
language were included as covariates. However, given that
research indicated that age, sex, and education were also
associated with ICT use and skills [31,32,43], ICT use was also
tested as a mediator. As such, a mediated MIMIC model—a
model that allows for identifying DIF and group differences as
well as providing insights into the underlying mechanism
[83]—was set up for this study.

Given that there were 3 indicators (digital devices, ICT
platforms, and search for web-based information) for ICT use,
a final setup for the MIMIC model was to identify the single
best indicator for ICT use. It has been argued that the single
best indicator is sufficient for developing theoretically
sophisticated models [84]. This was determined by running a
Bayesian one-factor confirmatory factor analysis model of ICT
use, with no prior, using the 3 indicators to find the one with
the highest factor loading to represent ICT use. The result
indicated an excellent model fit (PPP=.49, 95% CI for the
difference between observed and replicated chi-square values
–11.81 to 12.25), and number of devices was identified with
the highest loading (0.81) on ICT use (Multimedia Appendix
1). Hence, device was used to represent ICT use in the final
MIMIC model. The mediated DIF model using scale 1 of the
eHLQ as an example is shown in Figure 1. As there is no
consensus on sample size for Bayesian MIMIC model testing,
which may range from 300 to more than 500 [79,85], a minimum
sample size of 500 was estimated.

Descriptive statistics were conducted using SPSS, version 25.0
(IBM Corporation) [86], and the Bayesian MIMIC model testing
was run using Mplus software version 8.3 [87]. For model
selection, a sequence of one-factor models for each of the 7
factors was fitted to the data by varying the informative priors
for df of the inverse-Wishart distribution=200, 150, 100, 80,
and 60. The results would inform the use of the prior for residual
covariance for the MIMIC model testing. Next, 3 models using
the chosen prior combined with informative priors for DIF paths
(variance=0.01, 0.015, and 0.02) were fitted to the data. Model
estimation was performed with 50,000 iterations.

To determine the group differences, direct effect, indirect effect,
and total effect produced in the Mplus outputs were examined.
A significant total effect indicated significant group differences.
A significant direct effect indicated that group differences
existed independent of any mediating effect, whereas a
significant indirect effect indicated that group differences were
mediated through ICT use. Mplus produced the results of
one-tailed P values and indicated that P<.025 was significant.
However, because the hypotheses for age, sex, education, and
ICT use were directional, P<.05 was considered significant,
whereas P<.025 remained significant for either a positive or
negative effect for language because no hypothesis was set a
priori. A further calculation of mediation proportion was
undertaken to gain deeper understanding of the extent of
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mediation. Mediation proportion refers to the portion of effect
on an outcome explained by an intermediate variable. It is
calculated by dividing the indirect effect by the total effect [88].
It should be noted that computation of mediation proportion is
considered not appropriate if the total effect is too small, that
is, less than ±0.2, or in case of inconsistent mediation, that is,
opposite signs for the estimates. If mediation proportion is at
least 0.8, complete mediation can be claimed. As it was

cautioned that statistical significance was sensitive to sample
size and the effects should not be evaluated simply based on
statistical significance, the significant group differences were
further investigated by examining the size of the effect estimates
to determine if the effects were practically significant or could
be ignored because the size of the effect would have no
appreciable bearing on the interpretation of group differences
[89].

Figure 1. Bayesian multiple indicators multiple causes model for known-groups validity and differential item functioning testing with scale 1 of the
eHealth Literacy Questionnaire as an example. Output from Mplus [87]: Age: range 18-94 years; Device: information and communication technology
use represented by the number of devices used (range 0-4); Edu: Education: 1=less than secondary school, 2=completed secondary school, 3=certificate
or diploma, and 4=completed university or higher; Lang: Language spoken at home: 0=English and 1=other languages; Q7D1, Q11D1, Q13D1, Q20D1,
and Q25D1: eHealth Literacy Questionnaire items; Sex: 0=male and 1=female; UTPHI: eHealth Literacy Questionnaire scale 1: Using technology to
process health information.

For the evaluation of DIF, a significant direct effect from the
covariate on the observed variable, that is, the questionnaire
item, indicated the presence of DIF [90-92], and one-tailed
P<.025 was considered significant because no directional
hypotheses were set up for DIF. If DIF was identified, the
prior-posterior predictive P value (PPPP) from the model of
interest needed to be examined. The PPPP is a value used “for
the evaluation of hypotheses specifying small variance priors
for the parameters of interest” [93]. It is about whether the
informative priors for DIF can be considered approximate zero.
If PPPP>.05, that is, it can be considered nonsignificant, the
estimates of the DIF are considered approximate zero and are
thus ignorable. Hence, if the model of interest has a variance
prior of 0.01 and the PPPP is nonsignificant, then estimates
within the range of ±0.20 could be considered ignorable [94].

Results

Participant Characteristics
A total of 525 responses were included for analysis. The mean
age of the participants was 56.8 (SD 18.6) years. Of the 525
participants, 320 (61%) were women, 175 (33.3%) had a
university education, and 162 (30.9%) spoke a language other
than English at home. Ownership of digital devices was
generally high, but of the 525 participants, 66 (12.6%) did not
have a mobile phone and 153 (28.8%) did not have a computer
or laptop, whereas 133 (25.6%) did not search for any web-based
information (see Table 1 for participant characteristics). The
scale scores are shown in Table 2. The results showed that the
participants seemed to have relatively good knowledge about
their health conditions (scale 2. Understanding of health
concepts and language: mean 2.95, SD 0.41), but they might
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not always use technology for health (1. Using technology to
process health information: mean 2.59, SD 0.61 and 5.
Motivated to engage with digital services: mean 2.63, SD 0.55).
Although the participants were generally comfortable with the

privacy and security of digital health systems (4. Feel safe and
in control: mean 2.83, SD 0.49), they were less likely to consider
that the systems met their individual needs (7. Digital services
that suit individual needs: mean 2.43, SD 0.57).

Table 2. eHealth Literacy Questionnaire scale scores (N=525; score range 1-4).

Missing dataValue, mean (SD)Scale

02.59 (0.61)1. Using technology to process health information

02.95 (0.41)2. Understanding of health concepts and language

12.65 (0.68)3. Ability to actively engage with digital services

52.83 (0.49)4. Feel safe and in control

02.63 (0.55)5. Motivated to engage with digital services

12.64 (0.45)6. Access to digital services that work

112.43 (0.57)7. Digital services that suit individual needs

DIF Influence
Modeling testing identified df=60 as the prior for residual
covariance, with subsequent testing of the 3 models all achieving
good fit with similar results (Multimedia Appendix 2). Hence,
the most restrictive model with prior variance for DIF path of
0.01 was chosen as the model of interest. The PPPs of the 7
scales ranged from .32 to .38, and all PPPPs were
nonsignificant.

With the selected model of interest, significant direct effects
were found for 2 items indicating possible DIF. However, both

estimates were within the range of ±0.2; therefore, they were
considered ignorable [94] (Multimedia Appendix 3). Thus, the
results indicated no or ignorable DIF influence of ICT use, age,
sex, education, and language on the scores of the 35 eHLQ
items.

Known-Groups Validity

Mixed Evidence
The evidence on the relations of eHLQ scores to other variables
based on known-groups validity is mixed, with some of the
hypotheses supported (see Table 3 for estimated effects).

J Med Internet Res 2021 | vol. 23 | iss. 10 |e30243 | p.809https://www.jmir.org/2021/10/e30243
(page number not for citation purposes)

Cheng et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. Estimated effects of age, sex, education, language, and information and communication technology (ICT) use (device) on the 7 eHealth literacy
latent variables.

Mediation propor-
tion

Indirect effectaDirect effectaTotal effectaeHealth literacy latent variable and eHealth Literacy Questionnaire
scale

Ageb

0.31–0.10 (0.02)–0.22 (0.08)–0.32 (0.08)c,d1. Using technology to process health information

N/Ae–0.05 (0.03)–0.01 (0.12)–0.05 (0.12)2. Understanding of health concepts and language

0.32–0.12 (0.02)–0.26 (0.07)–0.37 (0.07)3. Ability to actively engage with digital services

N/A–0.02 (0.03)0.01 (0.10)–0.01 (0.10)4. Feel safe and in control

0.38–0.08 (0.03)–0.13 (0.09)–0.21 (0.09)5. Motivated to engage with digital services

N/A–0.05 (0.03)–0.03 (0.10)–0.08 (0.10)6. Access to digital services that work

0.38–0.08 (0.03)–0.13 (0.10)–0.21 (0.09)7. Digital services that suit individual needs

Sexf

N/A–0.01 (0.02)–0.04 (0.05)–0.04 (0.05)1. Using technology to process health information

N/A–0.00 (0.01)0.01 (0.07)0.01 (0.07)2. Understanding of health concepts and language

N/A–0.01 (0.02)–0.05 (0.05)–0.06 (0.05)3. Ability to actively engage with digital services

N/A0.00 (0.01)0.04 (0.06)0.04 (0.06)4. Feel safe and in control

N/A–0.00 (0.01)–0.11 (0.06)–0.12 (0.06)5. Motivated to engage with digital services

N/A–0.00 (0.01)–0.08 (0.06)–0.01 (0.06)6. Access to digital services that work

N/A–0.00 (0.01)–0.09 (0.06)–0.09 (0.06)7. Digital services that suit individual needs

Educationg

0.590.13 (0.03)0.09 (0.09)0.22 (0.09)1. Using technology to process health information

N/A0.06 (0.04)0.12 (0.13)0.18 (0.13)2. Understanding of health concepts and language

0.560.14 (0.03)0.11 (0.08)0.25 (0.08)3. Ability to actively engage with digital services

N/A0.03 (0.03)–0.06 (0.11)–0.03 (0.11)4. Feel safe and in control

N/A0.11 (0.03)0.02 (0.10)0.12 (0.10)5. Motivated to engage with digital services

N/A0.07 (0.03)–0.11 (0.11)–0.04 (0.11)6. Access to digital services that work

N/A0.10 (0.03)0.01 (0.10)0.11 (0.10)7. Digital services that suit individual needs

Languageh

N/A–0.06 (0.02)0.03 (0.05)–0.02 (0.05)1. Using technology to process health information

N/A–0.03 (0.02)–0.12 (0.07)–0.15 (0.07)2. Understanding of health concepts and language

N/A–0.07 (0.02)–0.03 (0.05)–0.09 (0.05)3. Ability to actively engage with digital services

N/A–0.01 (0.02)–0.08 (0.06)–0.09 (0.06)4. Feel safe and in control

N/A–0.05 (0.02)0.04 (0.06)–0.01 (0.06)5. Motivated to engage with digital services

N/A–0.03 (0.02)0.02 (0.06)–0.02 (0.06)6. Access to digital services that work

N/A–0.04 (0.02)0.02 (0.06)–0.03 (0.06)7. Digital services that suit individual needs

ICT use (device)i

N/AN/A0.38 (0.07)N/A1. Using technology to process health information

N/AN/A0.18 (0.11)N/A2. Understanding of health concepts and language

N/AN/A0.42(0.06)N/A3. Ability to actively engage with digital services

N/AN/A0.09 (0.10)N/A4. Feel safe and in control

N/AN/A0.31 (0.08)N/A5. Motivated to engage with digital services

N/AN/A0.20 (0.09)N/A6. Access to digital services that work
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Mediation propor-
tion

Indirect effectaDirect effectaTotal effectaeHealth literacy latent variable and eHealth Literacy Questionnaire
scale

N/AN/A0.30 (0.08)N/A7. Digital services that suit individual needs

aStandardized estimates reported.
bAge: range 18-94 years.
cPosterior SD for estimates shown in parentheses.
dItalicized values indicated statistically significant differences with P<.05 for information and communication technology use (device), age, sex, and
education and P<.025 for language.
eN/A: not applicable. For age, sex, education and language, not applicable is due to inconsistent mediation, total effect less than ±0.2, or lack of indirect
effect [89]; for information and communication technology use (device), not applicable is due to the fact that it is treated as the mediator.
fSex code: 0=male and 1=female.
gEducation code: 1=less than secondary school, 2=completed secondary school, 3=certificate or diploma, and 4=completed university or higher.
hLanguage code: 0=spoke English at home and 1=spoke other language at home.
iInformation and communication technology use (device): number of devices used, range 0-4.

Age
H1: Age is negatively related to the scores on all latent variables
representing the 7 scales.

This hypothesis was supported for only 4 of the expected latent
variables. Being older was most strongly related to lower scores
in 3. Ability to actively engage with digital services, with a total
effect of –0.37 (posterior SD 0.07; P<.001). Age also had quite
a strong negative effect on 1. Using technology to process health
information, with a total effect of –0.32 (posterior SD 0.08;
P<.001). A total effect of –0.21 (posterior SD 0.09) was found
for both 5. Motivated to engage with digital services and 7.
Digital services that suit individual needs, with P=.01 and P=.02,
respectively. For all 4 latent variables with significant total
effect, approximately two-thirds was a direct effect.

Sex
H2a: Being female is related to higher scores on the 3 latent
variables representing the scales 1. Using technology to process
health information, 2. Understanding of health concepts and
language, and 5. Motivated to engage with digital services.

H2b: Sex is not related to score differences on the 4 latent
variables representing the other 4 scales.

H2a was not supported, whereas H2b was supported. Sex was
not related to the score differences in any of the latent variables.
Although a significant total effect was found for the scale 5.
Motivated to engage with digital services, the estimate was
–0.12, which was less than ±0.2 and was considered a too small
effect [89] and therefore ignorable. It was also noted that the
mediating effect of ICT use was 0 or close to 0 for all 7 latent
variables.

Education
H3: Education is positively related to the scores on all latent
variables representing the 7 scales.

This hypothesis was supported only for 2 of the 7 expected
latent variables. Higher education was associated with higher
scores in the latent variables representing 1. Using technology
to process health information (total effect 0.22, posterior SD
0.09; P=.01), with 59% of the effect mediated by ICT use, and
3. Ability to actively engage with digital services (total effect

0.25, posterior SD 0.08; P<.001), with 56% of the effect
mediated by ICT use.

ICT Use
H4: ICT use is positively related to the scores on the 6 latent
variables representing scales 1, 3, 4, 5, 6, and 7 but not to the
score on the latent variable representing 2. Understanding of
health concepts and language.

This hypothesis was supported except for the latent variable
representing 4. Feel safe and in control. Higher ICT use had
the strongest relation to higher scores in 3. Ability to actively
engage with digital services, with a direct effect of 0.42
(posterior SD 0.06; P<.001), followed by 1. Using technology
to process health information, with a direct effect of 0.38
(posterior SD 0.07; P<.001). The other latent variables with
significant positive effect included 5. Motivated to engage with
digital services (direct effect 0.31, posterior SD 0.08; P<.001),
6. Access to digital services that work (direct effect 0.20,
posterior SD 0.09; P=.02), and 7. Digital services that suit
individual needs (direct effect 0.30, posterior SD 0.08; P<.001).

Language
No group differences were found between the participants who
spoke English and those who spoke a language other than
English at home. Although a significant total effect was found
for the latent variable representing 2. Understanding of health
concepts and language, the effect size was ignorable because
the estimate of –0.15 was considered too small [89].

Discussion

Principal Findings
This study used a Bayesian mediated MIMIC model approach
to collect evidence based on relations to other variables to
evaluate the eHLQ as a tool to understand eHealth literacy
needs, using data collected from known-groups validity in the
Australian community health context. Hypotheses for the
expected score differences for age, sex, education, ICT use, and
speaking English at home or not were supported for some of
the eHealth literacy latent variables represented by the relevant
eHLQ scales but not all. The results also confirmed
measurement invariance across 5 demographic groups. This is
important because the presence of measurement invariance
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indicates that when the eHLQ is applied to compare population
groups with different demographic compositions in the
Australian health setting, unbiased estimates of mean group
differences are obtained, which provide reliable data to
researchers, clinicians, and policy makers.

Although the Standards, the authoritative validity-testing
reference, suggests that the expected score differences among
groups can be an important source of evidence for validity [27],
it was noted during hypotheses setting in this study that
empirical findings on predictors of eHealth literacy are still
limited and can be inconsistent. This is likely due to the lack of
consensus on what is being measured and the use of a limited
range of tools to measure the concept. Hence, the hypotheses
for known-groups validity in this study need to be interpreted
with caution. In contrast, this study is the first to explore group
differences on eHealth literacy evaluated as a concept of 7
domains instead of simply focusing, as in other studies, on
seeking or evaluating health information or using eHealth
services.

This study is based on a contemporary statistical method, the
Bayesian mediated MIMIC model, rather than methods
frequently used in previous and current eHealth literacy research
specifically and psychometric research in general. This could
also be one of the reasons why the findings from this study are
somewhat different from those of current studies. Common
practice in testing for known-groups validity uses statistical
methods such as the independent sample one-tailed or two-tailed
t test or analysis of variance or relevant nonparametric tests to
establish group differences. However, these methods do not
take into account DIF as a potential confounding factor. Without
establishing measurement invariance across demographic
groups, any apparent group differences detected cannot be
ascertained. Apart from being able to detect group differences
as well as DIF in using a MIMIC model, this SEM approach
accounts for measurement errors, and the use of the Bayesian
approach also allows for an evaluation that is a better reflection
of the real world, whereas the inclusion of a mediator adds
valuable information to the underlying mechanism of the group
differences detected. Unlike t tests or analysis of variance, age
was not divided into arbitrary groups but was treated as a
continuous variable. Therefore, the results of this study, in fact,
provide new and unbiased insights into the predictors of eHealth
literacy.

The findings in this study indicated that being older had lower
scores in 4 scales, with 3. Ability to actively engage with digital
services having the strongest effect, followed by 1. Using
technology to process health information, 5. Motivated to
engage with digital services, and 7. Digital services that suit
individual needs. This result is generally consistent with existing
studies. However, an interesting result from the mediated
MIMIC model is that most of the effect of age was not mediated
by ICT use, indicating that ICT use may have a limited role in
these 4 domains of eHealth literacy. A possible factor is the
cognitive, motor, and sensory decline associated with aging, as
frequently suggested in the literature [35-42]. Such findings
may also imply that simply providing ICT training may not be
adequate with regard to enhancing eHealth literacy among older
people, and other interventions are necessary. The focus on

computer skills and ICT training as the main mechanism of
current eHealth literacy interventions [95] not only may not be
effective for older people, but other domains of eHealth literacy
are also likely to be overlooked.

Another result of interest is the relationship between education
and the eHealth literacy domains because education is only
positively associated with the scales 1. Using technology to
process health information and 3. Ability to actively engage
with digital services. Unlike in the case of age, most of the
effects were mediated by ICT use, confirming the role of ICT
use in enhancing certain aspects of eHealth literacy. As such,
providing ICT education and training is likely to benefit people
with lower education in increasing their ability to engage with
digital services and enhancing use of technology for health.
Such a finding suggests that other efforts are required to address
the eHealth literacy needs concerning privacy, motivation, or
access to suitable digital services. In contrast, why education
was not related to 2. Understanding of health concepts and
language in the digital context warrants further investigation.

Sex having no relationship with any of the eHLQ scale scores
suggests that sex may not be a good predictor of eHealth
literacy. This may be due to the narrowing gap in education
between the sexes in recent years and the fact that technology
use has become an indispensable part of modern-day life for
most people. Although the hypothesis of ICT use is mostly
supported, the results show that ICT use is not associated with
the eHealth literacy domain of feeling safe and in control. This
again reiterates that technical skills in ICT training are
inadequate to address all eHealth literacy needs. These findings
also call for assessment of eHealth literacy using unbiased
multidimensional questionnaires such as the eHLQ so that
eHealth literacy needs can be clearly identified and addressed.

Although the aim of this study is to collect evidence based on
relations to other variables, the statistical method used also
established the robustness of the internal structure of the eHLQ
in terms of measurement invariance across 5 demographic
groups. The presence of DIF indicates that a questionnaire item
is not measuring what is intended, and thus the resulting scores
may be biased [68]. Given the issue of health disparities among
different sociodemographic groups, the presence of DIF in
patient-reported outcome measures may lead to inaccurate
interpretation of scores and inappropriate health care decisions
[96]. Hence, providing clear evidence of measurement
invariance across the 5 demographic groups is an important
finding. The Danish validity testing also found no evidence of
influence of age and sex on the item scores in the Danish setting
[21]. With the accumulating evidence on DIF, users of the eHLQ
in similar Australian and Danish contexts can be assured that
the mean scores obtained from the eHLQ can be interpreted
properly to address the different needs of different groups. As
such, the validity evidence collected in this study supports the
eHLQ as a tool to understand eHealth literacy needs and helps
to inform the development of fit-for-purpose health interventions
[26].

Limitations
A limitation of this study is that the hypotheses were based on
limited empirical findings of eHealth literacy predictors such
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that the results may need to be interpreted differently. Although
the MIMIC model approach has the advantage of evaluating
both group differences and DIF simultaneously, only uniform
DIF was tested, and nonuniform DIF was not investigated.
Nevertheless, uniform DIF is a more important threat to validity
because it can lead to systematic score differences on account
of group characteristics [27]. In examining evidence pertaining
to relations to other variables, this study only focused on data
collected from known-groups validity. Although the relationship
with other instruments could not be tested because of the lack
of an instrument to measure the same constructs, whether the
test scores can be generalized to other settings or contexts is
another potential source of evidence on relations to other
variables [27] that warrants investigation in future studies.
Because of limited resources and because the health sites were
always busy during the data collection period, it was difficult
to gauge the number of people coming through the door, and
no response rate was recorded. However, the participants’
characteristics demonstrated a generally well-represented
sample. Unlike the Danish validity testing, which included the

general population in various community settings, this study
only focused on the community health setting, but data were
nevertheless collected from different geographic locations,
including both metropolitan and regional areas. Further testing
of the eHLQ in other settings and cultures is required for the
accumulation of validity evidence for the eHLQ.

Conclusions
With health resources and services increasingly delivered
through digital technologies, eHealth literacy has become an
essential capability in the digital age. This study provides robust
validity evidence of the eHLQ in the Australian community
health setting. The evidence demonstrates that the tool can be
used by health care providers and policy makers to gain unbiased
and valuable insights into people’s diverse eHealth literacy
needs so that tailored health interventions can be effectively
developed in similar settings. The eHLQ can also be used to
align the demand of any eHealth system with the eHealth
literacy needs of users to optimize access and use of digital
health among users and promote health equity.
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eHEALS: eHealth Literacy Scale
eHLQ: eHealth Literacy Questionnaire
ICT: information and communication technology
MIMIC: multiple indicators multiple causes
PPP: posterior predictive P value
PPPP: prior-posterior predictive P value
SEM: structural equation modeling
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Abstract

Background: Hospital progress notes can serve as an important communication tool. However, they are criticized for their
length, preserved content, and for the time physicians spend writing them.

Objective: We aimed to describe hospital progress note content, writing and reading practices, and the preferences of those
who create and read them prior to the implementation of a new electronic health record system.

Methods: Using a sample of hospital progress notes from 1000 randomly selected admissions, we measured note length,
similarity of content in successive daily notes for the same patient, the time notes were signed and read, and who read them. We
conducted focus group sessions with note writers, readers, and clinical leaders to understand their preferences.

Results: We analyzed 4938 inpatient progress notes from 418 authors. The average length was 886 words, and most were in
the Assessment & Plan note section. A total of 29% of notes (n=1432) were signed after 4 PM. Notes signed later in the day were
read less often. Notes were highly similar from one day to the next, and 26% (23/88) had clinical risk associated with the preserved
content. Note content of the highest value varied according to the reader’s professional role.

Conclusions: Progress note length varied widely. Notes were often signed late in the day when they were read less often and
were highly similar to the note from the previous day. Measuring note length, signing time, when and by whom notes are read,
and the amount and safety of preserved content will be useful metrics for measuring how the new electronic health record system
is used, and can aid improvements.

(J Med Internet Res 2021;23(10):e30165)   doi:10.2196/30165

KEYWORDS

electronic documentation; electronic health records; hospital progress notes; copy-paste; EHR; patient records; workflow; human
factors; clinical communication; physician communication; hospital

Introduction

Inpatient progress notes can serve as an important
communication tool across the physician team, nurses,
therapists, consultants, and the patient. Because safety problems
that occur in hospitals can be traced to communication lapses
[1], progress notes are vital to achieve safer care. However,

some feel that few read progress notes, and that they therefore
no longer serve the purpose of communication and are now
primarily billing documents [2]. Many physicians feel they
spend too much time writing progress notes [3,4] and employ
methods to shorten writing time. These include copy-paste [5-8]
and extensive templating with “note bloat,” which can introduce
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error [9-11], harm patients [12], and make it difficult for note
readers to separate current from outdated content [13].

We have used our current electronic health record (EHR) system
at the University of Washington (UW) Medical Center and the
Harborview Medical Center for 17 years with little change in
the format of the inpatient progress note used in the Medicine
service. In preparation for the transition to a new inpatient EHR
system, we conducted this analysis of progress notes on inpatient
medical services to take stock of current practices. The purpose
of this study was to describe current hospital progress note
writing and reading practices, as well as the preferences of those
who create progress notes and those who read them.

Methods

Overview
This work retrieved its data from the inpatient general medicine
services at the UW Medical Center and the Harborview Medical
Center, which are major teaching hospitals of the UW with
approximately 35,000 combined admissions annually. The EHR
system was installed in 2003, and the transition from paper to
electronic notes occurred in 2006 using Cerner Millennium
(Cerner Corp). Nearly all progress notes pertaining to these
inpatient services are typed using the Clinical Notes Editor,

based on templates that automatically import patient-specific
data such as medication lists, vital signs, and laboratory results
[14]. Daily progress notes are required by hospital bylaws and
are mostly written by residents (usually interns) and attending
hospitalists.

Selection of Notes
We randomly selected 1000 patient admissions to the general
Medicine service of UW Medical Center and the Harborview
Medical Center between July 1, 2016, and June 30, 2017. The
Medicine services at both facilities share the same progress note
template. We excluded patients admitted to subspecialty services
with unique progress note templates (oncology, cardiology, and
geriatrics). For each admission, we extracted the data for all
daily progress notes as shown in Textbox 1 from the analytical
data repository (Enterprise Data Warehouse, Caradigm), which
contains a subset of EHR data extracted for research. Progress
notes were identified by the title “Medicine - Inpt Record,” the
note type used within our system for Medicine service daily
progress notes. Given that this study was focused on practices
around the use of progress notes by those who create and those
who read them, we excluded all notes other than progress notes
(admission notes, procedure notes, consult notes, interim
summaries, discharge summaries, and other notes).

Textbox 1. Metadata obtained for each progress note.

Full text of the note and other data listed were gathered for each note. Authenticators are supervising physicians whose note cosignature finalizes the
note.

Metadata obtained:

• Note date and time

• Note title

• Note authors and authenticators

• Note identifier

• Note text

• Note action log (provided by the electronic health record system), which includes the following:

• Action (eg, perform, transcribe, modify, sign and CC/review, verify)

• Performed by (name)

• Performed date and time

• Action status

• Comment

• Proxy personnel

• Requested by (name)

Note Analysis
We deidentified each note using published methods [15] and
stored them securely. Using Python scripts written for this
project, we determined the total number of words in each note

and in each note section (Identification/Chief Concern, Interim
History, etc) (Textbox 2). We also determined when notes were
signed; before progress notes are signed, they cannot be viewed
except by the author.
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Textbox 2. Progress note sections.

Sections are automatically created using the template used to create Medicine progress notes.

HOSPITAL DAY

IDENTIFICATION/CHIEF CONCERN

INTERVAL HISTORY

INPATIENT PROBLEM LIST

ALLERGIES

SCHEDULED MEDICATIONS

PRN MEDICATIONS

PHYSICAL EXAM

LABS

• Micro

IMAGING

ASSESSMENT & PLAN

• Fluids/electrolytes/nutrition

• Prophylaxis

• Tubes/lines

• Disposition

• Code status

• Contacts

ATTENDING STATEMENT

• Additional diagnoses

Copy-Paste Analysis
We identified the sequence of daily notes written for each patient
during their hospital stay and then determined the percentage
of text within each and in the note as a whole that overlapped
with the note written on that same patient the previous day using
natural language processing methods [16,17].

To determine the clinical implications of copy-paste, we used
methods described by Hammond et al [18] to highlight shared
content across progress notes from one day compared to the
previous day for the same patient. We then used the same
6-point scale as in that paper to rank the clinical importance of
copy-paste. Since this required time-consuming manual review
by clinicians, we performed this for a subset of notes.

Measuring Note Readership
Note reading practices were analyzed by extracting a
note-viewing record using auditing software (P2Sentinel, Cerner
Corporation). Each time a note was viewed, the username, user
role (resident physician, attending physician, registered nurse,
etc), and timestamp were recorded in the auditing database. To
determine views within the same hospital day—which have
unique potential to communicate the patient’s current clinical
state and today’s plan—we assessed note views within 12 hours
after the note was signed. Usernames were used to identify
members of the patient’s primary team. Views by physicians
on the patient’s primary team were assumed to be related to the

note writing process, and were excluded from the note-reading
analysis. Statistical testing was performed using Stata/IC 13
(StataCorp LLC).

Focus Groups
To understand different perspectives on the current use of
progress notes, we conducted 3 sets of focus groups: note
authors (Medicine interns and hospitalists), note consumers
(nurses, therapists, and consultants who view Medicine progress
notes that others had written), and leaders (hospital service
leaders who form documentation policies and standards). Each
focus group was led by a coinvestigator who followed a script
and showed PowerPoint slides of the results of the note analysis
and the copy-paste analyses. The 5 focus group sessions were
recorded, and transcripts were made for all but one of the focus
groups.

The UW Institutional Review Board approved this work and
designated it as “minimal risk.”

Results

From 1000 randomly selected hospital admissions to the
Medicine service, we obtained 4938 inpatient progress notes
written by 418 authors, an average of 4.9 daily progress notes
per patient admission.
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The results of the note analysis are summarized in Figures 1-4.
The average note length was 886 words (median 827), and most
of the length (~500 words) was in the Assessment & Plan
section, which comprised on average two-thirds of the note.
There was marked variation in note length—some notes
contained over 2000 words in the Assessment & Plan section
alone. The Interval History and Physical Exam sections were
among the shortest sections. These findings reflect the common
practice of copying one day’s Assessment & Plan into the next

day’s note and appending each day’s assessment to those of the
previous days. (While the History and Physical sections are also
frequently copied, the lack of appending new information to
old information prevents these sections from lengthening over
the hospital course.)

Progress note authors signed their notes at various times of the
day as shown in Figure 1. A total of 29% (n=1432) of notes
were signed after 4 PM, and some were signed as late as 10 PM.

Figure 1. The time at which progress notes were signed by the author.

Figure 2. Distribution of note length in words (the programming code used to calculate note length is available from the authors).
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Figure 3. Length of note sections. Box and whisker plots of the number of words in each note section is shown. Box shows IQR. ID: identification.

Figure 4. Display of note readership data for 7 notes. Each colored dot indicates who (role) read the note and when over several days. Different colors
indicate different roles. Each column of dots shows the readership of one progress note. QI: quality improvement, ARNP: advanced registered nurse
practitioner, PA: physician assistant, RN: registered nurse, MD: medical doctor.

Notes had high levels of similarity to the prior day’s note on
the same patient. The median note similarity was 66% using
the methods described above. While note similarity was high
for all author types (Figures 5 and 6), it was higher for trainees
than attendings (P<.001), and higher when both notes were
written by the same author rather than by different authors
(P<.001) (Figure 6).

We conducted manual reviews of note pairs to assess the clinical
importance of note similarity. Preserved content from one day
to the next was visually highlighted, using the CopyFind
program [18]. Physician reviewers then assessed the preserved
content for risk using the Hammond scale [18] (Textbox 3).
The results showed that 26% (23/88) of the pairs were assessed

to have minimal or some risk because of human copying; a
second set of reviews found 17% (5/29) of the pairs had minimal
or some risk in the preserved content. In this sample then, about
1 in 5 notes had clinical risk associated with preserved content,
which was very likely the result of copy-paste practices. An
example of copying assessed to be of minimal risk (code 4) was
including the phrase “Gen Surg to take to the OR today” when
this happened the day before. An example of copying regarded
to be of some risk (code 5) was when the History section was
completely copied from the day before, incurring a legal risk
of fraud. In the Plan section of the same note was the phrase
“will obtain MRI” copied forward, but the MRI (magnetic
resonance imaging) was obtained the day before as evidenced
by the results of the MRI appearing elsewhere in the note.
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Figure 5. Similarity by author training level. Box and whisker plots of the similarity of notes calculated using natural language processing methods
[16,17] are shown. Box shows IQR.

Figure 6. Similarity by original authorship. Box and whisker plots of the similarity of notes calculated using natural language processing methods
[16,17] are shown. Box shows IQR.

Textbox 3. Risk scale for duplicated material appearing in notes.

The scale below is used to assess the risk associated with duplicated note text, derived from Hammond et al [18] (Figure 7).

Code risk description:

• 1 = Artifact, not misleading, no risk

• 2 = Artifact, minimally misleading, minimal risk

• 3 = Human, not misleading, no risk

• 4 = Human, minimally misleading, minimal risk

• 5 = Human, misleading, some risk

• 6 = Human, clinically misleading, major risk
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Figure 7. Copy-paste risk, assessed using the Hammond risk scale [18]. Colors represent judgment of risk assigned by the 2 physicians who analyzed
a sample of note pairs. One physician assigned scores to 100 note pairs (blue) and one assigned scores to 25 note pairs (green).

Note-reading practices were analyzed on a random subset of
250 notes (limited by auditing time constraints). The 250 notes
in this sample were similar to the overall progress note library:
the authors who wrote them were representative of the pool of
authors in the larger library, and because they were randomly
sampled, other note characteristics (eg, time written, length)
were similar to the overall note library. This sample had 4036
note views, an average of 16.1 views per note, which includes
many types of professionals beyond bedside nurses and
physicians. Figures 8A and 8B describe note readership by note

sign time. Notes signed before noon were read more than notes
signed between noon and 4 PM (P=.002), and those signed
between noon and 4PM were read more than those between 4
PM and 8 PM (P=.05), with successively fewer reads for notes
signed between 4 PM and 8 PM. Analysis of note reading by
role revealed that more notes were read by providers (physicians,
nurse practitioners, physician assistants, medical students) when
published before noon (ie, early in the day) (P=.003). Nursing
readership was not correlated with the time the notes were
signed (P=.95).

Figure 8. Note reads by published time. Plots show the cumulative number of all staff (A) and providers (B) who read notes as a function of the time
since the note was viewable (signed).

Focus Groups

Note Authors
We learned that note authors vary widely in how they use
progress notes (ie, section of note reviewed, such as Labs,
Scheduled Medications, etc), and in the purposes for which they
use them, such as regarding them to be a billing document, as
a “note to self” to remember important items from one day to
the next, and as a communication tool to colleagues. Note
authors mentioned this as one reason there is so much
heterogeneity in the length and content of inpatient progress
notes.

Note Consumers
Nursing and other ancillary service staff said they value medical
progress notes and prefer detailed notes. They regarded them
to be an important communication tool that helps them
understand what is going on with patients and the plan for the
day and for the hospital stay. They frequently used the progress
note to assist their communication with families. They reported
wanting to see more details regarding the disposition plan and
preferred to have the Labs and Radiology sections deleted.

Leaders
Leaders believed the collective memory in notes to be important
to prevent “reinventing the wheel.” They believed that the
primary focus of a note should be communication and patient
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safety, but that we should also make trainees aware of future
billing pressures when they finish training and are able to bill.
They felt, as a group, that the medication list is important to
include in progress notes.

Readership
Figure 3 shows that notes are read by authorized users from a
wide range of disciplines, including registered nurses,
physicians, and administrators.

Discussion

Our analysis of a large set of randomly selected hospital progress
notes found that notes were often long and highly similar to the
prior day’s note. Additionally, notes that were signed later were
read less frequently; about one-third were signed after 4 PM
when their value as a communication tool for other providers
is diminished. Given the vast quantity of physician hours spent
on their creation, inpatient progress notes have been relatively
neglected as an area of study. Limitations in duty hours,
increased patient complexity, and decline in physician morale
suggest a need to re-evaluate our note-writing practices.

We found broad variation in note-writing and reading practices.
Some notes in our sample were over 2000 words (approximately
half the length of this paper); this may reflect the common
practice of copying one day’s assessment into the next day’s
note and adding each day’s findings to those of the previous
days. The progress notes often become a running summary of
the hospitalization.

Our analysis showed a high degree of similarity between notes
on the same patient on successive days. Though methods for
measuring note content similarity vary across studies [19], it is
interesting that others also noted this [20,21]. Note similarity
could occur from either note templating or from copy-paste; we
believe that the high similarity in our sample was mainly due
to copy-paste, as the most heavily templated sections of our
progress note (Allergies, Medications, and Labs) make up just
22% of the average note length. Our focus group with note
authors provided further evidence that this was the case.

Note similarity was high across training levels, and while trainee
notes had more similarity than attending notes, attending notes
were still over 50% similar to the prior day’s note. Perhaps
equally concerning was a high degree of similarity between
notes with distinct authors. While our Medicine community
sees the progress note as more of a living, communal document
(where the practice of copy-paste is not viewed as flagrant
plagiarism), this practice nevertheless is a clear setup for
miscommunication and medical error [22,23]. Indeed, manual
review revealed that 1 in 5 notes had clinical risk associated
with preserved content, which was very likely the result of
copy-paste practices. Reassuringly, this was primarily in the
minimal-risk category with no examples of major human risk
captured in the small sample we reviewed. This may suggest
that careful use of copy-paste with a diligent review (defined
as a review sufficient to assure that the note is accurate on the
day it is written) of the information that is carried forward is
not associated with a major risk of error.

Progress notes in our sample were read frequently by
nonprimary team members. Readership of timely clinical data
(within 12 hours of note signing) was highly sensitive to the
time of day the note was signed, with significantly more notes
read if signed before noon. This was especially true of
physicians, who tend to have day schedules on the acute care
services and are thus unlikely to view a note that is published
late in the evening (as many notes are). Nurse views were not
sensitive to note-signing time, likely reflecting the presence of
night-shift nurses, who also want to use the progress note as a
means to communicate the plan of care. (However, if a
night-shift nurse reads a note, the content from the morning
rounds is over 12 hours old.)

In the focus groups, we heard many and different reasons nurses
and physicians value progress notes. Some nurses read them
soon after they were created even if it was late in the day and
appreciated the detail of Medicine progress notes compared
with other services. For nurses, these notes served as an
important communication tool to help them understand the
Medicine team’s plan. Most expressed interest in more
information tailored to their needs. Note authors—largely house
staff and hospitalists—also valued notes, though what they
valued differed by group. House staff are charged with tracking
details, critical and minor, and used their notes for their “future
selves”—as a way to remind them of what is to be done and for
the collective memory of what has occurred. For hospitalists,
there was wide variation in the attitude toward progress note
writing, with some hospitalists favoring a more succinct note
that concisely summarizes why the patient remains hospitalized
and focuses on changes in patient status and plan for that day,
while others (especially those who also worked nights) also
focused on the importance of a note as a communication tool.
Ultimately, the use of the note as a repository or collective
memory of hospital course was a hotly contested topic among
the hospitalists depending on their attitude toward and group
practice with regards to interim summary writing. This suggests
a need for direction from leadership regarding the use and role
of medical inpatient progress notes versus interim summaries
as collective memory of a patient’s hospital course.

Recent literature offers additional perspectives and hopes for
progress notes. We know that attendings and house staff
physicians differ in their perception of note quality but agree
that communication is an important purpose for them [24]. Some
senior authors advocated restoring the story to clinical notes
[25,26]. If this is an objective, using voice to create notes could
fit this into the workflow because it may be faster than typing
a more narrative note. Creating a wiki-style note, broadly
adopting the APSO (Assessment, Plan, Subjective, Objective)
format, utilizing vendor tools to create an ongoing hospital
course, or drastically shortening notes were not explored in this
study but may be embraced by a segment of physicians.

These results have implications for those who develop electronic
documentation systems used in EHRs. Documentation methods
that facilitate the completion of notes sooner in the day may
result in greater readership, fulfilling an important
communication objective for electronic notes. However, the
opportunity cost of earlier documentation may be diverting
physician hours away from other time-sensitive tasks, such as
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contacting specialists or meeting with families. Permitting the
simple creation of a summary of the hospital course, outside of
the progress note itself, could result in more succinct notes that
convey what progress occurred that day, and would be simpler
to read. Developing note-writing tools that permit more rapid
note creation, tailored to the aptitudes of the note author, such
as use of voice [27,28] or scribes, could permit the notes to be
signed earlier in the day, resulting in increased readership, which
is an important objective of the daily progress note.

Templates can also speed note writing but is done so at the risk
of retaining content of the history or physical exam, which is
included in some templates. Many clinicians who read notes

are most interested in what the note author has to say rather
than what is within the template text. Every change to
note-writing approaches has potential for side-effects. For
example, methods that reduce the time to create notes and that
permit them to be completed earlier in the day may also decrease
note quality.

There is an important role for hospital leaders in setting the
direction for this critical part of clinical care and training [29].
As a result of this work, our community has expressed
agreement on increasing the communication value of progress
notes, in part by making it possible for them to be completed
earlier, and to reduce the time devoted to writing them.
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Abstract

Background: Electronic health records (EHRs, such as those created by an anesthesia management system) generate a large
amount of data that can notably be reused for clinical audits and scientific research. The sharing of these data and tools is generally
affected by the lack of system interoperability. To overcome these issues, Observational Health Data Sciences and Informatics
(OHDSI) developed the Observational Medical Outcomes Partnership (OMOP) common data model (CDM) to standardize EHR
data and promote large-scale observational and longitudinal research. Anesthesia data have not previously been mapped into the
OMOP CDM.

Objective: The primary objective was to transform anesthesia data into the OMOP CDM. The secondary objective was to
provide vocabularies, queries, and dashboards that might promote the exploitation and sharing of anesthesia data through the
CDM.

Methods: Using our local anesthesia data warehouse, a group of 5 experts from 5 different medical centers identified local
concepts related to anesthesia. The concepts were then matched with standard concepts in the OHDSI vocabularies. We performed
structural mapping between the design of our local anesthesia data warehouse and the OMOP CDM tables and fields. To validate
the implementation of anesthesia data into the OMOP CDM, we developed a set of queries and dashboards.

Results: We identified 522 concepts related to anesthesia care. They were classified as demographics, units, measurements,
operating room steps, drugs, periods of interest, and features. After semantic mapping, 353 (67.7%) of these anesthesia concepts
were mapped to OHDSI concepts. Further, 169 (32.3%) concepts related to periods and features were added to the OHDSI
vocabularies. Then, 8 OMOP CDM tables were implemented with anesthesia data and 2 new tables (EPISODE and FEATURE)
were added to store secondarily computed data. We integrated data from 5,72,609 operations and provided the code for a set of
8 queries and 4 dashboards related to anesthesia care.
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Conclusions: Generic data concerning demographics, drugs, units, measurements, and operating room steps were already
available in OHDSI vocabularies. However, most of the intraoperative concepts (the duration of specific steps, an episode of
hypotension, etc) were not present in OHDSI vocabularies. The OMOP mapping provided here enables anesthesia data reuse.

(J Med Internet Res 2021;23(10):e29259)   doi:10.2196/29259

KEYWORDS

data reuse; common data model; Observational Medical Outcomes Partnership; anesthesia; data warehouse; reproducible research

Introduction

Observational health data collected from electronic health
records (EHRs) can be valuable not only for direct health care
delivery but also for secondary uses (ie, data reuse) in research,
evaluating quality of care, and public health [1,2]. Concerns on
data reuse include data validity and lack of reproducibility [3-5].
These concerns have driven the need for a framework to enhance
the secondary use of health data [6]. To support reproducible
research over a distributed research network, Observational
Health Data Sciences and Informatics (OHDSI) provides the
Observational Medical Outcomes Partnership (OMOP) common
data model (CDM) and a full range of open-source tools and
methods [7-12]. OHDSI provides database scripts for
implementing the CDM on various database systems, a
terminology browser to navigate through vocabularies integrated
into the OMOP CDM (Athena), a data quality tool used to
characterize and visualize a database’s conformity with the
OMOP CDM (Achilles), methods for connecting to the OMOP
CDM (DatabaseConnector), methods for the
extract-transform-load process (WhiteRabbit, RabbitInAHat,
and Usagi), methods for data extraction and transformation
(OhdsiRTools and FeatureExtraction), and methods for statistical
analyses and machine learning (PatientLevelPrediction,
CohortMethod, CaseCrossover, and CaseControl) [13-15].

The OMOP CDM standardizes the vocabulary and structure of
EHRs and medical claims data to promote interoperability and
ensure that queries can be applied consistently to distributed
databases. Integration of local data into the CDM involves
conceptual mapping of local concepts into standard vocabulary
concepts and structural mapping of local entities to standard
entities in the OMOP CDM [8,16]. The essential conceptual
and structural mapping of local data is time- and
resource-consuming and may also result in the loss of
information [11]. However, once mapped, the data offer new
opportunities [8,11]. In 2020, more than 100 databases from 20
countries (corresponding to more than 0.5 billion patients) have
been integrated into the OMOP CDM [12]. Most of the data
come from claims databases studied for
pharmacoepidemiological purposes [17-21] or from hospital
clinical databases [22,23]. In the past decade, many studies have
been carried out; they include patient-level predictions and
estimations of the population-level effect [24-27]. Recently,
Lane et al collected data on 9,00,000 patients in 15 centers using
different software packages; this highlights opportunities for
collaboration between centers and for increasing the power of
such studies [28].

Even though many studies have been published, some aspects
of integrating data into the OMOP CDM are still challenging.

Cho et al showed that semantic mapping of concepts from organ
transplantation registry forms was fastidious and that OMOP
concepts covered only 55% of their vocabulary [29]. Michael
et al mapped only 26% of local biospecimen records to the
OMOP CDM owing to missing information [30]. Researchers
have suggested adapting the CDM (by adding new concepts or
new fields) to support the integration of biospecimen data.
Warner et al added an extension to the OMOP CDM to support
cancer treatments and handle episodes of care with a higher
level of abstraction than that represented in the OMOP tables
of low-level clinical events [31].

In the field of intraoperative management and anesthesiology,
several retrospective studies have looked for links between
hemodynamic variations (eg, hypotension) in the operating
theater and negative postoperative outcomes (eg, death and
acute kidney injury) [32-34]. Similar results were observed for
the intraoperative tidal volume ventilation administered to
patients [35]. In several cases, this work has made it possible
to generate hypotheses for prospective studies, the results of
which then validated the proposed hypotheses [36]. These
studies were mainly performed with data automatically collected
by anesthesia information management systems (AIMS) [37].
However, most of the studies were performed at a small number
of centers, which reduced the results’ external validity. The
main specific features of data recorded in the operating room
are their high frequency and high degree of precision, with 1
data point saved every 30 seconds for signals like the heart rate
or the intra-arterial blood pressure. Another specific feature is
the ability to transform raw data into more usable information
or new variables that may better describe exposure to an insult.
For example, the arterial pressure signal is computed into
comprehensive hypotension events, including the number of
episodes, area under the curve, and average time spent within
or beyond a threshold [38,39]. In terms of anesthesia data, these
data warehouse–based studies can be potentially extrapolated
to an international dimension, with stronger evidence through
data sharing. This sharing requires the prior homogenization of
vocabularies, data formats, and data quality, as promoted by
OMOP. However, anesthesia data have not previously been
mapped into the OMOP CDM, and the proportion of the
anesthesia vocabulary that has already been mapped has not
been determined.

The primary objective of the present study was to standardize
anesthesia data to the OMOP CDM. The secondary objectives
were to provide vocabularies for the reuse of large-scale data
and develop queries and dashboards related to the exploitation
of anesthesia data using the OMOP CDM.
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Methods

Study Data
Lille University Medical Center (Lille, France) has developed
a clinical data warehouse with a local data model [40]. This

data warehouse has been collecting data related to the hospital
stay and operating room since 2010. Other features were also
subsequently computed to facilitate data reuse. Hence, data were
classified into three types, as shown in Figure 1: hospital stay
data, operating room data, and computed features.

Figure 1. Example of local data organization for a cardiac surgery stay. A. hospital data from the Programme de Médicalisation des Systèmes
d’Information database: medical units, diagnoses, and procedures. B. anesthesia information management systems data: steps in the procedures, drug
administrations, and measurements. C. features computed from anesthesia information management systems data: periods of interest (anesthesia and
surgery), features (range of mean arterial pressure during anesthesia and surgery, and the duration and number of episodes with a mean arterial pressure
below 65 mm Hg).

Hospital Stay Data
Hospital stay data were extracted from the French national
discharge database (Programme de Médicalisation des Systèmes
d’Information [PMSI]) used by all hospitals in France and are
presented in Figure 1A. The PMSI contains medical discharge
reports entered after each hospital visit. The hospital stay data
include all the characteristics of a patient’s stay, such as the
diagnosis (based on the International Classification of Diseases,
10th edition), medical procedures (based on the Classification
Commune des Actes Médicaux), and admission and discharge
dates. We have previously implemented the PMSI’s
administrative data into the OMOP CDM [20].

Operating Room Data

Operating room data were extracted from the hospital’s
dedicated AIMS [37] and are presented in Figure 1B. Various
modules collect and centralize all the data referring to one case,
from the preanesthetic evaluation to discharge from the
postanesthesia care unit (PACU). These modules include
continuously monitored parameters (eg, heart rate, blood
pressure, respiratory rate, and tidal volume), drug
administrations, and the main steps in anesthesia and surgery
procedures.

Computed Features
New features were computed to facilitate data reuse for research
purposes [38,39]. First, we determined intraoperative periods
of interest from events in time, as shown in Figure 1C-1. Second,
we derived perioperative measurements and events from the
periods of interest and then specified events (hypotension,
tachycardia, and oxygen desaturation) as the ranges, medians,
or means, indicated in Figures 1C-2 and 1C-3.

Semantic and Structural Mapping to the OMOP CDM
The vocabularies used to characterize the patients and anesthesia
procedure were identified by 5 experts in anesthesia from 5
different centers (Lille, Amiens, APHP, Nancy, and Rouen) in
France. The experts then selected the most relevant concepts
for conducting care and research from within these vocabularies.
Next, each local concept was mapped to a standard concept
from the OHDSI vocabularies, as shown in Figure 2A. Figure
2B shows that structural mapping links the source data table to
the OMOP data table and the source columns to the OMOP
columns according to the OHDSI specifications [41]. The
extract-transform-load process was implemented using a
structured query language, and data were stored in a PostgreSQL
10.11 database (PostgreSQL Global Development Group) on
Ubuntu 18.04.3.
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Figure 2. Transformation of anesthesia data into the Observational Medical Outcomes Partnership common data model. A. selection of concepts related
to anesthesia procedures by 5 anesthetists. B. semantic and structural mapping of anesthesia and Programme de Médicalisation des Systèmes d’Information
data into the Observational Medical Outcomes Partnership common data model. C. development of shareable material for the exploitation of anesthesia
data. AIMS: anesthesia information management systems; OMOP: Observational Medical Outcomes Partnership; PACU: postanesthesia care unit;
PMSI: Programme de Médicalisation des Systèmes d’Information; SQL: structured query language.

Shareable Queries and Dashboards
To test the relevance of the OMOP CDM, we implemented 8
queries related to service audits and clinical research; these were
based on the semantic and structural mapping implemented in
our database. The queries were intended to provide the following
information: (Q1) number of operations per year and per
specialty department, (Q2) anesthesia procedures during an
outpatient visit, (Q3) operations with fast-track surgery and no
admission to the PACU, (Q4) operations with a mean arterial
pressure below 65 mm Hg within 30 minutes of anesthesia
induction, (Q5) administrations of norepinephrine, epinephrine,
ephedrine, phenylephrine, dobutamine, or atropine received
within 15 minutes of the first drop in the mean arterial pressure
to below 65 mm Hg, (Q6) length of stay according to the score
categories of the American society of anesthesiologists, (Q7)
operations followed by a stay in the intensive care unit, and
(Q8) characterization of the Mallampati grade.

In a previous work, we described the user-centered development,
implementation, and preliminary evaluation of clinical
dashboards related to anesthesia unit management and quality
assessment in the Lille University Medical Center [42]. The
user needs had been identified by conducting 21 end-user
interviews. Several representations had been developed and
submitted to end users for appraisal. After prioritization and
feasibility assessment, 10 dashboards were ultimately
implemented and deployed. Dashboards were evaluated by 20
end users (4 residents, 4 nurse anesthetists, and 12
anesthesiologists, including the head of the department and a
unit manager). The mean (standard deviation) system usability
score was 82.6 (11.5), which corresponded to excellent usability.
As the dashboards were implemented from our data warehouse
with local vocabulary and structured following a local data
model, their codes could not be shared with other teams. In the
current study, we selected 4 existing dashboards (population

description, hemodynamic management, ventilation
management, and postoperative outcome) and implemented
them from the database now in the OMOP format, as shown in
Figure 2C. The dashboards were implemented in R (The R
Project for Statistical Computing) with the shiny, shinythemes,
shinydashboard, and dplyr packages. The application was
connected to the OMOP CDM via the DatabaseConnector
package. We compared the new dashboards with the former
versions to assess the possible loss of information.

Results

Semantic Mapping
The experts identified 8 types of vocabularies that had been
custom-developed for the AIMS by software editors and
anesthetists or that were used in the data warehouse: patient
characteristics on the day of the procedure, types of visits, units,
measurements, drugs, operation steps, periods, and features.
Patient history–related vocabulary was not considered, as it was
mainly documented manually, using synonyms, abbreviations,
and negatives. From within the 8 mapped vocabularies, the
experts selected the 522 concepts given in Table 1: 23 patient
characteristics, 6 visits, 162 drugs, 45 measurement parameters,
67 units, 46 operation steps, 18 periods, and 155 features.

The experts looked for corresponding concepts in the OHDSI
standardized vocabularies. Among the 522 concepts, 353
(67.7%) were successfully mapped to standard concepts for
patient characteristics, visits, units, measurements, drugs,
operation steps, and periods. All the concepts for patient
characteristics, units, measurements, operation steps, and drugs
were mapped. Further, 169 concepts (32.4%) in the visit, period,
and feature vocabularies were not retrieved in the OHDSI
standardized vocabularies and were thus added to the CONCEPT
table. Specifically, the concept “operating room visit” was a
new type of visit and helped distinguish visits to the operating
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room from the other types of visits in care units (eg, intensive
care and emergency units). The semantic mapping is described
in Table 1. All the concepts are listed in Multimedia Appendix
1.

Drugs were mapped to standard concepts of the class
“ingredient,” as the clinical drug form is not correctly
documented in the AIMS.

Table 1. Semantic mapping between anesthesia and Observational Health Data Sciences and Informatics vocabularies.

New concepts added, nConcepts mapped to stan-
dard OHDSI concepts, n (%)

Corresponding standard

OHDSIa vocabularies

Concepts identified in
source vocabularies, N

Source vocabularies

023 (100)SNOMEDb23Demographics

15 (83.3)Visit6Visits

067 (100)UCUMc/SNOMED67Units

045 (100)LOINCd/SNOMED45Measurements

046 (100)SNOMED46Operation steps

0162 (100)RxNorm162Drugs

135 (28.8)—e18Period

1550 (0)—155Feature

aOHDSI: Observational Health Data Sciences and Informatics.
bSNOMED: Systemized Nomenclature of Medicine.
cUCUM: Unified Code for Units of Measure.
dLOINC: Logical Observation Identifiers Names and Codes.
eNot available.

Structural Mapping
Each inpatient visit is defined a record in the
VISIT_OCCURRENCE table. During a hospital stay, each
move to a medical unit or an operating room for an operation
is defined as a record in the VISIT_DETAIL table. Operating
room visits were characterized with a new “operating room
visit” concept, namely VISIT_DETAIL_CONCEPT_ID. This
concept made it possible to differentiate between visits to care
units and those to the operating room. Diagnoses and medical
procedures documented in medical units were linked to the
corresponding VISIT_DETAIL and VISIT_OCCURRENCE
records. Measurements, drug administrations, and events

documented in the operating room or PACU were linked to the
corresponding operation by the VISIT_DETAIL_ID. Structural
events were mapped to procedure_occurrence. Free-text entries
from the preanesthesia consultation and those in the operating
room were mapped to NOTE. Owing to the high volume, raw
data for continuously monitored variables were not included in
the measurement table but were kept aside in another schema.
The RELATIONSHIP table was implemented with the
relationships between the 214 anesthesia rooms (ie,
preanesthesia consultation rooms, operating rooms, and the
PACU) and the corresponding specialty departments. Structural
mapping of the local clinical tables onto the OMOP tables is
described in Figure 3.
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Figure 3. Structural mapping of data related to the preanesthesia consultation and visits to the operating room, and the postanesthesia care unit in the
Observational Medical Outcomes Partnership common data model. Integration of secondarily computed data necessitated the implementation of 2 new
tables: PERIOD and FEATURE. OMOP: Observational Medical Outcomes Partnership; PACU: postanesthesia care unit.

We defined 2 new tables to store the computed data, namely
period and feature. A period is defined by 2 milestones, a start
event and an end event. The events may come from different
sources: administration of a drug, a step in a procedure,
consultation with a health care professional, or a visit to a health
care unit. A period may be defined by an event date or time and
a time interval, such as the start of a procedure and the next 30
minutes, or the administration of a drug and the last 10 minutes.
A feature is defined by the combination of three concepts: a

period (as defined above), a raw signal, and an aggregation
method. The raw signal may include measurements of vital
signs (eg, heart rate, arterial pressure, and oxygen saturation)
or mechanical ventilation parameters (tidal volume, respiratory
rate, and plateau pressure). The aggregation method may be a
statistical indicator (eg, the mean, minimum, or maximum value)
or an expert-driven rule [35]. The logical data model for these
2 tables is described in Figure 4.
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Figure 4. Logical data model of PERIOD and FEATURE tables.

Integration
Records spanning 10 years were integrated into the OMOP
CDM. It corresponded to 5,72,609 operations for 3,29,633

patients. The numbers of records per OMOP table are shown
in Table 2, and the number of records per operation and those
per hospital stay are given in Table 3.

Table 2. Number of records implemented in Observational Medical Outcomes Partnership tables for the 2 data sources.

Number of recordsOMOPa table

3,29,633PERSON

48,84,220VISIT_OCCURRENCE

15,40,677VISIT_DETAIL (from PMSIb)

5,72,609VISIT_DETAIL (from AIMSc)

15,13,544CONDITION_OCCURRENCE (from PMSI)

5,67,442CONDITION_OCCURRENCE (from AIMS)

86,12,045DRUG_EXPOSURE

11,66,227PROCEDURE_OCCURRENCE (from PMSI)

5,58,734PROCEDURE_OCCURRENCE (from AIMS)

18,644OBSERVATION (from PMSI)

49,45,451OBSERVATION (from AIMS)

92,88,981NOTE

40,26,665PERIOD

3,48,09,015FEATURE

1,348LOCATION

aOMOP: Observational Medical Outcomes Partnership.
bPMSI: Programme de Médicalisation des Systèmes d’Information.
cAIMS: anesthesia information management system.
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Table 3. Median (IQR) number of records per operation and per hospital stay.

Median (IQR) number of records per hospi-

tal stay (PMSIc)

Median (IQR) number of records per opera-

tion (AIMSb)
OMOPa table

1 (1-1)1 (1-1)VISIT_DETAIL

2 (2-5)1 (1-1)CONDITION_OCCURRENCE

—d10 (5-17)DRUG_EXPOSURE

2 (1-4)9 (4-12)PROCEDURE_OCCURRENCE

—10 (8-10)OBSERVATION

—31 (12-40)NOTE

—7 (5-10)PERIOD

—71 (42-84)FEATURE

aOMOP: Observational Medical Outcomes Partnership.
bAIMS: anesthesia information management system.
cPMSI: Programme de Médicalisation des Systèmes d’Information.
dNot available.

Shareable Queries and Dashboards
Based on the anesthesia and hospital stay data, we developed
8 queries for application to the existing VISIT_OCCURRENCE,
VISIT_DETAIL, CONDITION_OCCURRENCE,
PROCEDURE_OCCURRENCE, DRUG_EXPOSURE, NOTE,
CONCEPT, and RELATIONSHIP tables and the 2 new
PERIOD and FEATURE tables. The query steps and queried
tables are described in Table 4. All queries are detailed in
Multimedia Appendix 2.

Population description, hemodynamic, ventilation, and
postoperative outcome are the 4 dashboards available, as shown
in Table 5 and Figure 5. They provide an overview of the
population treated in the operating room, compliance with
hemodynamic guidelines, compliance with ventilatory
guidelines, and postoperative outcomes. Each dashboard can
be configured through filtering by year and department. The
tables PERSON, VISIT_DETAIL, OBSERVATION, and
FEATURE were queried to feed the dashboards. Although the
format of the data source differed between the 2 versions of the
dashboards (local format vs OMOP format), the figures and
results obtained were identical.
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Table 4. List of queries in the context of the operating room visits and hospital stays.

Query steps and queried tablesRequirementQueryQuery
ID

Identify the visit to the operat-
ing room and the corresponding
department

Number of operations per year
and per specialty department

1 • Identification of visits to the operating room with the new concept
“operating room visit” (VISIT_DETAIL)

• Relationship between care_site_id of the operating room and
care_site_id of the department (CONCEPT_RELATIONSHIP,
CONCEPT)

Cross-check data from two
sources: operating room

(AIMSa) and hospital stay

(PMSIb)

Anesthesia procedure during an
outpatient visit

2 • Identification of visits to the operating room with the new concept
“operating room visit” (VISIT_DETAIL, VISIT_OCCURRENCE)

Identify a specific period of the
operation

Operations with fast-track
surgery and no admission to the

PACUc

3 • Identification of visits to the operating room with the new concept
“operating room visit” (VISIT_DETAIL)

• Joining with PACU periods (PERIOD)

Cross-check data from two
secondarily computed, opera-
tion-specific periods

Operations with an MAPd<65
mm Hg within 30 minutes of
inducing anesthesia

4 • Period P1 of hypotension with MAP<65 mm Hg (PERIOD)
• Period P2 of anesthesia (PERIOD)
• Joining of P1 and P2 with the start date of P1 in 30 minutes following

the start date of P2

Cross-check data from a secon-
darily computed period and
specific drug administrations

Administration of nore-
pinephrine, epinephrine,
ephedrine, phenylephrine,
dobutamine, or atropine re-
ceived within 15 minutes of the
first drop in MAP to below 65
mm Hg

5 • First period P1 of MAP<65 mm Hg (PERIOD)
• Administration A of norepinephrine, epinephrine, ephedrine,

phenyleprine, dobutamine, or atropine (DRUG_EXPOSURE)
• Linking P1 and A with the start date and time of A in the 15 minutes

following the start date of P1
• Aggregation by drug

Cross-check data from two
sources: the operating room
(AIMS) and hospital stay (PM-
SI)

Length of stay by ASAe status6 • Extraction of ASA status conditions (CONDITION_OCCURRENCE)
• Linking of the operating room visit details to the visit occurrence

(VISIT_OCCURRENCE)
• Aggregation of the duration of visit occurrence by ASA status

Cross-check data from two
sources: operating room
(AIMS) and hospital stay (PM-
SI)

Operations followed by a stay
in the intensive care unit

7 • Identification of visits to the operating room with the new concept

“operating room visit” VD1f (VISIT_DETAIL)
• Identification of visits to the intensive care unit VD2 (VISIT_DE-

TAIL)
• Linking VD1 to VD2 according to the visit_occurrence identifier and

with VD2 start datetime>VD1 end datatime

Query the preanesthesia consul-
tation

Characterization of the Mallam-
pati grade

8 • Extraction of Mallampati scores (NOTE)
• Aggregation by score

aAIMS: anesthesia information management system.
bPMSI: Programme de Médicalisation des Systèmes d’Information.
cPACU: postanesthesia care unit.
dMAP: mean arterial pressure.
eASA: American Society of Anesthesiologists.
fVD: visit detail.
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Table 5. Description of dashboards implemented with the Observational Medical Outcomes Partnership common data model.

OMOPa tablesGraphicsNumeric indicators (number or
percentage)

Information/objectiveDashboard

PERSON

VISIT_DETAIL

OBSERVATION

Overview of the population cared
for in the operating room

Population description •• Histogram of ageNumber of operations
• •Number of patients Bar plot of the ASAb

• Male/female ratio (%) • Status histogram of the
BMI• Number of urgent opera-

tions (%) • Histogram of the
weight

PERSON

VISIT_DETAIL

FEATURE

Compliance with hemodynamic
guidelines

Hemodynamics •• Bar plot of the duration
with MAP<65 mm Hg
(min)

Number of operations with

MAPc<65 mm Hg
• Number of operations with

MAP>120 mm Hg • Bar plot of the duration
with MAP>120 mm
Hg

• Number of operations with

HRd<60 bpme
• Bar plot of the duration

with HR<60 bpm• Number of operations with

SpO2f<90% • Bar plot of the duration
with SpO2< 90%

PERSON

VISIT_DETAIL

FEATURE

Compliance with ventilatory
guidelines

Ventilation •• Bar plot of the expirato-
ry tidal volume>8
ml/kg IBW by sex and
year

Number of operations with
expiratory tidal volume>8

ml/kg IBWg

• Number of operations with
expiratory tidal volume>10
ml/kg IBW

• Line plot of the expira-
tory tidal volume/IBW

• Number of operations with
expiratory tidal volume (ml)

• Number of operations with
expiratory tidal vol-
ume/IBW (ml/kg)

PERSON

VISIT_DETAIL

OBSERVATION

Overview of postoperative out-
come: mortality, duration of hospi-
tal stay, and intensive care unit
stay

Postoperative outcome •• Bar plot of the number
of deaths per year

Number of operations fol-
lowed by a death during
hospital stay (%) • Line plot of the number

of passages in intensive
care per year

• Duration of hospital stay
• Number of operations fol-

lowed by a passage in inten-
sive care (%)

aOMOP: Observational Medical Outcomes Partnership.
bASA: American Society of Anesthesiologists.
cMAP: Mean arterial pressure.
dHR: heart rate.
ebpm: beats per minute.
fSpO2: oxygen saturation.
gIBW: ideal body weight.
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Figure 5. Clinical dashboard for the assessment of ventilatory guidelines. Number of operations with tidal volume>8 ml.kg-1 of ideal body weight,
number of operations with tidal volume>10ml.kg-1 of ideal body weight, median (IQR) expiratory tidal volume, median (IQR) expiratory tidal volume/
ideal body weight change over time in the proportion of operations with tidal volume >8 ml.kg-1 of ideal body weight and change over time in expiratory
tidal volume/ ideal body weight over the year.

The OMOP model has a row-oriented structure, with 1 data
item per row. For example, each row of OBERVATION stores
a single data item (ie, a weight or a BMI). In contrast, each
query and dashboard must gather several data items (coming
from a single table or several tables). Queries were developed
with common table expressions, a syntax provided by
PostgreSQL to write auxiliary statements for use in a larger
query [43]. Dashboards needed to be implemented on top of
the temporary tables gathering the results of a set of CTEs to
reduce the response time of each query.

Discussion

Principal Results
In the present work, we integrated intraoperative anesthesia data
into the OMOP CDM. To the best of our knowledge, this study
is the first to have mapped intraoperative data into the OMOP
CDM. First, experts from 5 French centers defined a list of
concepts describing the anesthesia procedure and specific
features. This list mainly comprised standardized concepts from
the OHDSI vocabularies: patient history, patient characteristics
on the day of the procedure, units, measurements, drugs, and
procedure steps. When the corresponding concepts were missing,
we added new concepts, particularly to characterize secondarily
computed periods and features. Second, we implemented an
extract-transform-load process to move perioperative data into
the CDM. Third, we implemented common queries related to
anesthesia procedures. As the OMOP CDM was initially
developed for pharmacoepidemiology, we ensured that the
mapping proposed for intraoperative data (and particularly the
features specific to our work) could be easily queried. Finally,
we developed shareable R scripts for the generation of anesthesia
dashboards. These dashboards enabled us to ensure that
hemodynamic and ventilatory guidelines were followed.

Limitations
First, we focused primarily on implementing the vocabulary
related to the most common anesthetic procedures. Thus, it may
not be sufficient to describe anesthetic management related to
more specific procedures (obstetrics, ambulatory procedures,
etc), but these could be added in the future. Second, the added
concepts are not available in Athena at present and are therefore
nonstandard concepts. While waiting for integration validation,
the concepts are available on our git directory [44] and can be
used and supplemented by other teams. Third, PERIOD and
FEATURE are not supported by the OHDSI software stack.
Further developments are needed to fully benefit from these
new tables in the OHDSI tools and packages. Finally, CDMs
may lose information owing to restrictions on the types of
relationships proposed in relational models [45]. When
integrating, care must be taken to ensure that the information
realistically integrated is adequate to perform analyses afterward,
and that any loss of information does not sanction the results
and their interpretations.

Comparison With Prior Works
As observed in the studies that focused on specific data (apart
from claims data) [29-31], we encountered difficulties with
perioperative data. The main difficulty was using several local
and custom vocabularies to document the intraoperative period;
this contrasts with claims data, which are described according
to terminologies. This problem required experts to define
anesthesia-related concepts because the local concepts provided
by the AIMS were not sufficient. Ryu et al have already reported
that mapping by experts is an essential step [46]. Furthermore,
the frequency of the recordings (every 30 seconds) in the
operating theater produced a large volume of data. We decided
not to retain the raw measurements in the measurement table
so that the query response time remained acceptable. Raw
measurements were stored in a similar measurement table on a
twin schema. Finally, we had to compute new periods and
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features that did not fit in the OMOP CDM tables. To achieve
this, we developed 2 new period and feature tables.

Our present work might offer opportunities for research
collaborations on intraoperative data with other centers. The
material provided here could be used and enhanced by other
centers. In combination with federated learning [47], the OMOP
CDM provides tools needed for conducting reproducible
research.

Conclusions
Generic data concerning demographics, drugs, units,
measurements, and operating room steps were already available
in OHDSI vocabularies. However, most of the intraoperative
concepts (the duration of specific steps, episodes of hypotension,
etc) were absent in the OHDSI vocabularies. We have performed
OMOP mapping for reusing anesthesia data.
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Abstract

Background: Digital health research repositories propose sharing longitudinal streams of health records and personal sensing
data between multiple projects and researchers. Motivated by the prospect of personalizing patient care (precision medicine),
these initiatives demand broad public acceptance and large numbers of data contributors, both of which are challenging.

Objective: This study investigates public attitudes toward possibly contributing to digital health research repositories to identify
factors for their acceptance and to inform future developments.

Methods: A cross-sectional online survey was conducted from March 2020 to December 2020. Because of the funded project
scope and a multicenter collaboration, study recruitment targeted young adults in Denmark and Brazil, allowing an analysis of
the differences between 2 very contrasting national contexts. Through closed-ended questions, the survey examined participants’
willingness to share different data types, data access preferences, reasons for concern, and motivations to contribute. The survey
also collected information about participants’ demographics, level of interest in health topics, previous participation in health
research, awareness of examples of existing research data repositories, and current attitudes about digital health research repositories.
Data analysis consisted of descriptive frequency measures and statistical inferences (bivariate associations and logistic regressions).

Results: The sample comprises 1017 respondents living in Brazil (1017/1600, 63.56%) and 583 in Denmark (583/1600, 36.44%).
The demographics do not differ substantially between participants of these countries. The majority is aged between 18 and 27
years (933/1600, 58.31%), is highly educated (992/1600, 62.00%), uses smartphones (1562/1600, 97.63%), and is in good health
(1407/1600, 87.94%). The analysis shows a vast majority were very motivated by helping future patients (1366/1600, 85.38%)
and researchers (1253/1600, 78.31%), yet very concerned about unethical projects (1219/1600, 76.19%), profit making without
consent (1096/1600, 68.50%), and cyberattacks (1055/1600, 65.94%). Participants’ willingness to share data is lower when
sharing personal sensing data, such as the content of calls and texts (1206/1600, 75.38%), in contrast to more traditional health
research information. Only 13.44% (215/1600) find it desirable to grant data access to private companies, and most would like
to stay informed about which projects use their data (1334/1600, 83.38%) and control future data access (1181/1600, 73.81%).
Findings indicate that favorable attitudes toward digital health research repositories are related to a personal interest in health
topics (odds ratio [OR] 1.49, 95% CI 1.10-2.02; P=.01), previous participation in health research studies (OR 1.70, 95% CI
1.24-2.35; P=.001), and awareness of examples of research repositories (OR 2.78, 95% CI 1.83-4.38; P<.001).

Conclusions: This study reveals essential factors for acceptance and willingness to share personal data with digital health
research repositories. Implications include the importance of being more transparent about the goals and beneficiaries of research
projects using and re-using data from repositories, providing participants with greater autonomy for choosing who gets access to
which parts of their data, and raising public awareness of the benefits of data sharing for research. In addition, future developments
should engage with and reduce risks for those unwilling to participate.

(J Med Internet Res 2021;23(10):e31294)   doi:10.2196/31294

J Med Internet Res 2021 | vol. 23 | iss. 10 |e31294 | p.845https://www.jmir.org/2021/10/e31294
(page number not for citation purposes)

Nunes Vilaza et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

mailto:gnvi@dtu.dk
http://dx.doi.org/10.2196/31294
http://www.w3.org/Style/XSL
http://www.renderx.com/


KEYWORDS

digital medicine; health informatics; health data repositories; personal sensing; technology acceptance; willingness to share data;
human-centered computing; ethics

Introduction

Background
Health research is increasingly adopting digital technologies to
accelerate scientific discovery, as digital data sources increase
scalability and predictive power for algorithmic inferences [1-3].
Novel data collection techniques include wearables and
smartphone sensors to extract participants’ behavioral features
passively [4]. Records of calls and texts can flag social activity
fluctuations; location tracking can reveal mobility patterns;
heart rate measures can indicate sleep quality [5-7]. Ecological
momentary assessments further complement such passive
indicators by sampling individuals’ health status in real time
through questionnaires [8,9]. The motivation for considering
pervasive and digital sources of health and behavioral
information is related to the possibility of closely observing
research patients’ daily lives [10,11].

Intending to personalize future patient care, researchers search
for scientific evidence by analyzing longitudinal streams of
personal sensing data from large segments of the population
[12,13]. Because of this expansion of personal sensing in the
health domain, digital health research repositories are gaining
momentum. An ambitious concept similar to biobanks [14], a
digital health research repository allows multiple projects and
researchers to share access to personal data streams beyond
DNA and biosamples [15-17]. Although still in their initial
steps, initiatives with this goal in mind include nationwide
programs [18,19], university-led projects [20,21], and
community-driven data platforms [22-24].

Despite promising benefits, barriers to public acceptance can
hinder the successful implementation of digital health research
repositories [25,26]. Without a diverse range of participants
agreeing to contribute with their personal health data,
repositories cannot accomplish their ambitious goal of providing
reliable evidence for personalized medicine to the broad
population [27]. Furthermore, a potential lack of acceptance is
aggravated by ethical debates questioning which rights
individuals should have following contribution of their data
[28-30], especially if data are shared beyond a specific project’s
scope. Given such challenges, previous research has emphasized
that in contrast to most current initiatives, which mainly cater
to researchers’ needs, health data repositories should attend
more to participants’ preferences to identify enablers for
participation [31,32].

Previous Studies
Previous studies have investigated public attitudes toward
biobanks [33-36] and digital health data [37,38] separately.
Other past studies have examined motivations to contribute
[39], privacy concerns [40], and access control preferences [41]
for data sharing within health research in general, yet these
studies consider only a few variables simultaneously and rarely
inquire about the magnitude of specific attitudes [42,43]. To

the best of our knowledge, published quantitative studies have
not thoroughly examined how different factors can affect attitude
and willingness to share in digital health research repositories’
timely and emerging context. Thus, it remains unclear how the
public perceives the risks and benefits of shared access of
multiple sources of behavioral and health indicators, including
digital sensing, for research repositories.

Study Goal
Given this research gap, an online cross-sectional survey was
conducted examining public attitudes to research repositories
storing health information, biosamples, personal sensing, and
behavioral data. This survey study aims to identify implications
for future developments by consulting those whose personal
data are to be shared for research. The study took place in
Denmark, where the project is funded, and the principal
investigators are based. Furthermore, with the goal of
investigating the potential contrast between 2 very different
historical, social, and cultural contexts, we contacted a research
group in Brazil to establish a partnership and conduct the study
with a sample of Brazilian residents. This decision allowed a
cross-country analysis that illuminated similarities and
divergences between 2 very disparate contexts. The results
contribute to substantial empirical evidence about enablers and
barriers for participants’ acceptance and discussions on how
community engagement, technology design, and policymaking
can lead to a stronger participant-centric development in this
field.

Methods

Population, Sample, and Recruitment
Denmark and Brazil are very different in terms of population,
geography, economy, and culture. Denmark is a small country
in area and population (5.8 million inhabitants), with a robust
economy and a strong focus on social welfare, which is evident
given the country’s investments in education, research, and
health care. By contrast, Brazil, the fifth largest country globally
(208 million inhabitants), has a diversified economy, rich
biodiversity, and industrial potential but at the same is
characterized by an unequal society. Most of the population
still lacks access to high-quality education and health services
given the vast disparities of wealth distribution across the
country. These differences make the population of these 2
countries very contrasting.

This survey study was part of an academic consortium project,
publicly funded, to develop a digital health research repository
for youth mental health, in turn defining our main target
population (young adults), but without excluding the possibility
of collecting data from other, older groups, if those participants
would be interested in the study. As the project investigators
are in Denmark, participants were first recruited among young
Danish residents. Later, to enable the comparison of findings
with a divergent historical, cultural, and social context, we
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sought to form a partnership with clinical researchers at a
university in Northeast Brazil, the Universidade Federal do Rio
Grande do Norte (UFRN). Therefore, recruitment efforts were
also made to collect data from a sample of young adults in
Brazil, but without being restrictive over the age groups that
could respond. The online survey was deployed using
LimeSurvey and hosted on a server at the Technical University
of Denmark (DTU). The survey link was distributed across
several channels in an extensive recruitment process that started
on March 9, 2020, and ended on December 9, 2020. The link
was made available in forums and newsletters at university
portals, emailing lists, social networking groups, online chat
platforms, and unpaid posts on Twitter. Recruitment in person
happened once during an event hosted at DTU (prior to the
surge of COVID-19). Participants were compensated with a cup
of coffee at this event. Besides this one-time event, no other
compensation was given to respondents to avoid providing
incentives for repeated participation. Given the distribution of
the survey in multiple channels without access restriction, a
considerable number of responses came from participants
beyond the target population (older than 27 years old). The
research team decided not to exclude data from these
respondents belonging to age groups above 27 years from
analysis; instead, the data collected enabled another dimension
for comparison (age). The sample, therefore, includes
participants from all age groups residing in Brazil and Denmark.

Ethical and Legal Compliance
Following local jurisdictions, this survey study received ethical
approval from the Institutional Review Board of the partner
university in Northeast Brazil and was exempt from ethical
approval in Denmark. As established by the European General
Data Protection Regulation (GDPR), the first page of the survey
included information about the study’s purpose, which data
were collected, measures to anonymity and confidentiality, and
data handling processes. Participants were asked to provide
their consent after reading this information and confirming that
they were older than 18 years. Besides the consent question,
none of the questions were mandatory, following standard
ethical conduct principles for online research. In addition, the
survey was anonymous (IP address and identifiable information
were not collected).

Questionnaire Design

Overview
The instrument development was based on (1) several previous
surveys and focus groups about public acceptance of biobanks,
electronic health records, and clinical trial repositories [43-53];
(2) a previous qualitative study about enablers and barriers for
participation in digital health research repositories [32]; and (3)
the input from the research team, clinicians, statisticians, and
participants of the target population (young adults). The
instrument went through several iterations until the final version,
which is the one available in Multimedia Appendix 1. First,
questions were designed in English and this version was used
to ask for the initial rounds of feedback from both experts and
targeted participants. After each round of feedback, the
questionnaire was incrementally modified. Once a final English
version was agreed upon by the research team, the questionnaire

was professionally translated to the official language of each
country (Portuguese and Danish). The translations were then
verified by native speakers from the research team (GV and JB)
to ensure content validity. Using the translated versions and the
original in English, pilot tests were conducted by the research
team with small convenient samples of 5 young adults in
Denmark (in person) and in Brazil (remotely). These pilot tests
consisted of asking participants to fill the survey and provide
feedback on the readability of the questions, comprehension of
the vocabulary used for the answer options, navigation of the
interface, and time taken to complete all questions. Participants
unanimously expressed that the instrument was easy to use and
understand and completion time was reasonable. All members
of the research team then approved the distribution of the final
versions of the questionnaire (in Portuguese, English, and
Danish). The complete questionnaire is available in Multimedia
Appendix 1. A summary of the survey questions and their
rationale are described next. This study is the first to combine
such a set of diverse factors to the best of our knowledge.

Demographics and Socioeconomics Questions
This first group of questions inquired about participant age
group, gender, education level, country of residence, and usage
and ownership of digital devices (computers, smartphones,
smartwatches, smart home assistants, and tablets). Some
individuals may have a gender that is neither male nor female.
They may identify as both male and female at one time, different
genders at different times, no gender at all, or dispute the very
idea of only 2 genders. Therefore, the term “nonbinary” in this
study refers to gender identities outside of the gender binary
(male or female). The survey conducted in Brazil also contained
2 additional questions: race and household income (based on
minimum salary). Minimum salary has been defined as the
minimum amount of remuneration that an employer is required
to pay for the work performed during a given period (usually
per month), which cannot be reduced by collective agreement
or an individual contract. In Brazil, at the time of the study, the
minimum salary per month was 1040 Brazilian Reais
(approximately US $188.45). Following recommendations by
local Brazilian investigators, these questions were added to
examine whether the sample reflected the Brazilian population’s
diversity, which, by contrast, was not considered a usual
requirement by local investigators in Denmark.

Factors Related to Technology Acceptance
This group of questions asked participants about factors
highlighted by previous research as essential for technology
acceptance in data-sharing contexts: self-assessed health status
[54], personal interest in health topics [34], previous
participation in health research [33], and awareness of examples
of data repositories [55]. This group of questions also asked
participants about their current attitude toward digital health
research repositories (positive, negative, or indifferent) [43,56]
after being provided with the following short description of the
concept: A research data repository is an online database
containing data collected during research studies. In such
repositories, deidentified data is to be re-used in the future by
other research studies.
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Motivations to Participate and Reasons for Concern
These questions asked participants how motivated they would
feel by the following reasons to contribute to a research data
repository: helping future patients, helping researchers, receiving
results about themselves, knowing the research outcomes,
getting financial compensation, and proposing questions to be
investigated in future studies. Participants were also asked how
concerned they would feel about the following risks if their data
were stored in a health research repository: having their data
used for profit without their knowledge, having data used for
projects that they perceive as unethical, agreeing with terms
and conditions that they do not fully understand, being socially
discriminated against because of the information shared,
becoming vulnerable to cyberattacks and blackmail, and being
asked to provide more data in the future. Such questions about
motivations and concerns were based on findings of a qualitative
interview study [32] and previous research on motivations to
contribute to research [57] and concerns related to data sharing
in general [58,59]. The order of the answer options was
randomized for each respondent to avoid order bias.

Access Control Preferences
This group of questions asked participants how desirable or
undesirable different access control choices would be once they
shared their data with a research platform (answers were not
mutually exclusive). The listed answers were: to never be
contacted after data are shared, to receive information about
who is using the data, to decide who has access to which parts
of the data, to have the repository managers decide who has
access, to grant data access to public or academic institutions,
and to give data access to private laboratories and companies.
These questions were based on previous research about informed
consent options in biobanks and health data–sharing contexts
[48,51,58,60]. The order of the answer options was randomized
for each respondent to avoid order bias.

Willingness to Share Data
Questions in this group concerned how comfortable or
uncomfortable participants would feel about sharing different
deidentified data sources for a research repository, as previous
studies have shown that willingness to share personal health
data varies according to the data source [61-63]. Data sources
were grouped as (1) biospecimen samples and input data
provided through health questionnaires (online or in-person);
and (2) passive data collected through smartphone or wearable
devices, without end user input. The first questions inquired
about participants’ willingness to share the following: clinical
diagnosis (physical), clinical diagnosis (mental), family health
status, DNA samples, food consumption, alcohol consumption,
sleep patterns, and blood samples. These data types were based
on previous studies of willingness to share clinical and health
data for research [64]. The second group of questions inquired
about participants’ willingness to share frequency of social
communication (calls/texts), the content of social
communication (calls/texts), distances traveled per day, places
visited, physical activity levels (heart rate), stress/emotional
levels (heart rate), screen time, and apps used. The choice of
data types to include in this second group was based on digital

data sources previously identified as objective behavioral
features for health research [5]. Based on previous studies that
showed that different granularities might affect willingness to
share, the options in this second group were purposely varied
in terms of levels of detail provided by the sensor data (eg,
frequency of calls/texts versus the content of calls/texts) [65].
The order of the answer options was randomized for each
respondent to avoid order bias.

Statistical Analysis
Data were analyzed and visualized using the R Project for
Statistical Computing (software environment for statistical
computing and graphics). First, frequency distributions were
used to characterize responses for each variable, and bivariate
associations (odds ratio [OR]) examined relationships between
variables. Following previously established reference values,
an OR below 1.5 was considered weak and above 5.0 strong
[66]. For a 95% CI, results were considered significant if P<.05.
Then, a binary logistic regression was conducted to examine
directional relationships between explanatory variables and
participants’ current attitudes toward digital health research
repositories. Similarly, another binary logistic regression was
conducted to examine directional relationships between
explanatory variables and participants’willingness to share data
types. Missing values from “prefer not to say” responses were
removed before conducting these regression analyses and
assumptions were verified beforehand.

Results

Survey Participants
A total of 2299 participants started answering the survey, of
whom 1963 completed all questions (1963/2299, 85.38%). This
paper includes only responses from participants living in
Denmark (583/1600, 36.44%) and Brazil (1017/1600, 63.56%),
thus excluding participants residing in other countries from the
data analysis for this study (336/1963, 17.12%). The majority
of the sample is aged between 18 and 27 years (933/1600,
58.31%); the second largest age group is between 28 and 37
years (459/1600, 28.69%). Only 12.56% (201/1600) were aged
above 37 years. There are slightly more individuals who identify
as females (891/1600, 55.69%) than males (682/1600, 42.63%).
A majority of participants are educated, having at least a
university degree (992/1600, 62.00%), own and use smartphones
(1562/1600, 97.63%) and computers (1537/1600, 96.06%), but
only 36.75% (588/1600) own and use more than 2 types of
digital devices. The vast majority is currently in good, very
good, or excellent health (1407/1600, 87.94%), while most are
moderately, very, or extremely interested in health topics
(1088/1600, 68.00%). Around half of the Brazilian participants
(555/1017, 54.57%) are White and 43.17% (439/1017) are Black
or Brown; most of the respondents living in Brazil have a
monthly household income between 1 (1040 Brazilian Reais or
US $190) and 5 (5200 Brazilian Reais or US $950) minimum
salaries (739/1017, 72.66%). As explained in the previous
section, information about race and income was not collected
in the Danish survey. Further details on the sample
characteristics are presented in Table 1.
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Table 1. Participants’ characteristics, awareness, past experiences, and attitudes.

Participants in Denmark (n=583),
n (%)

Participants in Brazil (n=1017),
n (%)

All participants (N=1600),
n (%)

Variables

Age (years)

320 (54.89)613 (60.28)933 (58.31)18-27

186 (31.90)273 (26.84)459 (28.69)28-37

25 (4.29)80 (7.87)105 (6.56)38-47

26 (4.46)38 (3.74)64 (4.00)48-57

23 (3.95)9 (0.88)32 (2.00)>57

3 (0.51)4 (0.39)7 (0.44)Prefer not to say

Gender

285 (48.89)606 (59.59)891 (55.69)Female

283 (48.54)399 (39.23)682 (42.63)Male

4 (0.69)5 (0.49)9 (0.56)Nonbinary

11 (1.89)7 (0.69)18 (1.13)Prefer not to say

Self-reported race

—555 (54.57)—aWhite

—439 (43.17)—Black or Brown

—3 (0.29)—Yellow

—2 (0.20)—Indigenous

—18 (1.77)—Prefer not to say

Household income (monthly)b

—114 (11.21)—Less or equal to 1 minimum salary

—340 (33.43)—Between 1 and 3 minimum salaries

—399 (39.23)—Between 3 and 5 minimum salaries

—113 (11.11)—Higher or equal to 5 minimum salaries

—51 (5.01)—Prefer not to say

Education

0 (0)1 (0.10)1 (0.06)Less than secondary education

116 (19.90)479 (47.10)595 (37.19)Currently on higher education

465 (79.76)527 (51.82)992 (62.00)Higher education degree completed

2 (0.34)10 (0.98)12 (0.75)Prefer not to say

Digital devices owned

568 (97.43)994 (97.74)1562 (97.63)Smartphone(s)

575 (98.63)962 (94.59)1537 (96.06)Computer(s)

205 (35.16)194 (19.08)399 (24.94)Tablet(s)

122 (20.93)145 (14.26)267 (16.69)Smartwatch(es)

73 (12.52)59 (5.80)132 (8.25)Smarthome assistant(s)

Number of digital device types owned

0 (0)5 (0.49)5 (0.31)0

14 (2.40)50 (4.92)64 (4.00)1

277 (47.51)666 (65.49)943 (58.94)2

210 (36.02)227 (22.32)437 (27.31)3

65 (11.15)54 (5.31)119 (7.44)4
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Participants in Denmark (n=583),
n (%)

Participants in Brazil (n=1017),
n (%)

All participants (N=1600),
n (%)

Variables

17 (2.92)15 (1.47)32 (2.00)5 or more

Current health status

14 (2.40)16 (1.57)30 (1.88)Poor

38 (6.52)119 (11.70)157 (9.81)Fair

158 (27.10)355 (34.91)513 (32.06)Good

260 (44.60)406 (39.92)666 (41.63)Very good

111 (19.04)117 (11.50)228 (14.25)Excellent

2 (0.34)4 (0.39)6 (0.38)Prefer not to say

Interest in health topics

18 (3.09)21 (2.06)39 (2.44)Not interested

224 (38.42)247 (24.29)471 (29.44)Slightly interested

52 (8.92)72 (7.08)124 (7.75)Moderately interested

219 (37.56)340 (33.43)559 (34.94)Very interested

69 (11.84)336 (33.04)405 (25.31)Extremely interested

1 (0.17)1 (0.10)2 (0.13)Prefer not to say

Previous participation in a health research study

375 (64.32)440 (43.26)815 (50.94)No

196 (33.62)567 (55.75)763 (47.69)Yes

12 (2.06)10 (0.98)22 (1.38)Prefer not to say

Awareness of examples of research data repositories

356 (61.06)528 (51.92)884 (55.25)No

129 (22.13)330 (32.45)459 (28.69)Yes

93 (15.95)152 (14.95)245 (15.31)Not sure

5 (0.86)7 (0.69)12 (0.75)Prefer not to say

Perception of digital health data repositories

412 (70.67)927 (91.15)1339 (83.69)Positive

135 (23.16)53 (5.21)188 (11.75)Indifferent

26 (4.46)19 (1.87)45 (2.81)Negative

10 (1.72)18 (1.77)28 (1.75)Prefer not to say

aData not collected.
bRanges between 1 (1040 Brazilian Reais or US $190) and 5 (5200 Brazilian Reais or US $950).

Previous Participation, Awareness of Examples, and
Current Attitude
Around half of the respondents participated in a health research
study before (763/1600, 47.69%), and those who participated
are more likely to have a moderate to high interest in health
topics (OR 2.35, 95% CI 1.88-2.93; P<.001). By contrast, only
a minority are aware of research data repository examples
(459/1600, 28.69%). Those aware of examples are more likely
to have a moderate to high interest in health topics (OR 3.02,
95% CI 2.30-3.96; P<.001) and to have been participants in
previous health studies (OR 3.36, 95% CI 2.66-4.23; P<.001).
In addition, most participants have a positive perception of

health research data repositories (1339/1600, 83.69%), and those
who have a positive perception are more likely to be aware of
examples of research data repositories (OR 3.26, 95% CI
2.17-4.90; P<.001). Further details on the frequency distribution
for these variables are shown in Table 1.

Results from a binary logistic regression show that interest in
health topics (OR 1.49, 95% CI 1.10-2.02; P=.01), previous
participation in health research studies (OR 1.70, 95% CI
1.24-2.35; P=.001), and awareness of examples of existing
repositories (OR 2.78, 95% CI 1.83-4.38; P<.001) are significant
factors influencing participants’ current perception of digital
health research repositories. See the results of the binary logistic
regression in Table 2.
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Table 2. Binary logistic regression model for the current perception of digital health data repositories (base: not positive perception).

Odds ratio (95% CI)P valueStandard error BEstimate (B)Factors for current perception digital health data repositories
(base: not positive perception)

Age (base: above 27)

1.11 (0.79-1.55).560.170.10Below 27 years

Gender (base: not female)

0.95 (0.70-1.28).730.15−0.05Female

Education (base: no university degree)

0.75 (0.52-1.06).100.17−0.29With university degree

Device ownership (base: less than 2 device types)

0.76 (0.56-1.04).070.15−0.26Owns more than 2 types

Health status (base: poor or fair health)

0.94 (0.57-1.74).790.230.06Good, very good, or excellent health

Interest in health (base: none or slight interest)

1.49 (1.10-2.02).010.150.39Moderate to extreme interest

Participation in health study (base: no past participation)

1.70 (1.24-2.35).0010.160.53Participated in a health study

Awareness of an example (base: no awareness or not sure)

2.78 (1.83-4.38)<.0010.221.02Aware of an example of repository

Motivations to Participate
The majority of participants feel very or extremely motivated
by helping future patients (1366/1600, 85.38%), helping
researchers (1253/1600, 78.31%), receiving results about
themselves (1170/1600, 73.13%), and receiving the results of
the research (1063/1600, 66.44%). In addition, being provided
with the possibility of suggesting research questions to be
investigated is very or extremely motivating for more
respondents (829/1600, 51.81%) than receiving financial
compensation (505/1600, 31.56%), which is not motivating for
28.69% (459/1600). Multimedia Appendix 2 shows the entire
distribution of responses, and Figure 1 displays this information
as stacked bar charts.

Those who have a positive perception about health data
repositories are more likely to be moderately, very, or extremely

motivated by 5 out of 6 motivation sources: helping future
patients (OR 9.44, 95% CI 5.43-16.40; P<.001), helping
researchers (OR 5.74, 95% CI 3.56-9.25; P<.001), receiving
results about themselves (OR 4.12, 95% CI 2.82-6.03; P<.001),
receiving results of the research (OR 4.15, 95% CI 2.94-5.85;
P<.001), and proposing questions to be investigated (OR 3.46,
95% CI 2.57-4.66; P<.001). Those moderately, very, or
extremely interested in health topics are more likely to be
moderately, very, or extremely motivated by receiving results
of the research (OR 2.25, 95% CI 1.65-3.06; P<.001) and
proposing questions to be investigated (OR 2.53, 95% CI
1.97-3.24; P<.001). The youngest segment (18-27 years old) is
more likely to feel moderately, very, or extremely motivated to
receive financial compensation (OR 1.92, 95% CI 1.57-2.35;
P<.001).
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Figure 1. Bar chart displaying the distribution of answers for each motivation source.

Reasons for Concern
The vast majority of participants feel very or extremely
concerned about having their data used for unethical projects
(1219/1600, 76.19%) and profit making without their consent
(1096/1600, 68.50%). In addition, the risk of becoming
vulnerable to cyberattacks and blackmail is very or extremely
concerning for 65.94% (1055/1600); the possibility of not

understanding terms and conditions for 55.38% (886/1600);
and the fear of being socially discriminated for 46.38%
(742/1600). By contrast, not as many participants feel very or
extremely concerned about the burden of being asked to share
more data in the future (527/1600, 32.94%). Multimedia
Appendix 3 shows the entire distribution of responses, and
Figure 2 displays this information in the form of a stacked bar
chart.

Figure 2. Bar chart displaying the distribution of answers for each reason for concern.

Willingness to Share Different Types of Data
Regarding the willingness to share specific data items, most
participants feel uncomfortable or very uncomfortable sharing

the content of texts and calls (1206/1600, 75.38%), while fewer
participants feel uncomfortable or very uncomfortable sharing
the frequency of texts and calls (706/1600, 44.13%). Places
visited (864/1600, 54.00%) and apps used (775/1600, 48.44%)
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are perceived as uncomfortable or very uncomfortable data to
share by many.

By contrast, most participants feel comfortable or very
comfortable sharing sleeping patterns (1351/1600, 84.44%),
food consumption (1354/1600, 84.63%), alcohol consumption
(1274/1600, 79.63%), physical illness diagnosis (1238/1600,
77.38%), physical activity levels (1215/1600, 75.94%), stress

levels (1114/1600, 69.63%), family health history (1070/1600,
66.88%), distances traveled (1072/1600, 67.00%), mental illness
diagnosis (1060/1600, 66.25%), blood samples (1029/1600,
64.31%), DNA samples (750/1600, 46.88%), and screen time
(1022/1600, 63.88%). Multimedia Appendices 4 and 5 show
the full distribution of responses, and Figure 3 displays this
information as stacked bar charts.

Figure 3. Bar chart displaying the distribution of willingness to share across different data types.

Those who have a positive perception about health research
repositories are more likely to feel comfortable or very
comfortable sharing 15 out of 16 data items: physical illness
diagnosis (OR 3.84, 95% CI 2.87-5.15; P<.001), mental illness
diagnosis (OR 3.44, 95% CI 2.59-4.59; P<.001), family health
history (OR 3.45, 95% CI 2.59-4.59; P<.001), DNA samples
(OR 2.51, 95% CI 1.85-3.41; P<.001), blood samples (OR 2.31,
95% CI 1.74-3.06; P<.001), food consumption (OR 4.15, 95%
CI 3.01-5.70; P<.001), alcohol consumption (OR 3.25, 95% CI
2.41-4.40; P<.001), sleep (OR 3.85, 95% CI 2.80-5.30; P<.001),
screen time (OR 3.17, 95% CI 2.38-4.22; P<.001), apps used
(OR 2.09, 95% CI 1.50-2.91; P<.001), frequency of calls or
texts (OR 2.07, 95% CI 1.51-2.83; P<.001), distances traveled
per day (OR 3.34, 95% CI 2.51-4.45; P<.001), places visited
(OR 2.77, 95% CI 1.91-4.00; P<.001), physical activity levels
(OR 3.43, 95% CI 2.56-4.59; P<.001), and stress levels (OR
3.60, 95% CI 2.70-4.79; P<.001). However, no significant

association was found between having a positive perception of
digital health research repositories and feeling comfortable with
sharing the content of calls and texts (P=.03).

Those moderately, very, or extremely concerned about being
discriminated against are more likely to feel uncomfortable or
very uncomfortable sharing data about mental illness diagnosis
(OR 2.26, 95% CI 1.66-3.07; P<.001). Those uncomfortable or
very uncomfortable sharing information about app usage are
more likely to be moderately, very, or extremely concerned
about data being used for profit (OR 2.57, 95% CI 1.91-3.46;
P<.001) and not understanding terms and conditions (OR 2.22,
95% CI 1.71-2.87; P<.001). Those not motivated or only slightly
motivated by receiving results about themselves are more likely
to feel uncomfortable or very uncomfortable with sharing
information about alcohol consumption (OR 5.76, 95% CI
3.63-9.13; P<.001), distances traveled per day (OR 3.31, 95%
CI 2.29-4.80; P<.001), stress levels (OR 6.46, 95% CI 4.43-9.44;
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P<.001), and physical activity levels (OR 6.78, 95% CI
4.52-10.17; P<.001).

A small number of participants feel uncomfortable or very
uncomfortable sharing any of the data items (94/1600, 5.88%).
Those who feel uncomfortable or very uncomfortable sharing
any data items are more likely to have a negative or indifferent
perception about health research repositories (OR 3.91, 95%

CI 2.49-6.14; P<.001). A binary logistic regression shows that
age (OR 2.16, 95% CI 1.28-3.70; P=.004), digital device
ownership (OR 1.90, 95% CI 1.14-3.26; P=.01), health status
(OR 2.28, 95% CI 1.24-3.98; P=.01), and current attitude
regarding digital health research repositories (OR 3.77, 95% CI
2.24-6.26; P<.001) are significant factors affecting participants’
willingness to share data with a health research repository. Table
3 shows the results of the binary logistic regression.

Table 3. Binary logistic regression model for willingness to share data with repositories for health research (base: unwilling to share any data).

Odds ratio (95% CI)P valueStandard error BEstimate (B)Factors for willingness to share data (base: unwilling to share
any)

Age (base: above 27)

2.16 (1.28-3.70).0040.270.76Below 27 years

Gender (base: not female)

1.06 (0.66-1.70).780.230.06Female

Education (base: no university degree)

1.24 (0.70-2.16).450.280.21With university degree

Device ownership (base: less than 2 device types)

1.90 (1.14-3.26).010.260.64Owns more than 2 devices

Health status (base: poor or fair health)

2.28 (1.24-3.98).0050.29−0.82Good, very good, or excellent health

Interest in health (base: no or slight interest)

0.99 (0.59-1.62).950.25−0.01Moderate to extreme interest

Participation in health study (base: no past participation)

1.16 (0.71-1.90).550.240.14Participated in a health study

Awareness of an example (base: no awareness)

0.88 (0.51-1.56).650.28−0.12Aware of an example of repository

Current perception (base: negative or indifferent)

3.77 (2.24-6.26)<.0010.261.32Positive current perception

Preferred Access Control Options
After collecting and sharing their data with a research platform,
most participants find it desirable or very desirable to receive
information about which projects access their data in the future
(1334/1600, 83.38%). The majority also find it desirable or very
desirable to decide who gets access to which parts of their data
(1181/1600, 73.81%). By contrast, not being contacted is
desirable or very desirable to only 25.50% of participants
(408/1600), and the option to allow the owners of the
repositories to decide who can access the data is desirable or
very desirable only to 23.63% (378/1600). Finally, allowing
public or academic institutions to access the data is desirable
or very desirable for 48.94% (783/1600), while allowing private
laboratories and companies to obtain access is desirable or very

desirable to only 13.44% (215/1600). Multimedia Appendix 6
shows the entire distribution of responses, and Figure 4 displays
this information as stacked bar charts.

Those who find it is desirable or very desirable to be informed
about who is using their data are more likely to have a positive
perception of health data repositories (OR 2.45, 95% CI
1.77-3.39; P<.001). Those moderately, very, or extremely
concerned about data being used for unethical projects are more
likely to find it desirable or very desirable to have control over
how their data are used (OR 2.45, 95% CI 1.80-3.42; P<.001)
and to be informed about it (OR 3.09, 95% CI 2.18-4.37;
P<.001). Those moderately, very, or extremely concerned about
data being used for profit are more likely to find it undesirable
or very undesirable to have private laboratories and companies
access their data (OR 2.24, 95% CI 1.69-2.96; P<.001).
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Figure 4. Bar chart displaying the distribution of answers for each access control option.

Cross-country Analysis
The sample comprises 1017 respondents living in Brazil
(1017/1600, 63.56%) and 583 living in Denmark (583/1600,
36.44%). The demographics of the participants residing in these
2 countries do not differ substantially, except for a higher
percentage of female respondents and a lower percentage of
respondents who completed a higher education degree within
the Brazilian sample (Table 1). The Brazilian sample also has
a higher percentage of extremely interested individuals in health
topics than the Danish sample (Table 1).

Around half of the participants in Brazil participated in health
research previously (567/1017, 55.75%), in contrast to a
minority of the participants in Denmark (196/583, 33.62%).
Similarly, the vast majority of participants from the Brazilian
sample have a positive initial impression of health data
repositories (927/1017, 91.15%), in contrast to a smaller
majority of participants in Denmark (412/583, 70.67%). See
Table 1 for complete information regarding these differences.

The majority of participants from both countries are highly
motivated and concerned by similar sources of motivation and
concerns; however, there are differences in the magnitude of
the motivation and concern levels reported by those residing in
Brazil and Denmark. The Brazilian sample is more likely to
rate themselves as moderately, very, or extremely motivated by
receiving results about themselves (OR 6.35, 95% CI 4.25-9.50;
P<.001), proposing questions to be investigated (OR 6.08, 95%
CI 4.67-7.91; P<.001), receiving results of the research (OR
4.13, 95% CI 2.98-5.72; P<.001), and helping the researchers
(OR 3.36, 95% CI 2.07-5.44; P<.001). The Brazilian sample is
also more likely to rate levels of concerns as moderately, very,
or extremely concerning for all of the options listed: having
data used for unethical projects (OR 5.44, 95% CI 3.86-7.66;
P<.001), becoming vulnerable to cyberattacks and blackmail
(OR 3.88, 95% CI 2.99-5.04; P<.001), having data used for

profit without consent (OR 3.68, 95% CI 2.77-4.89; P<.001),
being asked to provide more data (OR 3.28, 95% CI 2.65-4.06;
P<.001), agreeing to terms without understanding them (OR
2.29, 95% CI 1.79-2.94; P<.001), and being socially
discriminated against (OR 2.10, 95% CI 1.70-2.60; P<.001).
Multimedia Appendices 2 and 3 show the frequency distribution
of answers regarding motivations and concerns according to
country of residence.

When it comes to access preferences, important differences
arise between the 2 countries. The Brazilian sample is more
likely to find it desirable or very desirable to receive information
about who is using the data (OR 5.51, 95% CI 4.12-7.37;
P<.001). By contrast, the Danish sample is more likely to find
it desirable or very desirable never to be contacted (OR 3.63,
95% CI 2.87-4.60; P<.001), to have the repository managers
decide who can obtain access (OR 2.84, 95% CI 2.24-3.60;
P<.001), and to allow private organizations (OR 3.73, 95% CI
2.77-5.04; P<.001) and public institutions access the data (OR
4.51, 95% CI 3.61-5.63; P<.001). Multimedia Appendices 4-6
show the frequency distribution of answers regarding access
control preferences and willingness to share according to country
of residence.

In summary, the vast majority of the participants residing in
Brazil have a positive attitude regarding the idea of health data
repositories. These findings are further endorsed by the Brazilian
sample reporting higher motivation to help the researchers and
willingness to share several data types. However, those residing
in Brazil are also more likely to be strongly concerned about
all of the potential negative consequences. The Brazilian sample
is also more likely to find it desirable to keep the control and
be informed about the use of the shared data, rather than never
being contacted, delegating control to repository owners, or
allowing both private companies and public institutions to get
access.
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Discussion

Enablers for Acceptance
Our survey contributes novel empirical insights regarding an
extensive set of factors contributing to the acceptance of
repositories storing biosamples, health records, and digital data
sources for observational research. Previous research suggests
that individuals may view some loss of privacy as worthwhile
to advance medical research and benefit future generations
[4,33], with altruism being a strong incentive for participation
in clinical studies [50,67]. Aligned with such previous research,
we found that helping future patients and researchers is indeed
a powerful source of motivation across our sample, with most
participants also feeling very motivated by the prospect of being
updated about research outcomes. Furthermore, our findings
show that those who do not feel motivated by helping future
patients and researchers are more likely to be unwilling to share
data, highlighting the critical role of altruism in this context.

Participants are also motivated by learning about their health
through the data they provide, aligning with past research [68].
By contrast, our findings indicate that financial compensation
may not be a more decisive factor than other sources of
motivation. For instance, being invited to suggest research
questions for a project strongly motivates more participants
than financial compensation. However, consistent with previous
studies [41,50], the youngest participants in our sample are more
likely to be motivated to share health data in exchange for
financial benefits. Such observations reinforce the importance
of providing both societal and individual benefits to
accommodate different preferences.

Another essential enabler for acceptance is individuals’ current
perception of the idea of health research data repositories. In
our survey, a positive perception appears to be associated with
higher levels of motivation to help patients and researchers, and
those who have a positive perception are also more likely to
feel comfortable sharing 15 out of 16 data items. These results
confirm past research highlighting that a positive opinion about
biomedical research can predict willingness to participate [33],
and attitudes about health care interventions can predict patient
acceptance [56]. We also extend previous findings from other
contexts [34,43,55] by providing evidence about key factors
that can affect individuals’perceptions of digital health research
repositories, emphasizing the critical role that positive past
experiences and personal interests have in enabling favorable
attitudes.

Regarding cross-country differences, the vast majority of our
participants residing in Brazil have a positive perception of the
idea of health data repositories, further demonstrated by their
reported higher motivation to participate and higher willingness
to share several data types. It could be speculated that such
enthusiasm stems from the prospect of significantly improving
an imperfect yet ubiquitous public health care system, which
may become an essential enabler for acceptance as digital health
emerges in Brazil [67]. By contrast, Denmark has a long history
of using clinical databases and electronic health records for
population-level clinical research [44]. This observation could
explain why our sample residing in Denmark is more likely to

find it desirable to allow repository owners to make decisions
regarding access control, an arrangement already familiar to
them, as the Danish public health authorities manage data use.
These differences illustrate that acceptance depends not only
on individual predispositions but also on broader sociocultural
contexts [36].

Barriers for Acceptance
In contrast to such enablers, our findings show that even though
participation in research repositories might occur under the
promise of sharing deidentified data, participants still report
concerns. Our sample’s most substantial concern is the fear that
their data will eventually be used for unethical research goals
or profit without consent, which is a fear also reported by several
previous studies [37,38,42]. Further aligned to previous research,
the fear of cyberattacks or blackmail is considered very or
extremely concerning to most of our participants [69-72].
Surprisingly, however, the fear of social discrimination is not
as prevalent, contrasting a previous study’s claim that this might
be a core reason behind privacy concerns [58]. It is also
surprising that the fear of not fully understanding terms and
conditions was a more significant concern for participants than
the burden of providing more data, which contradicts previous
findings from another study [4].

The predominant concern of data misuse may explain the
preference for more restrictive access control options. Many of
our participants report feeling comfortable sharing their data if
the purpose is to protect the common good, but the same does
not apply to the prospect of supporting others’ profit making,
in alignment with previous research [36,44,73]. Related to this,
the large majority of our sample want to receive information
about the different projects using their data, and most also want
to be deciding who can ultimately obtain access to their data, a
finding which has been highlighted in other past studies
[38,55,73-75]. By contrast, leaving this responsibility to
repository owners is often not our participant’ preferred option,
especially within the Brazilian sample. Furthermore, approaches
such as notification-only and opt-out options have been
considered less acceptable than reconsent [73,76], showing the
importance of reconsidering usual consent practices.

Another barrier to participation is that willingness to share data
depends strongly on the data type [32,47,67], even though there
are divergent findings in the literature about which data types
people feel most uncomfortable sharing [37,38,42,61-65]. For
example, previous studies with young adults have observed a
high willingness to donate DNA samples [33,34], but 2 extensive
worldwide surveys have observed the opposite [36,44]. Our
analysis indicates that when compared with behavioral indicators
such as food consumption and sleeping patterns, DNA and blood
samples are among the data types most uncomfortable to be
shared.

However, even more so than DNA, participants in our study
feel uncomfortable sharing passive mobile and wearable sensing
data. Interestingly, these are data with the less obvious
connection to health in a traditional sense. While the relationship
between health and food consumption or sleep might be apparent
to many people, the relevance of app use or social
communication data may be less noticeable. Such observation
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is particularly relevant for behavioral health research
contemplating passive data sources as a strategy to reduce the
data collection burden for participants. Our results also add a
more nuanced understanding of participants’ willingness to
share data. We empirically demonstrate that participants feel
uncomfortable sharing more detailed and revealing data sources,
such as apps used, frequency of texts and calls, and places
visited, compared with broader and less granular information
such as screen time, the content of texts and calls, and distances
traveled. These findings have important implications for health
research studies that consider collecting high granularity
information, especially when it comes to location and social
communication.

Furthermore, sociodemographic factors have been emphasized
by several past studies as possible barriers to the willingness to
share data [35,36,39,43,45,54,74]. Our analysis shows that
participants’ willingness to share data can be related to age,
health status, and digital device ownership. However, contrary
to previous studies, which observed that members of American
ethnic groups other than White have higher odds of being
unwilling to donate their DNA data [43,45], our study does not
find a significant association between race and unwillingness
to share. We also do not find significant associations between
race and fear of discrimination [43,45] or desire to control data
access [35]. However, our sample is in its vast majority young
and educated, in contrast to these previous studies.

Research Implications
The empirical findings discussed above provide the basis for a
series of implications for community engagement, technology
design, and policymaking. First, we found evidence that a lack
of knowledge about health research may be a challenge for
public acceptance, which points to the importance of broadening
public awareness. For instance, education and
familiarity-increasing programs can be possible community
engagement approaches and strengthened relationships between
potential participants, clinicians, and health research experts
may be helpful during recruitment and beyond [40]. Regardless
of the medium, participant information could include
explanations about the collaborative nature of contemporary
health research and why digital data sources extracted passively
may be necessary for answering specific research questions.
Given the factors found to motivate and demotivate data sharing,
it may be necessary to explain the benefits of sharing data types
where the direct connection to health is not immediately visible.
Additionally, appropriate communication may help to emphasize
the importance of data collection compliance to participants,
especially when it comes to experience sampling and the
provision of frequent self-reports [77].

Personal health informatics could also be considered to increase
the appeal of and the motivation for participating. Given that
data collection may require interactions with mobile and
wearable devices, it is a natural step to also provide participants
with personalized data visualizations and, potentially, digital
health interventions. However, digital tools for personal health
must consider how existing health care practices complement
(or hinder) novel approaches [78-80]. Interface design should
focus on suitably informing patients about how their data relate

to their health to facilitate rather than replace efficient
clinician–patient relationships. Above all, risks to individual
well-being should be avoided, as an intense “datafication” of
personal health standards might prove to be more harmful than
beneficial [81]. For instance, our analysis shows that those
uncomfortable with sharing alcohol consumption, levels of
stress, and physical exercise are less likely to feel motivated by
receiving results about themselves. Thus, any consideration of
adding personal health informatics features to health research
systems should be mindful of the preferences of each individual.

Furthermore, our analysis makes it clear that broader acceptance
will be challenging to achieve if contributing to health research
repositories demands that participants share every digital source
of data [38]. Health research projects might need to acknowledge
that certain personal information is associated with social stigma
[82], which may compromise willingness to participate in
research as a whole. For instance, we observe a strong
association between fear of discrimination and unwillingness
to share mental illness diagnoses. For this reason, health research
should consider personal boundaries by allowing participants
to opt-out from specific data collection types and decide which
level of details are to be shared. Even if individuals do not
exercise this right to choose, the option to safely do that without
negative consequences may still enhance trust [83].

When it comes to access control options, our results show that
participants would like to be informed about the different
projects which may access their data and customize their
consent. Even though granular data control options may reduce
privacy concerns [84], broad consent models are still the most
used approach in current health research platforms [32], which
means that once participants provide their consent, they are
usually not consulted about data reuse in the future. The
conception of digital systems for continuous communication
with participants could transform consent practices. For instance,
research participants could be consulted about whether they
would like to receive a request each time a new project wants
to use their data. Access requests could include details about
who benefits from the research outcomes and how organizations
use any profit. The possibility of opting out from data sharing
could also be provided. Beyond allowing participants to make
choices about data access, participants could further contribute
with questions to a research project, which is an interest
identified in our survey and explored in other research platforms
[22]. Nondigital approaches could also be considered (eg, phone
calls, letters) for those who prefer or do not have access to digital
devices. However, a challenge is how to help participants stay
informed and control their data without making them
overwhelmed [42].

As pervasive sensing technologies become more refined and
widespread in health research, those proposing shared-access
repositories for collecting, sharing, and using such sensing data
will need to take responsibility for identifying risks and be
accountable for consequences against participants’best interests.
Proactive legal and ethical guidelines are necessary, as current
regulatory frameworks for digital health data sharing are
relatively weak in some jurisdictions [44]. Likewise, regulatory
board members and grant reviewers could evaluate how
managers of digital health research repositories demonstrate
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awareness of ethical considerations and strategies to mitigate
possible negative consequences of participation. For instance,
being transparent about the trustworthiness of the technical
infrastructures and governance arrangements of the platforms
hosting the data is essential, even if it means acknowledging
challenges [50]. Clear and understandable evidence of
compliance with regulations may help diminish individuals’
reticence to share health data and increase public acceptance.

Finally, future developments should not ignore that without a
diverse cohort providing data, research outcomes and benefits
will be unevenly distributed [42,85]. Even though our sample,
composed mainly of educated young individuals, does not show
significant associations between race, income, and unwillingness
to share data, other past studies have shown that these factors
can be significant [43,45]. For this reason, communication
efforts, interface design, and data sharing policies should be
made accessible and inclusive by being mindful of language
choices, cultural requirements, access costs, and participation
demands (eg, owning and using smartphones and smartwatches).
After all, strategies to increase acceptance should be motivated
by research repository owners’ genuine desire to make data
sharing fairer and more ethical.

Limitations and Future Work
Based on our team experience, we suggest that similar surveys
in the future should strive to focus recruitment efforts on racial,
ethnic, gender, and disability minorities to achieve a higher
representation from these groups. We also suggest that
quantitative findings should be complemented with parallel
qualitative investigations, to provide richer and subjective
insight into justifications and reasonings behind responses.
Another suggestion is to consider depicting data usage scenarios
with illustrations, infographics, and narrative forms instead of
purely descriptive texts.

In terms of methodological limitations, sampling bias is a
common challenge of voluntary response samples, given that
those who take the time to respond to online survey requests
tend to have strong opinions compared with the rest of the
population. Despite our efforts to use a diverse range of digital
channels for recruitment, our sample is biased in terms of age
and education level, partially due to the scope of the overarching
project (mental health for young adults) and partially because
the higher response rate stemmed from posts on university web
portals. A constrained focus on specific population segments
can be considered a strength, given that it allows the
investigation of particular perspectives at a time; however, future

work must seek to consider the perspectives of many other
groups of individuals, especially underrepresented minorities.

Another methodological limitation is that, as an exploratory
cross-sectional study, our results can only capture attitudes
about hypothetical future participation. Thus, future work must
consider evaluating participants’ perspectives while taking part
in an actual digital health research repository initiative. In
addition, factors such as the burden of continuous data collection
might be better examined throughout actual participation.

Finally, it could be speculated that public attitudes may shift
following the global experience of a public health emergency
(COVID-19 pandemic). Given that this survey was conducted
during the first waves of the pandemic, future work is still
needed to evaluate further consequences of this unprecedented
crisis in the long term. In particular, the impact of contact tracing
apps and vaccination passports may prove significant when it
comes to the acceptance of digital health data storage on a
population level.

Conclusion
This survey study reveals essential factors for potential
acceptance and willingness to share personal data with a digital
health research repository. In summary, most participants feel
very motivated about helping future patients, helping
researchers, and receiving results about their health; most also
feel comfortable sharing data sources usually associated with
health research, except DNA data. However, most respondents
feel very concerned about the risk of cyberattacks, the possibility
of data being used for unethical research goals or for-profit
without consent, and the prospect of sharing personal sensing
data, especially social communication and location. The majority
of participants find it desirable to receive information about
which projects access their data and would like to be able to
decide who gets access to which parts of their data.

The analysis of such a large spectrum of variables and their
relationships provides a strong foundation for suggesting
implications for future developments. The implications discussed
include to disseminate knowledge about health research; to
value the role of transparency for trust development; to engage
participants with the research process and their health
management; to allow flexible and customizable data sharing;
and to align policies and regulations with ethical considerations.
Providing valuable benefits for individuals and reducing the
risks involved in participation are essential requirements in this
context, and by recognizing differences between groups, it is
possible to better understand and respond to individual views
and expectations.
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Abstract

Background: Providers of on-demand care, such as those in urgent care centers, may prescribe antibiotics unnecessarily because
they fear receiving negative reviews on web-based platforms from unsatisfied patients—the so-called Yelp effect. This effect is
hypothesized to be a significant driver of inappropriate antibiotic prescribing, which exacerbates antibiotic resistance.

Objective: In this study, we aimed to determine the frequency with which patients left negative reviews on web-based platforms
after they expected to receive antibiotics in an urgent care setting but did not.

Methods: We obtained a list of 8662 urgent care facilities from the Yelp application programming interface. By using this list,
we automatically collected 481,825 web-based reviews from Google Maps between January 21 and February 10, 2019. We used
machine learning algorithms to summarize the contents of these reviews. Additionally, 200 randomly sampled reviews were
analyzed by 4 annotators to verify the types of messages present and whether they were consistent with the Yelp effect.

Results: We collected 481,825 reviews, of which 1696 (95% CI 1240-2152) exhibited the Yelp effect. Negative reviews primarily
identified operations issues regarding wait times, rude staff, billing, and communication.

Conclusions: Urgent care patients rarely express expectations for antibiotics in negative web-based reviews. Thus, our findings
do not support an association between a lack of antibiotic prescriptions and negative web-based reviews. Rather, patients’
dissatisfaction with urgent care was most strongly linked to operations issues that were not related to the clinical management
plan.

(J Med Internet Res 2021;23(10):e29406)   doi:10.2196/29406
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Introduction

The World Health Organization has deemed antibiotic
resistance, which is primarily caused by antibiotic overuse, to
be one of the world's most pressing health problems [1].
Antibiotic overuse is widespread; approximately one-third of
all antibiotics prescribed in US outpatient settings are
unnecessary [2]. Care providers have admitted to prescribing
antibiotics—even when antibiotics are unnecessary—when they
assume that patients will be unsatisfied without an antibiotic
prescription [3,4]. However, care providers' assumptions about
a patient's expectations frequently do not match patients' actual
expectations for an antibiotic [5]. Furthermore, prior literature
on patient satisfaction and provider-patient communication have
suggested that there are other factors that drive patient
satisfaction [6]. For example, Welschen et al [7] found that
receiving information or reassurance was more strongly
associated with satisfaction than receiving an antibiotic
prescription in primary care. Ong et al [8] found that patient
satisfaction was not related to the receipt of antibiotics but was
related to the belief that patients had a better understanding of
their illness. Stearns et al [9] found that patients generally had
equal levels of visit satisfaction regardless of their antibiotic
treatment status.

Despite findings that do not support a link between patient
satisfaction and antibiotics, care providers still report prescribing
antibiotics unnecessarily because they fear that dissatisfied
patients will leave negative reviews [10]. Authors in several
media outlets [11,12] have coined the term Yelp effect; they
propose that providers of on-demand care, such as those in
urgent care centers, may prescribe antibiotics unnecessarily to
prevent patients from leaving negative web-based reviews.
There is a perception among urgent care providers that many
of their patients expect to receive antibiotics, even when they
are clinically unnecessary, and that patients will leave negative
reviews on web-based platforms if these expectations are not
met. To avoid negative web-based reviews, which could impact
care providers’ pay and the performance of urgent care centers,
care providers are driven to prescribe antibiotics, even when
they are clinically unnecessary.

Concerns about the Yelp effect are magnified by the surging
popularity of review websites, such as reviews on Google Pages,
Yelp, and Healthgrades [11]. Even though most physician
ratings on web-based platforms are positive [13,14], at least 1
study has demonstrated that in web-based physician reviews,
the words medication and prescription are mentioned in more
negative contexts [15]. This perceived connection between
negative web-based reviews and antibiotics is hypothesized to
be a significant driver of inappropriate antibiotic prescribing
and is evident in at least 1 petition that has received 40,000
signatures supporting the removal of web-based doctor reviews
[16].

Concerns about the impact of negative reviews appear to be
valid; patients often use web-based reviews when deciding
whether and where to seek treatment [17]. Furthermore, these
reviews may not accurately reflect the quality of medical care.
For example, Daskivich et al [18] conducted an analysis of 5

popular web-based platforms and showed that there was no
significant association between web-based consumer review
scores and standard quality guidelines. Likewise, Yaraghi et al
[19] found that consumers tend to perceive care provider ratings
from nonclinical websites to be as important as the ratings from
government websites. Thus, web-based reviews can drive care
providers’ behaviors in ways that negatively impact public
health.

At present, the extent to which patients’ expectations for
antibiotic treatment drive negative web-based reviews is
unknown. Even though web-based reviews have been mined
for other health topics [20,21], to our knowledge, ours is the
first study to evaluate web-based reviews and antibiotic
prescribing. Thus, we sought to determine whether there truly
is a Yelp effect by evaluating how frequently patients leave
negative web-based reviews regarding a lack of antibiotic
prescriptions.

To determine the prevalence of the Yelp effect, we analyzed a
large sample of web-based reviews of urgent care centers in the
US by calculating the proportion of negative reviews that exhibit
a message regarding a lack of antibiotic prescriptions.
Specifically, we sought to (1) quantify the proportion of negative
reviews that were posted due to patients (reviewers) not
receiving an antibiotic and (2) evaluate the content of negative
reviews of urgent care centers.

Methods

Data Collection
We used the Yelp application programming interface (API)
between October 1 and October 20, 2018, to obtain a list of
facilities that were tagged as “urgent care” in the United States.
We also retrieved the star ratings for all reviews that were
associated with these facilities. We removed all facilities that
did not have a US zip code. We were unable to obtain the full
texts of these reviews—Yelp's terms of service prohibit web
scraping, and Yelp declined to provide us with permission to
use the text. Thus, by using the list of facilities that was obtained
from the Yelp API, we ran the data collection algorithm from
January 21 and February 10, 2019, and obtained all of the
Google Maps reviews of each urgent care facility that were
posted before January 21, 2019. Unlike Yelp, Google's terms
of service permit the collection of their reviews as long as it
does not put undue burdens on Google's servers. To collect data
from Google Maps reviews, we designed a computer program
(Multimedia Appendix 1) for automatically collecting these
reviews based on their Google Maps URLs. The Google Maps
URLs of the urgent care facilities were collected after we
presented their titles and addresses (obtained from the Yelp
API) to 20 workers on Amazon Mechanical Turk, a
crowdsourcing marketplace. These 20 workers were selected
based on their prior demonstrated ability to successfully collect
a set of 100 known URLs. Workers received US $0.09 for each
URL collected. To summarize the contents of web-based
reviews, we used a machine learning algorithm that was
designed to summarize text—the latent Dirichlet allocation
(LDA) topic model [22]. This algorithm was implemented in
the LDA python package [23] (default settings were used) to
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the fit the model to the Google Maps data set. Topic models
identify review topics automatically without human intervention
by examining the word co-occurrence statistics within each
review [24]. For each topic, we calculated the total number of
word tokens that were found in positive reviews (4 or 5 stars)
and negative reviews (1 or 2 stars). We fitted 3 topic models
(one model with 10 topics, another with 20 topics, and another
with 50 topics) to the data. We selected the model that generated
the most coherent topics without a large increase in perplexity
(a measure of model goodness of fit that is commonly used in
natural language processing; Multimedia Appendix 2).
Afterward, we extracted antibiotic-related reviews by using a
list of keywords that was generated by one of the authors
(RH)—a pediatrician who specializes in antibiotic stewardship
(see Multimedia Appendix 3 for a keyword list). For each
review, we examined the proportion of words in each topic. We
applied the same procedure to the subset of reviews containing
antibiotic-related keywords. We then developed a qualitative
codebook to determine the content and sentiment of 200 reviews
that were sampled at random from all reviews containing these
keywords. This study was approved by The George Washington
University Committee on Human Research Institutional Review
Board (Federal Wide Assurance number: FWA00005945;
institutional review board registration number: 180804).

Data Annotation
Four authors (LR, MF, MC, and SD) affiliated with The George
Washington University Antibiotic Resistance Action Center
collectively reviewed a subset of the 200 randomly sampled
reviews to determine the types of messages that were present
in the reviews [25]. After this initial review and the development
of inductive codes, the reviews were categorized into one of the
following categories in the codebook: (1) the Yelp effect category
(the patient wanted antibiotics but did not receive them); (2)
the opposite of the Yelp effect category (the patient received
antibiotics but did not want them); (3) the convenience,
inconvenience, and wait times category; (4) the staff competence
or incompetence, courtesy and attitude, and satisfaction of care
category; (5) the cost and price of drugs per visit (including
sticker shock) category; (6) the other prescription-related
complaints category; and (7) the other or none of the above
category. Additionally, all reviews were annotated as “positive”

(eg, the patient was satisfied with their care, and the review had
4 or 5 stars) or “negative” (eg, the patient was dissatisfied with
care, and the review had fewer than 4 stars).

The four annotators then independently reviewed the same 200
randomly sampled reviews to assign them to 1 of the 7
categories. The final categories for the reviews were assigned
based on the majority category among annotators. If there was
no majority category, disagreements were resolved discursively
until a consensus category was agreed upon.

Some reviews mentioned that the reviewer did not receive an
antibiotic when it was expected, even if that was not the main
message. Thus, after assigning each message a primary category,
the same four annotators revisited all 200 reviews to determine
if they mentioned the Yelp effect in passing (ie, whether the
review mentioned an unfulfilled expectation for antibiotics). A
code for mentioning the presence or absence of the Yelp
effect—even if it was mentioned in passing—was then assigned
to each review as a secondary code. By using these 200
annotated samples, we inferred population proportions for each
category in our codebook and calculated 95% CIs.

Results

Distribution of Google and Yelp Data
By using the Yelp API, we identified 8662 unique urgent care
facilities that had 84,127 unique reviews. We collected 481,825
US-based reviews from Google Maps. Of these, 340,328
(70.63%) contained some text. The average star rating in Yelp
reviews was significantly lower than the average star rating in
Google Map reviews (t565,950=82.38; P<.001).

Figures 1–4 display the distributions of the number of reviews
and mean reviews stars from both Yelp and Google Maps on a
2-by-2 map. The distributions show an apparent difference
between various geographical regions of the United States. The
biased distribution is intriguing and can prompt many other
research questions. Therefore, all state-by-state maps featuring
the same information are being hosted on The George
Washington University cloud, which can be made available to
other researchers upon request.

Figure 1. Total number of reviews in US counties (Yelp data).
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Figure 2. Mean review stars in US counties (Yelp data).

Figure 3. Total number of reviews in US counties (Google Maps data).

Figure 4. Mean review stars in US counties (Google Maps data).

We categorized the 481,825 reviews with text from Google
Maps into the following three groups: (1) reviews without any
text (n=141,497; star rating: mean 4.53); (2) reviews with text
that did not mention antibiotic-related keywords (n=332,566;
star rating: mean 3.94); and (3) reviews with text that mentioned
antibiotic-related keywords (n=7762; star rating: mean 2.40;

Figure 5). We found significant differences in the average star
ratings across these three groups; a posthoc Tukey honestly
significant difference test for multiple comparisons showed that
reviews with antibiotic-related keywords had the lowest ratings
compared to those in reviews without text (mean
difference=−2.13; P<.001) and reviews with text but no
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keywords (mean difference=−1.54; P<.001). Reviews without
text were significantly more positive than reviews with text but

no keywords (mean difference=0.59; P<.001; all descriptive
statistics are in Multimedia Appendix 4).

Figure 5. Distribution of Google reviews. Reviews with text but no antibiotic-related keywords are shown in green. Reviews with antibiotic-related
keywords are shown in red. Reviews without text are shown in black.

Topic Modeling Results of Google Data
The LDA topic modeling analysis (Figure 6; Multimedia
Appendix 2) yielded 20 topics. The most negative topics
pertained to rude staff, wait times, billing, callbacks, and other
aspects of customer experience. Although the “infections and
symptoms” topic was also predominantly negative, this topic

did not make up a plurality of the reviews (481,760/6,795,468,
7.09%). With regard to topics with antibiotic-related keywords,
Figure 7 shows that the most common topic pertained to
infections and symptoms and was predominantly negative;
however, several other topics pertaining to customer experience
were also predominantly negative.

Figure 6. Topics generated by the latent Dirichlet allocation algorithm based on the text of all Google reviews in our data set. The size of each topic
is proportional to the number of words that were assigned to each topic by the algorithm. Words are further segmented according to the sentiment of
each review. Reviews with 4-5 stars are positive, reviews with 1-2 stars are negative, and reviews with 3 stars are neutral.
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Figure 7. Subset of topic modeling results for reviews containing antibiotic-related keywords. The size of each topic is proportional to the number of
words that were assigned to each topic by the algorithm. Words are further segmented according to the sentiment of each review. Reviews with 4-5
stars are positive, reviews with 1-2 stars are negative, and reviews with 3 stars are neutral.

Annotation Results
The annotators who labeled the seven inductive content
categories achieved moderate reliability (Fleiss κ=0.42) with
the first set of 100 reviews. All annotators agreed on sentiment.
After disagreements were resolved, a second round of annotation
for the next set of 100 reviews yielded substantial agreement
(Fleiss κ=0.65), and disagreements were again resolved by
consensus among reviewers. Table 1 summarizes the results of

these annotations. Of a total of 200 reviews, we found that only
5 reviews (2.5%; 95% CI 0.3%-4.7%) exhibited the Yelp effect
as the primary message category. By applying CIs to the full
set of 8078 reviews containing antibiotic-related keywords, we
expected that between 27 and 377 reviews would exhibit the
Yelp effect as the primary message with 95% confidence. Thus,
in our data set of 481,825 reviews, at most, 377 (0.08%) were
expected to exhibit the Yelp effect.

Table 1. The seven primary message categories of the 200 messages.

Reviews (N=200), n (%)Primary message

5 (2.5)Yelp effect (the patient expected to receive antibiotics but did not receive an antibiotic)

1 (0.5)Counter Yelp effect (the patient received antibiotics but did not want them)

36 (18)Convenience, inconvenience, and wait times (positive and negative sentiment)

138 (69)Staff competence or incompetence, courtesy and attitude, and satisfaction of care (positive and negative sentiment)

13 (6.5)Cost and price of drugs per visit (including sticker shock; positive and negative sentiment)

3 (1.5)Other complaints (positive and negative sentiment)

4 (2)Other or none of the above

The annotators also reexamined all reviews to determine if they
mentioned a Yelp effect in passing. We found that of a total of
200 reviews, 42 (21%) had some mention of reviewers not
having received antibiotics when they were expected (Fleiss
κ=0.75). Thus, with 95% confidence, between 1240 and 2152
of our 8078 reviews with antibiotic-related keywords exhibited
the Yelp effect, even if it was only mentioned in passing. In our
data set of 481,825 reviews, at most, 2152 (0.45%) were
expected to exhibit the Yelp effect.

Discussion

Principal Findings
Our data suggest that the Yelp effect is quite rare. Out of a set
of almost half a million reviews (N=481,824), fewer than 1 in
1250 (0.08%) seemed to contain the Yelp effect as the primary
message (with 95% confidence). Furthermore, with 95%
confidence, fewer than 1 in 225 (0.45%) reviews seemed to
contain the Yelp effect as the primary or secondary message.

In contrast, we found that (138/200) 69% of the reviews in our
annotated data set focused primarily on assessments of staff
competence and the quality of personal interactions. This
suggests that in terms of the extent that a Yelp effect exists,
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patients express this effect by questioning the expertise or
personal qualities of urgent care staff. This may put urgent care
providers in a bind; although they should not prescribe
antibiotics inappropriately, a failure to explain to patients why
the patients' preferred treatment is ineffective may lead to
reviews that are designed to undermine care providers'
credibility, expertise, and personal qualities. Thus, it is of
paramount importance that both care providers and urgent care
staff provide high-quality care and leave patients with a
meaningful understanding of why they received the treatment
that they did. For example, prior work has shown that patients'
expectations for antibiotics are associated with categorical gist
perceptions of the risks and benefits of antibiotics [26-28] and
that patients more likely to be satisfied when they understand
the gist of appropriate prescribing. This promotes the need to
better communicate rationales for prescribing antibiotics in a
manner that enhances patients' insights into why decisions are
made and, by extension, their assessments of care providers'
competence. Naturally, care providers' attitudes toward patient
care are also important.

We aimed to answer the following question: is there a Yelp
effect? The 2.28% (7762/340,328) of Google Maps reviews that
mentioned antibiotics were indeed significantly more negative
than those without antibiotic-related keywords (P<.001).
Furthermore, our results show that reviews of urgent care centers
on Yelp are significantly more negative compared to those on
Google Maps (P<.001). Thus, we cannot rule out the existence
of a Yelp effect on either Yelp or Google Maps. However, our
results show that antibiotic prescription is merely one of the
many potentially addressable issues in doctor-patient
communication and may not be the primary source of negative
web-based reviews. Indeed, patient satisfaction seems to have
been most strongly linked to customer service issues (eg, wait
times, rude staff, billing practices, etc). Thus, we must question
whether claims regarding the impact of antibiotic prescriptions
on negative reviews of urgent care centers are exaggerated. In
recent years, some authors have suggested the presence of an
effect that is similar to the Yelp effect in the context of opioid

prescription [29,30]. However, similar to our findings, other
studies have shown that these negative reviews are primarily
comments on physicians’ attributes or administrative attributes
[31].

Limitations
The limitations of our work include our inability to
hand-annotate all of the 481,825 reviews in our data set. Instead,
we annotated 200 of the 7762 (2.58%) messages that were
identified to have antibiotic-related keywords. This limitation
was mitigated by the fact that these 200 messages were selected
uniformly at random, meaning that they are likely to be
representative of messages with antibiotic-related keywords. It
is possible that our choice of keywords might have introduced
selection bias; specifically, we assumed that patients who
expected to (but did not) receive antibiotics would have said so
in their reviews. Thus, we cannot rule out the possibility that
patients were insincere when providing their reasons for negative
reviews. However, our findings clearly indicate that patients
were willing to express dissatisfaction with several other topics
that do not directly pertain to antibiotics. Web-based reviews
also often lack key patient information (eg, visit reason, medical
history, and demographics). Finally, we do not claim that our
results generalize beyond urgent care settings.

Conclusion
Our analysis shows that the Yelp effect may not be a major
driver of negative sentiments in web-based reviews. Rather than
compromise medical and public health recommendations by
acceding to the potentially faulty perceptions resulting from
patients' desires, urgent care facilities should instead invest in
efforts for improving patients' overall experience, such as
reducing wait times, making billing practices transparent, and
investing in training staff members to adhere to the best
standards of customer service. Although these steps may not
prevent all negative reviews, our analysis suggests that antibiotic
prescribing need not be the focal point for patient satisfaction
in urgent care settings.
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Abstract

Background: Patients may use two information sources about a health care provider’s quality: online physician reviews, which
are written by patients to reflect their subjective experience, and report cards, which are based on objective health outcomes.

Objective: The aim of this study was to examine the impact of online ratings on patient choice of cardiac surgeon compared to
that of report cards.

Methods: We obtained ratings from a leading physician review platform, Vitals; report card scores from Pennsylvania Cardiac
Surgery Reports; and information about patients’ choices of surgeons from inpatient records on coronary artery bypass graft
(CABG) surgeries done in Pennsylvania from 2008 to 2017. We scraped all reviews posted on Vitals for surgeons who performed
CABG surgeries in Pennsylvania during our study period. We linked the average overall rating and the most recent report card
score at the time of a patient’s surgery to the patient’s record based on the surgeon’s name, focusing on fee-for-service patients
to avoid impacts of insurance networks on patient choices. We used random coefficient logit models with surgeon fixed effects
to examine the impact of receiving a high online rating and a high report card score on patient choice of surgeon for CABG
surgeries.

Results: We found that a high online rating had positive and significant effects on patient utility, with limited variation in
preferences across individuals, while the impact of a high report card score on patient choice was trivial and insignificant. About
70.13% of patients considered no information on Vitals better than a low rating; the corresponding figure was 26.66% for report
card scores. The findings were robust to alternative choice set definitions and were not explained by surgeon attrition, referral
effect, or admission status. Our results also show that the interaction effect of rating information and a time trend was positive
and significant for online ratings, but small and insignificant for report cards.

Conclusions: A patient’s choice of surgeon is affected by both types of rating information; however, over the past decade,
online ratings have become more influential, while the effect of report cards has remained trivial. Our findings call for information
provision strategies that incorporate the advantages of both online ratings and report cards.

(J Med Internet Res 2021;23(10):e28098)   doi:10.2196/28098

KEYWORDS

online physician reviews; report cards; cardiac surgeons; patient choice

Introduction

Since the early 1990s, federal and state agencies in the United
States have published hospital report cards that measure the
risk-adjusted performance of physicians so as to encourage

quality-informed decisions by patients. Generally, complex
mathematical tools are applied to inpatient records and clinical
data to correct for patient characteristics and severity of
conditions to produce arguably reliable and objective quality
information, a process that is costly in time and resources.
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However, studies have found that patient use of this information
is below expectation: although reductions in volume for
poor-performing providers is observed, the size of the effect is
small, and highly rated providers are not always rewarded with
increased market share [1-4]. Possible reasons include low
awareness [5], high cognitive burden of understanding and
interpreting quality metrics [6], and the absence of information
more interesting to patients, such as health gains, waiting time,
or bedside manner [7].

Fortunately, the spread over the last decade of physician review
platforms provides a new information source that patients can
use when choosing a physician. These platforms (ie, Vitals,
ZocDocs, and RateMDs) allow patients to assign a general
rating, indicate detailed ratings of specific aspects of their
experience, and write comments, which are then disclosed to
the public (see Panel A of Figure S1 in Multimedia Appendix
1). In contrast to report cards, online reviews are prompt,
straightforward, and more subjective.

Recent studies of the reliability of physician online ratings,
however, show mixed results [8-11]. Some researchers argue
that online ratings may not reflect actual quality information
due to “fake” reviews and a lower response rate among patients
with less favorable outcomes [12,13]. Further, while some
researchers found that patients treated by cardiac surgeons with
lower online ratings had lower odds of surviving [14], others
found no correlation between online ratings and clinical quality
measures [15,16].

However, despite being controversial as quality measures, online
physician reviews may still affect patient choice. First, such
ratings are popular: surveys suggest that 50% to 75% of US
consumers choosing a physician consult physician review
platforms [17,18]. Second, online reviews serve as a form of
word-of-mouth. Previous studies suggest that the impact of
market-based learning on patient choice is greater than public
report cards, and that narratives from nonprofessionals have a
powerful impact [19,20]. Unfortunately, few studies have
directly examined the impact of online ratings on patient
demand. Early attempts used the volume of appointments
scheduled via review platforms as the outcome measure [21-24].
However, previous studies are subject to two major concerns:
first, online appointments do not necessarily result in an actual
office visit, which introduces measurement errors; second, good
online ratings and the decision of providing online scheduling
may be correlated with unobserved surgeon characteristics,
resulting in selection of physicians [25].

In this study, we investigated patient responses to different
quality information sources using both online ratings and report
card scores. We took advantage of the quality reporting based
on risk-adjusted mortality rates achieved by individual cardiac
surgeons in Pennsylvania, United States, which the state
publishes every 1 to 2 years. We compared the impact of online
ratings on patient choice with that of report card scores by
linking both types of rating information to inpatient discharges
in Pennsylvania over a 10-year period.

Methods

Data and Variables

Inpatient Records
We used inpatient discharge records collected by the
Pennsylvania Health Care Cost Containment Council (PHC4)
to identify coronary artery bypass graft (CABG) surgeries
(ICD-9-CM [International Classification of Diseases, Ninth
Revision, Clinical Modification] procedure codes 36.10-36.19)
performed from January 2008 through December 2017. Each
record included the quarter of admission, patient characteristics
(eg, age, sex, and home zip code), the operating physician’s
license number, and a hospital identifier. We used the operating
physician’s license number and the Pennsylvania State Licensing
System to identify the physician’s full name and practice
location, which were then used to identify the online ratings of
the physician. In this step, we matched information for 99.4%
of surgeons. We focused on surgeons who received at least one
set of report card scores during our study time frame and
obtained a sample of 37,354 CABG surgeries performed by 184
surgeons.

Online Physician Ratings
Our online ratings were from the website Vitals. Vitals was
launched in 2008 and is a leading physician review platform in
the United States. We chose Vitals for two important reasons.
First, it is free for both patients and providers to use and, thus,
has become very popular, accumulating reviews for over 1
million doctors and 165,000 facilities. In the first half of 2018,
for example, over 940,000 people in United States visited it
each month. The usage of Vitals in Pennsylvania ranked in the
top quartile among all the states (Figure S2 and Table S1 in
Multimedia Appendix 1 give more information about Vitals,
showing variations in Vitals usage across states and specialties,
respectively). Second, Vitals provides the date that each review
was posted, allowing us to identify the average ratings that a
patient would see at the time of his or her surgery.

Each review on Vitals includes a required overall rating, optional
ratings of eight specific aspects of the patient’s experience (ie,
ease of making appointments, promptness, friendliness of the
staff, accuracy of diagnosis, bedside manner, time spent with
the patient, whether there was appropriate follow-up, and wait
time), and optional written comments. All ratings range from
one to five stars. For each provider, Vitals displays all received
reviews and provides a summary with the average and the
distribution of the overall rating earned by the physician across
all of his or her practice hospitals (see Panel B of Figure S1 in
Multimedia Appendix 1). We identified surgeons who performed
CABG in Pennsylvania during our study period and who were
reviewed on Vitals using surgeons’ full names, specialties, and
locations. All reviews posted before January 1, 2018, were
scraped. A total of 1096 reviews for 132 out of 184 surgeons
(71.7%) were obtained (see Figure S3 in Multimedia Appendix
1 for variations in rating volumes across years).

We calculated the average overall ratings at the time of a
patient’s surgery at the surgeon-by-quarter levels and matched
this information to inpatient records based on the surgeon’s
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license number and the patient’s quarter of admission. In a given
quarter, ratings were the same for the same surgeon who
practiced at multiple hospitals. Following the literature [14],
we used a categorical form of the rating information to address
the potential underrepresentation of low ratings on Vitals (see
Figure S4 in Multimedia Appendix 1) while also taking into
account surgeons with no ratings. We gave a surgeon a “high
online rating” each quarter when the surgeon’s average rating,
based on reviews posted up to the most recent quarter, was at
least four stars. We also created an indicator that equals 1 if the
surgeon had not yet been reviewed on Vitals.

Report Card Scores
We obtained report card scores for providers from the seven
issues of PHC4’s Cardiac Surgery Report published during our
study period. Table S2 in Multimedia Appendix 1 lists the
publication dates and data collection periods for each issue.
Report cards provide quality scores for each surgeon who
performed at least 30 CABG surgeries during the data collection
period, indicating whether they had mortality rates that were
greater than expected, as expected, or lower than expected based
on risk-adjusted health outcomes of their patients (see Figure
S5 in Multimedia Appendix 1). We used the reported summary
measure for each surgeon across his or her practice hospitals.
Following the literature [3], we assumed that patients used the
most recent report card to inform their decisions and, therefore,
that the effective period of each report card was from its
publication date to the publication date of the next report card.
Accordingly, we linked the most recent report card information
to inpatient records, based on the surgeon’s name. We created
an indicator, “high report card score,” which equals 1 if the
surgeon had lower than expected mortality rates on the most
recent PHC4 report card. We generated a dummy variable for
surgeons with no score in the most recent report card.

Control Variables
We obtained hospital characteristics from the 2010 American
Hospital Association’s Annual Survey of Hospitals. These were
the number of beds, whether the hospital was a member of the
Council of Teaching Hospitals, whether it had a cardiology
intensive care unit (CICU), and the hospital’s zip code. We
calculated the distance between a patient’s zip code and the zip
code of the admitting hospital to capture the proximity of
surgeons to patients.

The Final Inpatient Sample
We restricted our sample to patients with fee-for-service plans
since their choices are expected to be less restricted by insurance
networks. The final inpatient sample with full information
consisted of 12,521 CABG discharges performed by 184
surgeons.

Empirical Strategy
We estimated a random coefficient logit model, also known as
the mixed logit model, to characterize a patient’s choice of
surgeon [26]. The model has become the preferred method in
hospital and physician choice analyses for two reasons [3,27].
First, the model estimates random coefficients on choice
characteristics, thus eliminating the need to assume
independence of irrelevant alternatives, which is likely to be

violated in a model of surgeon choice. Second, the model allows
for random taste variation among patients so that we can better
incorporate consideration of patient heterogeneity. This feature
is particularly important in our study because patients may differ
in their knowledge of and willingness to use information from
online ratings and report cards.

We assumed that each patient chooses among a set of possible
surgeon-hospital pairs (ie, the surgeon’s rating is the same across
the different hospitals where he or she works), and the observed
portion of utility is additively separable in hospital and surgeon
characteristics. The utility of patient i for choosing hospital j
and surgeon k at time t can be specified as follows:

where Qijkt is a vector of quality information variables and Xijk

is a vector of observed hospital characteristics, including the
patient’s distance from the hospital, and surgeon fixed effects,
which capture the effect of time-invariant unobserved
heterogeneity across physicians. εijkt is an idiosyncratic error
term, which is assumed to be random with an independent and
identically distributed extreme value distribution. Coefficients
of the quality information and the distance variable were
modeled as random variables with normal distributions to
represent heterogeneity in patient tastes. The preference
parameter, βi, is the parameter of interest, as it captures the
marginal utilities of the different sources of quality information.

The probability that patient i chooses surgeon k conditional on
αi and βi is as follows:

where yi
S represents patient i’s choice of surgeon, g indexes the

hospitals in patient i’s choice set, and Bg
t represents the set of

surgeons available at hospital set g at time t. The unconditional
choice probability can be then obtained by integrating the
conditional choice probability from equation 2 over the
probability density functions of α and β as follows:

where pijkt represents the probability of patient i choosing
hospital j and surgeon k at time t, and f ( ) is the density function
of a normal distribution. Through numeric integration, the log
likelihood function of equation 3 can be maximized to yield
estimates of the means and SDs of the preference parameters
[28,29] .

To define the choice set, we drew a circle with its radius
centered on a patient’s zip code and considered all
surgeon-hospital pairs located within that circle as possible
alternatives for the patient. In our main analysis, we followed
the literature and used a radius of 50 miles, excluding discharges
from patients who traveled beyond this cutoff [3], reducing the
sample by 14.21% (1779/12,521). The estimation sample for
the mixed logit models includes a total of 973,953
patient-alternative pairs.
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Our variables of interest were the dummy variables for good
quality information. We used two approaches to evaluate the
impact of good ratings on patient choice. First, we calculated
the average marginal effect (AME) of a surgeon receiving good
ratings by doing the following: randomly selecting one surgeon
from the choice set of each patient and bootstrapping 1000 times
to calculate changes in the predicted probability of the surgeon
being chosen when receiving a high rating versus not, then
taking the average over all randomly selected surgeons.

Second, we calculated the impact of good ratings on patients’
willingness to travel (WTT). Because patients generally
preferred a hospital closer to home, we used a patient’s WTT
for a surgeon-hospital pair as an analog of the willingness to
pay reported in preference studies involving prices. The WTT
was calculated as the negative ratio of the estimated coefficient
for high ratings to the estimated coefficient for distance.

Robustness Checks
We performed four robustness checks. First, attrition of
low-performing surgeons might lead to an overestimation of
the effect of favorable quality information. We assume a surgeon
has exited a patient’s choice set if he or she performed no CABG
surgeries during the quarter that patient was admitted and no
additional surgeries throughout the rest of our study period.

Second, we examined the effect of replacing the choice set based
on a fixed 50-mile radius centered on the patient’s residence to
a variable radius determined by the distance necessary to
encompass 90% of patients who received CABG at a hospital
(ie, the practice location of the surgeon). The variable radius

captures the actual market of each practice hospital.
Accordingly, we then redefined the choice set of a patient as
surgeons whose practice hospitals had an actual market that
covered the patient’s residence.

Third, we excluded patients with urgent and emergency
conditions because these patients are less likely to have adequate
time to gather information before making a choice. Finally, we
considered the possibility that surgeons with good ratings also
have better personal connections with primary care doctors or
cardiologists and, thus, receive more referrals. As the inpatient
records provide the license number of the doctors who made
referrals, we restricted our sample to patients without this
information in their records to address this concern.

Results

Descriptive Statistics
Table 1 reports descriptive statistics for key variables, first for
all fee-for-service CABG discharges in Pennsylvania during
our study time frame, and then for a sample restricted by travel
distance. The average distance to the hospital dropped by more
than half in the restricted sample due to the exclusion of patients
who traveled more than 50 miles. All other observed
characteristics were similar across the samples. In the restricted
sample, at the time of a surgery, on average, 25.66% of surgeries
were performed by surgeons with a high online rating, 68.43%
by surgeons with no rating on Vitals, 6.04% by surgeons who
received a high report card score, and 18.45% by surgeons with
no report card scores.

Table 1. Descriptive statistics of the inpatient sample.

Inpatient sample restricted to discharges

within 50 milesb (N=10,742), mean (SD)
Inpatient sample without restrictionsa

(N=12,521), mean (SD)Characteristic

Panel A: patient characteristics

70.23 (9.32)70.09 (9.39)Age (years)

69.66 (45.97)69.79 (45.92)Male (%)

85.88 (34.83)86.64 (34.03)White (%)

67.28 (46.92)68.48 (46.46)Nonemergency admission (%)

14.17 (11.87)32.94 (106.58)Distance to hospital (miles)

Panel B: surgeon characteristics (%)

25.66 (43.68)25.57 (43.62)High online rating

68.43 (46.48)68.60 (46.41)No online rating

6.04 (23.83)5.85 (23.46)High report card score

18.45 (38.79)18.34 (38.70)No report card score

Panel C: hospital characteristics

51.04 (49.99)56.28 (49.61)Teaching hospitals (%)

531.06 (355.82)543.04 (359.77)Bed size, n

92.09 (27.00)93.09 (25.36)Contains a cardiology intensive care unit (%)

aInpatient sample consisting of fee-for-service patients who received a coronary artery bypass graft in Pennsylvania from January 2008 to December
2017.
bSubset of the above sample who traveled less than 50 miles.
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Main Results
Table 2 reports estimates of the random coefficient logit model.
For each specification, we reported the estimated mean and SD
of the effect of the quality information and travel distance. The
estimated means represented the average responses of the
patients in our sample, and the estimated SDs captured the
degree of heterogeneity in such responses among patients. We

found that the estimated mean of “high online rating” was
positive and significant, suggesting that the average patient was
more likely to choose a surgeon who had a higher online rating
compared with lower-rated surgeons. In contrast, the estimated
mean of “high report card score” was small and insignificant,
suggesting no return in terms of patient preference for surgeons
whose patients were less likely to die than expected.

Table 2. Random coefficient logit estimates: fee-for-service patients’ choices in Pennsylvania, United Statesa.

P valueSD (SE)P valueMean (SE)Variable

.770.0643 (0.216)<.0010.317 (0.058)High online rating

<.0011.015 (0.117)<.0010.536 (0.064)No online rating

.390.326 (0.381).54–0.057 (0.093)High report card score

<.0010.828 (0.243)<.001–0.516 (0.091)No report card score

<.0010.122 (0.004)<.001–0.278 (0.005)Distance to hospital

aThe table presents random coefficient logit estimates from the estimation sample, which consists of within-50-mile alternatives for patients who received
a fee-for-service coronary artery bypass graft in Pennsylvania, United States. The number of observations (n=973,953) is the number of patient-alternative
pairs. Other control variables included hospital characteristics (ie, bed size, indicator for member of the Council of Teaching Hospitals, and indicator
for having a cardiology intensive care unit) and surgeon fixed effects.

Our results suggest that patients responded differently to
surgeons with no online ratings in Vitals and surgeons with no
report card scores. The positive estimated mean of “no online
rating” indicates that the average patient was more likely to
choose a surgeon who had not been reviewed on Vitals
compared to a surgeon who had been reviewed and received a
low rating. The findings suggested that it was worse for a
surgeon to appear on Vitals with a low rating than to not appear
at all. In contrast, the estimated mean of “no report card score”
was negative. Since the cardiac report cards assigned a rating
to all surgeons performing at least 30 surgeries during the data
collection period, the finding implied a desire by patients to
avoid surgeons that performed fewer operations.

We found little heterogeneity among patients with respect to a
surgeon having a high online rating or a high report card score:
all patients viewed these positively. Patient heterogeneity was
statistically significant, however, for missing online ratings or
report card scores. The significant estimated SDs for “no report
card score” and “no online rating” suggested that some patients
may treat the absence of such information as a signal of lower
quality, while others may not. Based on the cumulative standard
normal distribution, we found that 70.13% (ϕ [0.536/1.015]) of
patients considered no information better than low ratings on
Vitals, while the other 29.87% thought the opposite. The
corresponding figures were 26.66% and 73.34% (ϕ
[0.516/0.828]) for “no report card score,” suggesting a slightly
more unanimous opinion that a missing report card score was
a negative signal.

We calculated AMEs and WTT for a high online rating to further
understand the impact of this information. We found that holding
other observables constant, a surgeon’s probability of being
chosen would increase by 0.69 percentage points, on average,
if the surgeon’s online rating changed from low to high. We

defined the baseline probability of being chosen as the average
ratio of the total number of selected surgeons over the total
number of surgeons within patients’ choice sets. The above
AME estimates of “high online rating” corresponded to a
22.47% increase in choice probability, compared with the
baseline. In terms of WTT, in our sample an average patient
was willing to travel 0.59 miles to reach a surgeon with high
ratings on Vitals.

Additional Analyses
Table 3 presents results of the robustness checks. The first
column reports estimates from a sample restricted to surgeons
who remained in the market for the entire 10-year period. The
second column presents results using the variable radius
approach to define the choice sets. The third column reports
results from a sample excluding urgent and emergency
admissions. The fourth column displays results for nonreferral
admissions only. All of these results were qualitatively similar
with those presented in Table 2, suggesting that our main results
were robust to surgeon attrition, alternative choice set
definitions, and emergency status of admissions, and that our
findings were not driven by a referral effect.

Although the marginal effect of a high online rating is more
influential than a high report card score on patient utilities on
average, the relative importance of the two information sources
to patient choices may have changed over time. The number of
online reviews on Vitals for cardiac surgeons operating in
Pennsylvania was relatively small until 2014; since then, they
have become increasingly popular (Figure S3 in Multimedia
Appendix 1). We explore this further by adding a set of
interactions between each rating variable and a linear year trend
to equation 1 to capture any temporal pattern in the main effects
of the rating information.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e28098 | p.877https://www.jmir.org/2021/10/e28098
(page number not for citation purposes)

Li et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 3. Robustness checksa.

P valueNonreferraleP valueNonemergencydP valueVariable radiuscP value

Excluding exited

surgeonsbVariable

High online rating

.010.172 (0.068).020.164 (0.070).0500.142 (0.072).010.167 (0.067)Mean (SE)

.360.368 (0.399).990.004 (0.322).070.721 (0.398).0030.826 (0.278)SD (SE)

No online rating

<.0010.447 (0.074)<.0010.458 (0.079)<.0010.543 (0.075)<.0010.505 (0.067)Mean (SE)

<.0011.076 (0.160)<.0011.154 (0.126)<.0011.247 (0.218)<.0011.089 (0.195)SD (SE)

High report card score

.790.036 (0.138).39–0.073 (0.085).63–0.060 (0.124).870.016 (0.096)Mean (SE)

.360.445 (0.482).660.190 (0.429).030.650 (0.305).410.324 (0.396)SD (SE)

No report card score

<.001–0.316 (0.055)<.001–0.282 (0.055)<.001–0.278 (0.047)<.001–0.273 (0.045)Mean (SE)

.560.199 (0.344).500.169 (0.252).840.053 (0.268).690.109 (0.273)SD (SE)

Distance to hospital

<.001–0.293 (0.006)<.001–0.245 (0.005)<.001–0.327 (0.008)<.001–0.282 (0.005)Mean (SE)

<.0010.134 (0.005)<.0010.102 (0.005)<.0010.189 (0.009)<.0010.126 (0.005)SD (SE)

aAll random coefficient logit models also included hospital characteristics (ie, bed size, indicator for member of the Council of Teaching Hospitals, and
indicator for having a cardiology intensive care unit) and surgeon fixed effects.
bEach column is a separate regression. This column reports estimates from a sample restricted to surgeons who did not exit the market. The number of
observations (ie, the number of patient-alternative pairs) is 798,150.
cThis column reports results using the variable radius approach to define the choice sets. The number of observations is 354,226.
dThis column reports results from a sample excluding urgent and emergency admissions. The number of observations is 498,903.
eThis column reports results for nonreferral admissions only. The number of observations is 682,852.

Table 4 reports the results. The estimated means of the
interaction of “high online rating” and a linear year trend were
positive, while those of the interaction of “high report card
score” and a linear year trend were around four times smaller
and insignificant. Figure 1 depicts the marginal utilities of
receiving a high online rating and a high report card score over
time. The marginal effects of a high online rating were

imprecisely estimated in the early years and then turned positive
and significant after 2014. In contrast, the estimated marginal
effects of a high report card score did not strengthen, remaining
insignificant over our study period. Our results suggest that
online ratings have become more influential for patient choice
over time, while report card scores have not.
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Table 4. Temporal variations in the main effects of quality informationa.

P valueSD (SE)P valueMean (SE)Variable

.750.106 (0.335).046–0.367 (0.184)High online rating

<.0010.840 (0.188).53–0.134 (0.213)No online rating

.320.354 (0.357).31–0.154 (0.153)High report card score

.720.052 (0.144)<.001–0.907 (0.056)No report card score

<.0010.122 (0.004)<.001–0.277 (0.005)Distance to hospital

N/AN/Ab<.0010.097 (0.027)High online rating × year

N/AN/A.0050.091 (0.033)No online rating × year

N/AN/A.290.025 (0.024)High report card score × year

N/AN/A<.0010.165 (0.012)No report card score × year

aThe mean and SD columns present results from equation 1 with the interaction of quality variables and a linear time trend controlled. Estimation is
based on discharges of fee-for-service patients who traveled no more than 50 miles. The number of observations (n=973,953) is the number of
patient-alternative pairs. Other control variables included hospital characteristics (ie, bed size, indicator for member of the Council of Teaching Hospitals,
and indicator for having a cardiology intensive care unit) and surgeon fixed effects.
bN/A: not applicable; these coefficients were not modeled as random variables.

Figure 1. Changes in marginal effects of a high online rating and a high report card score on patient utility from 2008 to 2017. The marginal effects
of a high online rating and a high report card score on patient utility are plotted with their 95% CIs by year. Calculations were based on estimates
reported in Table 4.

Discussion

This paper investigated the impact of online physician ratings
on patients’ choice of CABG surgeon from 2008 through 2017
in Pennsylvania and compared it to the influence of report card
scores. We estimated random coefficient logit models to allow
for patient heterogeneity in preferences for surgeons with
different ratings using a sample of fee-for-service patients to
avoid impacts of insurance networks on patient choices. Our
results show that positive assessments on the online physician
rating platform had a significantly positive impact on a patient’s
choice of surgeon, and that the impact increased over our study
period. In contrast, the effect of a good report card score was
trivial and did not change much over these years.

Two reasons may explain the increasing influence of online
ratings. First, online ratings are much easier to use. If a patient

searches for a surgeon, most of the returned links are to
physician review websites. In contrast, to access report card
scores, patients must know the scores exist, go to the correct
website of the state agency, download the report, understand
the meaning of the scores, and read through the report to find
the physician that they are interested in. Second, online ratings
can provide information on things like communication skills,
friendliness of the staff, or ease of making an appointment,
attributes that patients care about, but which are not available
from report cards.

However, one concern about the increasing influence of online
ratings is that the information provided on these review websites
may steer patients away from surgeons who provide the best
quality in terms of health outcomes. To shed light on this issue,
we used text mining and machine learning techniques on the
written comments on Vitals to identify attributes more likely
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to result in a higher overall rating. In our scraped reviews, about
13% of the ratings included written comments.

First, we calculated frequency of words and phrases. We found
that phrases related to doctors’ attitudes toward patients, such
as “bedside manner,” “doctor caring compassionate,” and “office
staff,” were more frequently mentioned. In comments
accompanying low ratings, patients often complained about
scheduling issues and the time that the doctor spent with them.
We then employed the classification and regression trees method
to identify the strongest predictors of ratings among the
frequently mentioned words [30]. Our results showed that the
words “insurance,” “wait,” “appointment,” and “questions”
were the strongest predictors of ratings. About 50% of the
comments that contained “insurance” gave one star; around
79% of the comments that did not contain either “insurance”
or “wait” gave five stars. This suggested that insurance was a
purely negative factor: when insurance worked well, it did not
contribute to high ratings, but when patients raised concerns
about insurance-related issues with their surgeons, they were
very likely to give them a low rating. Our findings implied that
online ratings reflected more nonquality attributes of services
than report cards.

Our study extends previous research regarding impacts of
information on patient behaviors in several dimensions. First,
this is the first study to compare the impacts of online ratings
and public report cards on patient choice, providing insight into
patient behavior when different types of quality information are
available. Second, we presented new evidence on the impact of
online ratings by examining inpatient volumes. Consistent with
previous studies [21], we showed that online ratings exerted a
positive effect on the popularity of physicians. However,
previous literature generally relied on changes in volumes of
virtual appointments to examine this issue. We, instead, linked
the ratings directly to actual admissions and included in the
analysis surgeons that had not been reviewed. Our approach
helped avoid measurement error and selection of surgeons

because online appointments do not necessarily end up with
office visits and the absence of quality information may correlate
with other surgeon characteristics. Third, we constructed a large
sample that spans a 10-year period, allowing us to investigate
changes over time in the relative importance of online ratings
and report card scores for patient choice.

Our results yield important implications for both policy makers
and online review platforms. Online ratings provide richer
information about health services that patients seem to value
and are becoming increasingly influential on patient choice.
Nonetheless, such ratings are not driven by traditional quality
indicators, and the report cards that do provide objective quality
metrics have little impact. It is important to find ways to provide
the health service market with information that incorporates the
advantages of both online ratings and report cards. For policy
makers, it is urgent to improve report card systems, for example,
by making them easier to access and interpret, by working to
increase media coverage of report card information, and perhaps
by adding attribute measures that patients care about [1,27]. For
online review platforms, it is important to work out ways to
increase the importance of self-reported quality attributes in
overall ratings.

Our study has several caveats. We discussed our results in terms
of influences on patients’ choices, but we were not able to
determine whether a patient had read online ratings or report
cards before selecting a surgeon. Our results are, thus, better
interpreted as an intent-to-treat effect. Moreover, although we
found that a high online rating had a significant impact, we were
not able to explore the mechanisms of the impact with our
current data. For example, the subpopulation who are responsive
to the online ratings information could be different, or online
ratings may affect patient choices through younger members of
a family. Understanding the underlying mechanisms is important
and could be a focus of future research, because such knowledge
would facilitate the design of systems that more effectively
guide patients toward higher-quality providers.
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Abstract

Background: Wearable devices that are used for observational research and clinical trials hold promise for collecting data from
study participants in a convenient, scalable way that is more likely to reach a broad and diverse population than traditional research
approaches. Amazon Mechanical Turk (MTurk) is a potential resource that researchers can use to recruit individuals into studies
that use data from wearable devices.

Objective: This study aimed to explore the characteristics of wearable device users on MTurk that are associated with a
willingness to share wearable device data for research. We also aimed to determine whether compensation was a factor that
influenced the willingness to share such data.

Methods: This was a secondary analysis of a cross-sectional survey study of MTurk workers who use wearable devices for
health monitoring. A 19-question web-based survey was administered from March 1 to April 5, 2018, to participants aged ≥18
years by using the MTurk platform. In order to identify characteristics that were associated with a willingness to share wearable
device data, we performed logistic regression and decision tree analyses.

Results:  A total of 935 MTurk workers who use wearable devices completed the survey. The majority of respondents indicated
a willingness to share their wearable device data (615/935, 65.8%), and the majority of these respondents were willing to share
their data if they received compensation (518/615, 84.2%). The findings from our logistic regression analyses indicated that
Indian nationality (odds ratio [OR] 2.74, 95% CI 1.48-4.01, P=.007), higher annual income (OR 2.46, 95% CI 1.26-3.67, P=.02),
over 6 months of using a wearable device (OR 1.75, 95% CI 1.21-2.29, P=.006), and the use of heartbeat and pulse tracking
monitoring devices (OR 1.60, 95% CI 0.14-2.07, P=.01) are significant parameters that influence the willingness to share data.
The only factor associated with a willingness to share data if compensation is provided was Indian nationality (OR 0.47, 95% CI
0.24-0.9, P=.02). The findings from our decision tree analyses indicated that the three leading parameters associated with a
willingness to share data were the duration of wearable device use, nationality, and income.

Conclusions: Most wearable device users indicated a willingness to share their data for research use (with or without
compensation; 615/935, 65.8%). The probability of having a willingness to share these data was higher among individuals who
had used a wearable for more than 6 months, were of Indian nationality, or were of American (United States of America) nationality
and had an annual income of more than US $20,000. Individuals of Indian nationality who were willing to share their data expected
compensation significantly less often than individuals of American nationality (P=.02).

(J Med Internet Res 2021;23(10):e19789)   doi:10.2196/19789
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Introduction

A wearable device is a small hardware technology that people
wear on various parts of their bodies. These devices’ functions
may include tracking and monitoring health, fitness, food, and
aging-related metrics [1]. Using wearables has become very
popular in part because data collection and presentation occur
in real time [2] and due to their potential for having a positive
effect on health and fitness [3]. In addition, regular feedback
provided by wearables shows promise for positively influencing
physical activity and weight loss outcomes [4]. From a research
perspective, wearables hold promise for collecting data from
study participants in a convenient, scalable way that is more
likely to reach a broad and diverse population than traditional
research approaches [5,6].

Previous research on wearable device data sharing for research
has yielded mixed results regarding the willingness to share
such data [7-9]. Amazon Mechanical Turk (MTurk) is a potential
resource that researchers can use to recruit individuals into
studies that use data from wearables. MTurk is a crowdsourcing
platform that allows researchers to post human intelligence tasks
(HITs) that “workers” can choose to complete for compensation
[10]. Previous studies have assessed the opinions of individuals
from targeted populations such as older adults [7], health app
users [8], and patients [9]. Although there have been studies
that have recruited wearable users from MTurk [11,12], to our
knowledge, these participants’ characteristics have not been
examined. The objective of this study was to explore the
characteristics of wearable device users on MTurk that are
associated with a willingness to share data for research use. We
also aimed to determine whether compensation was a factor
that influenced the willingness to share such data. This study
will help researchers who are considering MTurk as a research
avenue to recruit wearable device users from MTurk and to
understand the potential benefits and limitations.

Methods

Study Design and Population
This was a secondary analysis of a cross-sectional survey study
of MTurk workers who use wearable devices for health
monitoring. These workers participated in the survey from
March 1 to April 5, 2018. Only adults over the age of 18 years
were eligible for this study. Details on the recruitment strategy
and survey instrument were reported in the primary publication
[13] and are summarized in the Recruitment Strategy and Survey
Instrument section.

Recruitment Strategy and Survey Instrument
We developed a 19-question web-based survey to explore the
characteristics that are associated with a willingness to share
wearable device data for research use. This survey was prepared
by using Qualtrics (Qualtrics International Inc). After publishing
a short description of the survey to the MTurk interface (ie, a
HIT), MTurk workers who met the eligibility requirement were

able to review the HIT, and if they chose to undertake the survey
task, they were referred to the external Qualtrics survey website
(Multimedia Appendix 1).

On the Qualtrics survey website, the web-based recruitment
strategy involved four parts—an introduction to this study,
screening questions, survey questions, and postsurvey steps.
The introduction provided an overview of this study, which
included details about the time limit, compensation, risks,
benefits, and the contact details of the investigators. The
screening portion was included to make sure that the respondents
were qualified to take the survey and that they understood
important concepts. Comprehension was assessed by using
multiple-choice questions on the meanings of health monitoring
technology and health monitoring data after providing
descriptions. In order to assess whether a respondent was
qualified to take the survey, they were asked to indicate if they
use a wearable device to monitor their health (Multimedia
Appendix 1). Only participants who answered the
comprehension questions correctly and indicated that they use
a wearable to monitor their health could move on to complete
the survey. The survey included questions about demographics,
experience with MTurk, motivations for participating in MTurk
HITs, experience with using wearables, and interest in
submitting wearable device data for research purposes. For the
postsurvey steps, upon the successful completion of the survey,
respondents were given a short message of appreciation for their
participation. They were also provided with a random,
automatically generated validation code. In order to receive
payment for completing the survey, the validation code had to
be entered on MTurk. Each participant was paid US $0.40 for
their responses.

Pilot tests for this process were conducted to determine the time
required for completing the survey. Additionally, to make sure
that the efficiency of the data did not decrease, we ensured that
respondents from all of the previous batches were unable to
respond to the latest batch of HITs.

This study was judged as one that imposed only minimal risks
on participants and was determined to be exempt from
institutional review by both the Johns Hopkins University
(protocol code: IRB00158371) and University of Maryland
(protocol code: IRB 1165377) institutional review boards.

Outcomes and Associated Variables
The primary outcome was a willingness to share wearable device
data for research purposes. The secondary outome was a
willingness to share wearable device data if compensation is
provided. The focus of the analysis was to understand the
characteristics associated with a willingness to share wearable
device data and those associated with a willingness to share
such data if compensation is provided. The surveyed
demographic characteristics included age (18-24 years, 25-34
years, 35-44 years, and ≥45 years), sex (male and female),
nationality (American [United States of America], Indian, and
other), annual income in US dollars (<US $20,000; US
$20,000-US $39,999; US $40,000-US $69,999; and ≥US
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$70,000), and education (high school diploma or other, some
college, a bachelor’s degree, and a graduate degree or work).
In addition, the surveyed wearable device characteristics
included the purpose of use (heartbeat and pulse tracking; sleep
tracking; step tracking; and diet-related tracking, that is, the
tracking of calories, body fat, or nutrients) and the duration of
use (<6 months and ≥6 months). We also tested for a possible
association between the willingness to share wearable device
data and the average time spent on doing HITs per week (0 to
<2 hours, 2 to <4 hours, 4 to <8 hours, 8 to <20 hours, and ≥20
hours).

Statistical Analysis
Bivariate analyses via chi-square tests were used for categorical
variables to estimate differences in characteristics between
workers with and without a willingness to share wearable device
data for research use. Similar analyses were performed for
workers who were willing to share such data to estimate
differences in characteristics between those who were expecting
compensation and those who were not. With regard to
multivariable analyses, we performed a logistic regression to
evaluate the relationship between a willingness to share wearable
device data and the individual characteristics of MTurk workers.

A similar model was used to analyze the willingness to share
such data if compensation is provided. In addition, we performed
decision tree analyses to identify subgroups that have a higher
probability to share wearable data for research. All analyses
were performed by using R version 3.6.2 (R Foundation for
Statistical Computing).

Results

A total of 935 MTurk workers who use wearable devices
completed the survey. Almost 90% (827/935, 88.4%) of
participants were aged 18 to 44 years, 58.9% (551/935) were
male, 64.7% (605/935) were of American nationality, and about
60% (578/935, 61.8%) had been using wearables for more than
6 months (Table 1). Two-thirds of all respondents (615/935,
65.8%) indicated a willingness to share their wearable device
data. Nationality, annual income, education, the average time
spent on completing HITs per week, the duration of using
wearable devices, and the use of wearables that track heartbeat
and pulse had a statistically significant association with a
willingness to share data without expecting compensation in
the univariate analysis (Table 1).
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Table 1. Univariate analysis of the association between the willingness to share wearable device data for research and Amazon Mechanical Turk
workers’ characteristics and between the willingness to share data if compensation is provided and workers’ characteristics.

Willingness to share wearable device data if

compensation is provideda
Willingness to share wearable device dataTotal (N=935),

n (%)
Characteristics

P valueYes (n=518), n
(%)

No (n=97), n
(%)

P valueYes (n=615), n
(%)

No (n=320), n
(%)

 

Sex

N/A301 (58.1)62 (63.9)N/Ab363 (59)188 (58.8)551 (58.9)Male

.27213 (41.1)33 (34).97246 (40)129 (40.3)375 (40.1)Female

N/A4 (0.8)2 (2.1)N/A6 (1)3 (0.9)9 (1)Other or prefer not to say

Age (years)

N/A64 (12.4)14 (14.4)N/A78 (12.7)52 (16.3)130 (13.9)18-24

.83282 (54.4)49 (50.5).59331 (53.8)159 (49.7)490 (52.4)25-34

N/A113 (21.8)24 (24.7)N/A137 (22.3)70 (21.9)207 (22.1)35-44

N/A53 (10.2)10 (10.3)N/A63 (10.2)37 (11.6)100 (10.7)≥45

N/A6 (1.2)0 (0)N/A6 (1)2 (0.6)8 (0.9)Prefer not to say

Nationality

N/A338 (65.3)45 (46.4)N/A383 (62.3)222 (69.4)605 (64.7)American (United States
of America)

<.001114 (22)43 (44.3).008157 (25.5)53 (16.6)210 (22.5)Indian

N/A66 (12.7)9 (9.3)N/A75 (12.2)45 (14.1)120 (12.8)Other

Annual income (US $)

N/A99 (19.1)35 (36.1)N/A134 (21.8)92 (28.7)226 (24.2)<20,000

.01134 (25.9)20 (20.6).03154 (25)82 (25.6)236 (25.2)20,000-39,999

N/A156 (30.1)26 (26.8)N/A182 (29.6)94 (29.4)276 (29.5)40,000-69,999

N/A126 (24.3)16 (16.5)N/A142 (23.1)52 (16.2)194 (20.7)≥70,000

N/A3 (0.6)0 (0)N/A3 (0.5)0 (0)3 (0.3)Prefer not to say

Education

N/A111 (21.4)19 (19.6)N/A130 (21.1)62 (19.4)192 (20.5)Graduate degree or work

.90272 (52.5)53 (54.6).04325 (52.8)147 (45.9)472 (50.5)Bachelor’s degree

N/A106 (20.5)21 (21.6)N/A127 (20.7)83 (25.9)210 (22.5)Some college

N/A29 (5.6)4 (4.1)N/A33 (5.4)28 (8.8)61 (6.5)High school diploma or
other

Average time spent on doing human intelligence tasks per week (hours)

N/A62 (12)12 (12.4)N/A74 (12)46 (14.4)120 (12.8)0 to <2

.4591 (17.6)15 (15.5).04106 (17.2)77 (24.1)183 (19.6)2 to <4

N/A131 (25.3)31 (32)N/A162 (26.3)63 (19.7)225 (24.1)4 to <8

N/A135 (26.1)18 (18.6)N/A153 (24.9)75 (23.4)228 (24.4)8 to <20

N/A99 (19.1)21 (21.6)N/A120 (19.5)59 (18.4)179 (19.1)≥20

Duration of using wearable devices (months)

N/A159 (30.7)48 (49.5)N/A207 (33.7)150 (46.9)357 (38.2)≤6

.001359 (69.3)49 (50.5)<.001408 (66.3)170 (53.1)578 (61.8)>6

Purpose of wearable devicec

.97266 (51.4)49 (50.5).004315 (51.2)131 (40.9)446 (47.7)Heartbeat and pulse track-
ing
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Willingness to share wearable device data if

compensation is provideda
Willingness to share wearable device dataTotal (N=935),

n (%)
Characteristics

P valueYes (n=518), n
(%)

No (n=97), n
(%)

P valueYes (n=615), n
(%)

No (n=320), n
(%)

 

.61188 (36.3)32 (33).31220 (35.8)103 (32.2)323 (34.5)Sleep tracking

.001376 (72.6)54 (55.7).62430 (69.9)218 (68.1)648 (69.3)Step tracking

.68311 (60)61 (62.9).24372 (60.5)180 (56.2)552 (59)Diet (calories, body fat,
and nutrition)

aData are from those who are willing to share data.
bN/A: not applicable.
cMore than 1 option could be selected by the same person.

Among those who were willing to share their wearable device
data, 84.2% (518/615) indicated that they were willing to do so
if compensation was provided. Nationality, annual income, the
duration of using wearable devices, and the use of wearables
that track steps had a significant univariate association with a
willingness to share data if compensation is provided. A more
granular breakdown of the duration of using wearable devices
among our study population is shown in Multimedia Appendix
2.

The findings from our logistic regression analyses indicated
adjusted associations between the willingness of MTurk workers

to share wearable device data and their characteristics. In
particular, Indian nationality (odds ratio [OR] 3.09, 95% CI
1.92-5.02); annual incomes of US $20,000-US $39,999, US
$40,000-US $69,999, and ≥US $70,000 (OR 1.61, 95% CI
1.04-2.52; OR 1.73, 95% CI 1.12-2.7; OR 2.32, 95% CI
1.4-3.87, respectively); over 6 months of using a wearable (OR
1.74, 95% CI 1.26-2.4); and the use of heartbeat and pulse
tracking wearables (OR 1.58, 95% CI 1.17-2.14) were associated
with a higher willingness to share data for research use (Table
2).
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Table 2. Multivariable analysis (logistic regression) of the association between the willingness of Amazon Mechanical Turk workers to share wearable
device data for research and their characteristics and between their willingness to receive compensation for donating wearable device data and their
characteristics.

Willingness to share wearable device data
if compensation is provided

Willingness to share wearable device dataCharacteristics

P valueOdds ratio (95% CI)P valueOdds ratio (95% CI)

MTurk workers’ characteristics

Sex

Reference1.00 (reference)Reference1.00 (reference)Male

.531.17 (0.72-1.92).531.10 (0.78-1.43)Female

Age (years)

Reference1.00 (reference)Reference1.00 (reference)18-24

.751.12 (0.54-2.24).960.99 (0.56-1.42)25-34

.450.74 (0.33-1.6).910.97 (0.50-1.45)35-44

.620.78 (0.3-2.1).640.88 (0.37-1.39)≥45

Nationality

Reference1.00 (reference)Reference1.00 (reference)American

.020.47 (0.24-0.9).0072.74 (1.48-4.01)Indian

.711.16 (0.54-2.74).611.13 (0.64-1.62)Other

Annual income (US $)

Reference1.00 (reference)Reference1.00 (reference)<20,000

.111.72 (0.88-3.43).081.61 (0.93-2.29)20,000-39,999

.421.31 (0.68-2.55).0451.76 (1.02-2.51)40,000-69,999

.291.52 (0.71-3.32).022.46 (1.26-3.67)≥70,000

Education

Reference1.00 (reference)Reference1.00 (reference)Graduate degree or work

.930.97 (0.52-1.78).231.31 (0.81-1.81)Bachelor’s degree

.270.64 (0.29-1.39).691.10 (0.60-1.60)Some college

.961.03 (0.31-4.13).820.93 (0.32-1.54)High School diploma or other

Average time spent on doing human intelligence tasks per week (hours)

Reference1.00 (reference)Reference1.00 (reference)0 to <2

.651.22 (0.51-2.88).150.73 (0.37-1.10)2 to <4

.760.89 (0.4-1.88).251.41 (0.71-2.11)4 to <8

.261.61 (0.69-3.66).581.16 (0.59-1.73)8 to <20

.591.25 (0.54-2.83).601.16 (0.56-1.76)≥20

Health monitoring technologies

Duration of using wearable devices (months)

Reference1.00 (reference)Reference1.00 (reference)≤6

.061.60 (0.99-2.6).0061.75 (1.21-2.29)>6

Purpose of wearable devicea

.771.07 (0.67-1.71).011.60 (1.14-2.07)Heartbeat and pulse tracking

.991.00 (0.62-1.65).541.11 (0.77-1.44)Sleep tracking

.171.45 (0.85-2.44).411.17 (0.77-1.57)Step tracking

.880.96 (0.59-1.57).601.09 (0.77-1.41)Diet (calories, body fat, and nutrition)

aMore than 1 option could be selected by the same person.
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The decision tree analysis identified three characteristics that
were significantly associated with the willingness to share
wearable data for research and subdivided all participants into
4 segments (nodes). The first characteristic in the tree (highest
importance) was the use of health monitoring wearables for
more than 6 months. If the response was positive (ie, “yes”;
node 1; n=578), these participants had a 71% probability of
having a willingness to share wearable data. For participants
who indicated that they have been using wearables for 6 months
or less, the second question was “what is your nationality?” If
they were of Indian nationality (node 2; n=118), then the

probability of having a willingness to share wearable data was
69%. If the participant was not Indian, the next question was
“what is your annual income?” Individuals with an annual
income of more than US $20,000 (node 3; n=188) had a 57%
probability of having a willingness to share wearable data. The
last segment of participants, who indicated a wearable device
use duration of less than 6 months, were not Indian, and had an
annual income of less than US $20,000 (node 4; n=51), had a
low probability of being willing to share wearable data (33%).
The accuracy of the decision tree was 0.684 (Figure 1).

Figure 1. Decision tree analysis for the classification of Amazon Mechanical Turk workers who are willing or not willing to share wearable device
data for research purposes (N=935; Accuracy=0.684).

Discussion

Principal Findings
In this study, we explored the characteristics of wearable device
users on MTurk that are associated with a willingness to share
wearable device data for research use. Our findings show that
about two-thirds of individuals (615/935, 65.8%) who used
wearables indicated a willingness to share their data for research
use. The probability of having a willingness to share wearable
device data was higher among individuals who had been using
wearables for more than 6 months, individuals with higher
incomes, individuals of Indian nationality, and individuals who
use wearables for heartbeat and pulse tracking. The majority of
those who were willing to share wearable data (518/615, 84.2%)
preferred to receive compensation for sharing such data. Further,
MTurk workers from India expected compensation significantly
less often than American workers (P=.02). No other factors
were associated with the willingness to share wearable device
data if compensation is provided.

Our principal finding is that most MTurk workers (615/935,
65.8%) were willing to share their wearable data for research;
however, the results of similar studies based on different

populations are mixed. One study of older adults [7] and another
study of health and fitness app users [8] found that a majority
of participants were willing to share their digital device data.
The study with older adults also found an association between
income and a willingness to share such data [7]. In another study
of patients who were seeking care in an academic emergency
department, a minority (40%) of patients indicated a willingness
to share wearable device data with researchers [9]. More patients
were willing to share other types of data (eg, music streaming
data), and a majority were willing to share all surveyed digital
data types after death, including wearable device data.

Our finding that a willingness to share wearable device data
may differ due to experience with using such devices is similar
to the findings of others. For example, a survey found that those
with a self-rated low or medium level of expertise with
wearables were less willing to share such data [14]. Another
survey of health and fitness app users found that
“quantified-selfers” were significantly more willing to share
their personal data on a public scientific database compared to
“non–quantified-selfers” [8]. The relationship between
experience and the willingness to share data may be influenced
by factors such as a knowledge of data protection laws and
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people’s comfort with the privacy implications of sharing data.
Furthermore, individuals who have more experience with
engaging in self-tracking or data sharing activities may be
different from individuals with less experience (eg, being more
accustomed to sharing data due to previously participating in
self-tracking studies or finding value in sharing and discussing
their data with others as part of the quantified self movement).

This study is among the few investigating the willingness to
share wearable device data if financial compensation is provided.
In a review of motivating factors that influence participation in
genomic studies, the authors found compensation to be the least
important factor [15]. Genomic studies however largely do not
involve wearable data donation. In another study that had a
sample of individuals that was more similar to ours (ie, a
population in which self-tracking was common), the authors
found that a majority “probably would” or “definitely would”
be willing to share their data and that a majority would be
“more” or “much more” willing to share data if they were
compensated [16]. Different from that study, we also
investigated characteristics that are associated with the
willingness to share if compensation is provided and found
nationality to be the only statistically significant factor (P=.02).

We also found that people who collect heartbeat and pulse
tracking data are more willing to share wearable device data.
When considering the two data representation levels (ie, sensor
data and derived information [14]) that were present among the
data types covered in our survey, heartbeat and pulse tracking
data were the only data type at the sensor data level. The other
data types were derived information from accelerometors (ie,
those for sleep tracking and step tracking) or other sensors (ie,
those for tracking calories, body fat, nutrients). This finding
might be suggestive of a lower concern with data privacy, given
that derived information only makes use of a subset of the
available raw data. However, given that we did not make the
distinction between raw and derived data in our survey, it is
very possible that survey respondents were unaware of the kinds
of derived information that can be collected from heartbeat and
pulse tracking devices (eg, health status and life expectations).
According to the work of Schneegass et al [14], wearable device
users’ understanding of the relationship between sensor data
and the derived information from sensor data is still limited.
Thus, when considering mechanisms for increasing people’s
willingness to share wearable device data, requesting access to
derived information may be the most appropriate approach for
maximizing the transparency on data that would be studied in
the research.

The demographic characteristics of the MTurk workers who
enrolled in this study were in close accord with those in another
study that was conducted at around the same time [17]. Most
of the workers were from the United States (605/935, 64.7% in
this study vs the 75% in the work of Difallah et al [17]), the
second largest group was from India (210/935, 22.5% in our
survey vs the 16% in the work of Difallah et al [17]), and the
remaining respondents were from other countries. Males
constituted 58.9% (551/935) of the respondents in our study.
This is similar to what we have observed among MTurk workers
for most countries except the United States [17,18]. The
population of MTurk workers who use wearable devices is

slightly younger than the general population of MTurk workers.
Almost 90% (827/935, 88.4%) of our population were aged 18
to 45 years, whereas 70% of general MTurk workers are aged
18 to 50 years [17]. The age distribution in our study however
is similar to that of wearable device users in the United States
[19]. The annual income of our population was lower than that
of the general US population [20] but was similar to the income
of MTurk workers [17]. The median income of the study
population was below US $40,000, whereas the median income
of MTurk workers is about US $47,000 and the median income
of the US general population is about US $60,000.

Limitations
First, the generalizability of MTurk survey responses is a
common concern for researchers. Our study found some
similarities to and some differences from the general population
of wearable device users. Our sample may also have been more
driven by compensation than a general study population due to
our use of MTurk. Future work might compare the MTurk
sample with other types of samples, such as web panels [21]
and social media forum users who are not offered compensation.
Second, data quality concerns are also common with
crowdsourcing studies such as ours. In order to improve the
quality of our data, we built a comprehension screening test
into our survey. Although it was not explored in this study, high
data quality may also be better ensured through the use of
sampling strategies that take the experience and reputation of
workers into consideration [22]. Third, opinions about a
willingness to share wearable device data may differ from actual
decisions. This has been observed in a study of the willingness
to participate in biobank research [23]. Similar factors that
influence participation in biobank research that are less
influential in a hypothetical context, such as trust, may play a
part in whether data are actually shared for research. Others
have found that a willingness to share digital data, for example,
may be a function of people’s trust in scientific teams [24].
Additionally, informed consent for data donation in situations
where individuals may no longer have control over their data
after the donation has been completed was not explicitly
described to the participants in this study, and this may have
influenced their actual willingness. Fourth, the complexity and
the multiplicity of influences on wearable data donation could
not be fully captured by this study. For example, the
demographic characteristics of individuals that were related to
a higher probability of having a willingness to share wearable
data were high income and Indian nationality. There are likely
cultural contexts that are relevant to these factors, such as social
norms and the data protection policies of different countries,
which influence attitudes toward data donation. Future works
that recruit participants by using the MTurk platform should
explore other factors that may influence the decision to share
data, such as trust; control over what and how data are used;
informed consent considerations (eg, broad consent, dynamic
consent, etc); and interactions between individual factors and
possible broader factors, such as social norms and data
protection policies. Furthermore, a better understanding of the
extent to which the openness to data sharing translates into
actual behaviors exhibited by the broad population of wearable
device users will help to guide researchers seeking to recruit
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these individuals. A person’s comfort with sharing data prior
to a data request, for example, may influence the extent to which
the hypothetical willingness to share data translates into an
actual data donation.

Implications

Crowdsourcing Wearable Device Data Donation
This study summarizes the characteristics of potential wearable
users who were recruited from MTurk. Missing descriptions of
crowd workers’ characteristics in study reports are a frequent
issue in health research studies [25]. Although there are other
studies that have recruited wearable users from MTurk [11,12],
to our knowledge these workers’ characteristics have not been
examined. Once participants give approval for accessing their
wearable device data, mechanisms for granting access, such as
on-device permissions (eg, as with Apple HealthKit) and the
OAuth 2.0 protocol [26], can be used to allow researchers to
remotely access wearable device users’ data. Therefore, the
crowdsourcing aspect of MTurk can allow researchers to quickly
reach a large number and a diversity of study participants [10].
As MTurk is considered further as a source for recruiting study
participants who are willing to share wearable device data, the
secondary use of such data for research will require the careful
consideration of current data protection laws, such as the
European Union General Data Protection Regulation and US
Health Insurance Portability and Accountability Act.

Enabling Wearable Data Donation
In order to enable wearable device data donation by MTurk
workers, technical approaches are needed to obtain permissions
for the secondary use of data and for transferring data to research

platforms that have the appropriate levels of privacy and
security. There are platforms, such as mCerebrum DataKit [27]
and Open Humans [28], that have been designed to collect
mobile sensor data from multiple sources, including wearable
devices. However, there are few devices that support the transfer
of data [29]. A recent review of iOS personal health apps
showed that only 33% of apps support application programming
interfaces—a data access method that allows for the most
fine-grained data access [26]. Given the high willingness of
MTurk workers to share wearable device data that was identified
in our study, future work might enable wearable data access for
devices that are commonly used by MTurk workers and establish
opt-in data collection services that are compatible with existing
platforms.

Conclusions
In this study, we examined MTurk workers’willingness to share
wearable device data for research use and the characteristics
associated with a willingness to share such data. We found that
about two-thirds of wearable device users on MTurk (615/935,
65.8%) indicated a willingness to share their data for research
use. Among those who were willing to share such data, most
(518/615, 84.2%) indicated that they were willing to share their
data if compensation is provided. The probability of having a
willingness to share wearable device data was higher among
individuals who had used a wearable for more than 6 months,
were of Indian nationality, or were of American nationality and
had an annual income of more than US $20,000. Overall, our
findings are encouraging and should be considered by
crowdsourcing research studies that involve wearable device
data sharing. Existing platforms for opt-in data collection should
be used to achieve this goal.
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Abstract

Background: The use of e-visits in health care is progressing rapidly worldwide. To date, studies on the advantages and
disadvantages of e-consultations in the form of chat services for all inquiries in primary care have focused on the perspective of
health care professionals (HCPs) rather than those of end users (patients).

Objective: This study aims to explore patients’ experiences using a chat-based and automated medical history–taking service
in regular, tax-based, not-for-profit primary care in Sweden.

Methods: Overall, 25 individual interviews were conducted with patients in the catchment areas of 5 primary care centers
(PCCs) in Sweden that tested a chat-based and automated medical history–taking service for all types of patient inquiries. The
semistructured interviews were transcribed verbatim before content analysis using inductive and deductive strategies, the latter
including an unconstrained matrix of human, organization, and technology perspectives.

Results: The service provided an easily managed way for patients to make written contact with HCPs, which was considered
beneficial for some patients and issues but less suitable for others (acute or more complex cases). The automated medical
history–taking service was perceived as having potential but still derived from what HCPs need to know and how they address
and communicate health and health care issues. Technical skills were not considered as necessary for a mobile phone chat as for
handling a computer; however, patients still expressed concern for people with less digital literacy. The opportunity to take one’s
time and reflect on one’s situation before answering questions from the HCPs was found to reduce stress and prevent errors, and
patients speculated that it might be the same for the HCPs on the other end of the system. Patients appreciated the ability to have
a conversation from almost anywhere, even from places not suitable for telephone calls. The asynchronicity of the chat service
allowed the patients to take more control of the conversation and initiate a chat at any time at their own convenience; however,
it could also lead to lengthy conversations where a single issue in the worst cases could take days to close. The opportunity to
upload photographs made some visits to the PCC redundant, which would otherwise have been necessary if the ordinary telephone
service had been used, saving patients both time and money.

Conclusions: Patients generally had a positive attitude toward e-visits in primary care and were generally pleased with the
prospects of the digital tool tested, somewhat more with the actual chat than with the automated history-taking system preceding
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the chat. Although patients expect their PCC to offer a range of different means of communication, the human, organization, and
technology analysis revealed a need for more extensive (end) user experience design in the further development of the chat
service.

(J Med Internet Res 2021;23(10):e29868)   doi:10.2196/29868

KEYWORDS

digital encounter; digital healthcare; e-consultation; e-health; interview; patient perspective; primary healthcare; qualitative study;
telemedicine; telehealth

Introduction

e-Visits in Swedish Primary Care
The digitalization of health care is now progressing rapidly, not
least because of the current COVID-19 pandemic, when
client-to-provider telemedicine (also known as digital, virtual,
or e-consultations; digital encounters; or e-visits) may ensure
access to health care at times of social distancing [1,2]. Such
e-visits may include videoconferencing; emailing; text
messaging via web portals; SMS text messaging; and, more
recently, chat services, predominantly designed for mobile
devices (especially mobile phones) with the intention of a quick
reply.

Following a change in the legislation to increase access to
primary care in Sweden, for-profit medical companies with
web-based services only have offered chat services since 2014
for most patient inquiries in primary care for the entire
population of Sweden, regardless of which primary care center
(PCC) the patient actually belongs to. Although controversial
from a reimbursement perspective (as an invoice will be sent
to the patient’s regular PCC for each of such e-visits) and
criticized for initiating certain treatments without a proper
physical examination, these services have become increasingly
popular for patients over the years. Subsequently, chat services
are emerging also in regular tax-based, not-for-profit primary
care, and contrary to the web-based medical services described
earlier, the regular primary care offers the opportunity to convert
chat conversations into clinical visits [3]. Despite the growing
use of these chat services by patients, earlier interview studies
have focused on the perspectives of health care professionals
(HCPs) [4-7]. To our knowledge, before our study, no reports
on patients’experiences of chat services for all kinds of inquiries
in regular primary care had been published, from neither Sweden
nor elsewhere.

Automated Medical History–Taking
e-Visit services often include automated medical history taking,
as do the aforementioned chat services in Swedish primary care.
Automated medical history taking can improve the quality of
care and increase patient satisfaction; patients can document
their medical history without any interference or time
constraints, and HCPs can prepare for consultations in a
time-efficient manner [8,9]. Earlier studies from primary care
have suggested many benefits of using automated medical
history taking, such as enabling triage prioritization and
increasing diagnostic precision [10]. Potential risks include
erroneous information, loss of nonverbal cues, and low digital
literacy. As long as the questions are carefully designed to

describe their health status accurately, patients using automated
medical history taking in emergency care have reported that it
helps them to organize their thoughts and thus enables better
dialog with their physician [11].

Human, Organization, and Technology Perspectives
on e-Visits
The rapid introduction of new and innovative digital
communication tools in health care, often without taking enough
time to consider implementation strategies from a theoretical
perspective, has highlighted the need for thorough evaluations.
Studying the implementation of e-visits from the three
perspectives of human, organization, and technology (HOT) in
parallel and given equal attention can render a more holistic
evaluation [12-15]. Human factors include aspects such as user
satisfaction; organizational factors cover aspects such as
structure; and technological factors include aspects such as
information and system quality. The more these aspects fit with
each other, the greater the potential. The greatest risks are found
in the intersections and interactions among them, and therefore,
it is important for successful implementation to identify and
rectify any gaps.

The aim of this study is to explore patients’experiences of using
a chat-based and automated medical history–taking service in
Swedish, regular, tax-based, not-for-profit primary care.

Methods

Design
An explorative design formed this study, with data collected
through semistructured individual interviews and analyzed using
content analysis.

Setting
Health care in Sweden is regionalized and managed by 21
independent county councils. In the county of Östergötland in
southeastern Sweden, a chat-based service (provided by a
commercial company) within primary care was tested by 5 PCCs
for about a year, starting from April and May 2019. These PCCs
were representative of the region, and Sweden, including both
urban and rural areas. Normally, patients who need to consult
their PCC for various health-related requests would contact
their PCC through a telephone triage system, where they register
their telephone number and are assigned a specific point in time
later in the day when they will be contacted by a nurse at the
PCC for triage, that is, Swedish patients are not accustomed to
being put in touch directly with their personal physician, nurse,
or physiotherapist, when contacting their PCC. When all
available time slots for talking to the triage nurse are taken for

J Med Internet Res 2021 | vol. 23 | iss. 10 |e29868 | p.895https://www.jmir.org/2021/10/e29868
(page number not for citation purposes)

Nilsson et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://dx.doi.org/10.2196/29868
http://www.w3.org/Style/XSL
http://www.renderx.com/


a particular day, patient callings are advised automatically by
the system to try again the following day.

During the test period, adult patients calling their PCC between
8 AM and 3 PM, Monday to Friday (weekdays), were offered
the use of a digital chat-based communication system as an
alternative to the telephone triage. A voice message specified
the alternative, offering the choice of receiving a link to the
digital service via a text message on their mobile phone, along
with a guaranteed response in the chat from the PCC within 2
hours. It was also possible to access the service through the
websites of the PCCs. To log in to the system, the patient used
a common secure personal identification system. Before the
actual chat, an automated medical history–taking service was
offered, where the patient responded to a battery of
automatically generated questions about their chief complaint
and current health status. The questions were rule-based,

although response adaptive, and included both fixed and free
response alternatives.

Sample
Patients logging in to the chat service in September to November
2019 were asked if they were willing to participate in the
evaluation study. If so, they ticked a box giving the researchers
permission to contact them with more information about the
study. During this period, nearly 600 patients ticked the box
and 25 of them were selected (5 from each PCC) in stratified
purposeful sampling, to ensure participation of both men and
women of all ages. In addition, age- and sex-matching reserves
were selected if patients had changed their minds or otherwise
were unable to participate in the study. In total, 35 patients had
to be invited as 10 declined for various or unknown reasons.
The demographics of the participants are presented in Table 1.

Table 1. Demographics of the participants (N=25).

Men (n=12)Women (n=13)Total (N=25)Demographics

53 (18.4; 22-76)48 (19.3; 21-81)51 (19.0; 21-81)Age (years), mean (SD; range)

10 (83)9 (69)19 (76)Living in urban areas, n (%)

Manage your own electronic devices,a n (%)

12 (100)11 (84)23 (92)Always or almost always

0 (0)1 (8)1 (4)Most of the time

0 (0)1 (8)1 (4)Some of the time

aNobody chose the response alternative never or almost never.

Procedure

Data Collection
The selected patients were contacted via the mobile phone
number registered while using the chat service. Information
about the study was given orally and also sent by mail or email
to those who agreed to participate in the study. A suitable time
for the telephone interview was agreed upon, according to the
availability of the patient.

The interviews were conducted by 2 of the researchers in the
team: author AS conducted 12 interviews and a trained research
associate (Catharina Linderoth) conducted the other 13 (as
further noted in Acknowledgments), supported by an agreed
semistructured interview guide compiled for this study. The
guide comprised three areas: (1) digital communication (in
general), (2) experience of the digital tool in question, and (3)
digital patient-professional relationship. Probes were available
but were used only if the respondents did not naturally expand
on the subjects. Four final demographic questions were asked:
(1) age, (2) sex, (3) whether the respondents considered
themselves living in a rural or urban area, and (4) how confident
the respondent was in managing problems with their electronic
devices (Table 1). The interview guide was tested and validated
in a pilot study at the beginning of the test period (April-May
2019), indicating that it was comprehensive and corresponded
to the study purpose. Before each interview began, the
participant received a recap of the study information before the

participant’s informed consent, which was recorded. All
interview recordings were transcribed verbatim by a skilled
secretarial service. The interviews lasted between 8 and 31
minutes, with a mean of 21 (SD 5) minutes. The transcripts
rendered 153 pages of one-and-a-half-spaced text. No data were
reported back to the participants or PCCs.

Data Analysis
All transcripts were read separately by all authors in an inductive
manner and everyone then presented, in writing, their individual
general understanding of the data set, per interview and as a
whole. A subsequent team discussion informed a common
understanding of tentative categories. To advance the structured
analysis, the elements of HOT were considered by the team,
generating an unconstrained matrix, as described by Elo and
Kyngäs [16]. To conclude, the relationships among the elements
were mastered and quotations illuminating the findings were
identified across the data set [17].

Results

Overview
Patients’ experiences of the chat-based and automated medical
history–taking service signify intersections among HOT aspects.
An overview of the categories identified in correspondence with
all three HOT elements is presented in Figure 1, along with the
intersections among the three elements, which are described in
more detail later.
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Figure 1. The forming of categories by means of the unconstrained matrix: tentative categories analyzed from an HOT perspective and subcategories
informing the intersection among the three elements (human, organization, and technology). HCP: health care professional; HOT: human, organization,
and technology.

The Human-Organization Intersection
Patients trying out this new digital communication tool thought
it would be a quicker way to get in contact with their PCC. A
more specific reason was the preference for written
communication, for example, because talking to other people
induces anxiety, especially if the subject is health related, the
issue is sensitive or embarrassing to raise face-to-face, or simply
because it suits them better than oral communication:

When I need to get in contact with healthcare it
induces anxiety, which makes it very difficult for me
to pick up the phone and make the call. This makes
me postpone it for far too long and therefore this chat
service has made things much easier for me.
[Interview #13]

However, the patients raised concerns for other patients with
reading and writing difficulties or vision impairment.
Furthermore, digital chatting was not considered an optimal
way to communicate regarding emergencies and severe illnesses
or when a deeper and more intimate conversation was required.

Regarding the automated medical history–taking service,
patients found the questions fairly easy to understand, but they
were uncertain about the accuracy of their own responses,
wondering which information would be vital and which would
be redundant. In the absence of clear guidelines, patients began
diagnosing themselves by trying to answer the questions.
Furthermore, from their point of view, patients were both lacking
relevant and receiving irrelevant and repetitive questions, some
of which pertained to issues that the patients felt sure were
already documented in their electronic health record (EHR):

When you talk [on the phone] to the nurse or
caregiver they will ask follow-up questions, so that
you understand better what it’s all about. To express
yourself verbally and not have the right knowledge

behind it could easily become difficult. [Interview
#04]

In the subsequent chat, patients were never interrupted, and
their concerns were less easily dismissed than in telephone calls;
rather, they sensed that they were taken more seriously in the
chat. Therefore, they did not feel the need to exaggerate their
symptoms to get an appointment. The medical assessment was
mainly regarded as fair and the advice as constructive. However,
as some personnel seemed to be more skilled than others, the
patients made suggestions regarding further training in written
communication and digital chatting for HCPs:

In the chat you can say all that you want to say
without anyone hanging up or interrupting or making
something up just to dismiss you. So, all information
will be put forward and they will read it and have to
take it more seriously than over the phone. [Interview
#06]

Overall, data show that, regarding the human-organization
interaction, patients expected the organization to be more
prepared for chatting than turned out to be the case.

The Human-Technology Intersection
The technical standard of digital services is important to patients.
As the patients expressed some negativity regarding the current
telephone triage system, there was an openness to new tools.
Common curiosity with new technical solutions was a reason
for trying out the new service. Although all participants
considered themselves able to manage most everyday problems
with their electronic devices, technical skills were not considered
necessary for the chat in the same way as for handling, for
example, one’s computer. Yet, patients conveyed concerns for
people with less digital literacy, such as equity concerns about
the service not aiding older people properly, as older people as
a group are the least digitally literate group in society.
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Although patients appreciated the potential benefits of an
automated history-taking system, they expressed a sense of
unease in answering the questions in certain ways, leading to
undesired consequences, such as selecting a response alternative
that guided them away from the line of questioning that they
felt was relevant, with no opportunity to retract. The back-up,
that is the possibility in the subsequent chat for correcting any
mistakes from the automated history-taking procedure, was
considered reassuring but ineffective, duplicating efforts.

The opportunity for patients to take their time and reflect on
the situation before answering questions from HCPs was stress
reducing, error preventing, and facilitated follow-ups. Besides
being less stressful for themselves, patients contemplated how
chatting would be less stressful also for the HCPs for the same
reasons:

Writing everything down means I can check if I have
forgotten anything. I can list things and add text
before I send it, but when you talk to people you might
forget things, important things, and when we are done
talking, I remember, oh, I should have mentioned this
and that! [Interview #09]

The Organization-Technology Intersection
As web-based chatting in general nowadays is a common service
in Sweden, in commercial and public sectors, patients suggested
that people have become accustomed to this kind of
customer-centric digital service. The patients anticipated that
their usual HCPs would offer similar services. The chat
permitted patients to have a conversation from almost anywhere,
even from places not suitable for telephone calls, such as at
work or on a bus. However, although most other chat services
in society are synchronous, the chat in this study was
asynchronous, which was disappointing to some patients.
Although asynchronicity allows patients to take more control
over the conversation and initiate a chat at any time at their own
convenience, it could also lead to lengthy conversations where
a single concern in the worst case could take days to close. This
meant that health care personnel at times had been replaced by
others in the chat, leaving the patient with a sense of having to
start all over again. However, at the same time, patients reported
that an asynchronous chat service supposedly provided
efficiency, with personnel being able to handle several cases
simultaneously. A chat service is expected to be a faster route
of communication than, for example, a telephone service;
however, this was not always the case, which patients attributed
partly to the asynchronous structure of the chat and partly to
staff’s inexperience with the system, anticipating that the latter
would change and improve over time:

I think the difficulty lies in the inactivity in the chat.
Because when they write a question and I respond
and it takes them hours to answer they will have lost
the flow, because they have been doing many other
things in-between. It felt like they neither had the
energy nor the time to go back in the text flow, which
meant they had to start all over again, to some extent.
[Interview #19]

The opportunity to upload photographs made some visits to the
PCC redundant that would otherwise have been necessary if a
telephone service had been used, saving both time and money
of patients. However, an adequate internet connection is
required, not least when uploading photographs, which was
pointed out as an obstacle:

To be able to upload pictures of, for example, wounds
and eczemas and stuff like that, that makes it [the chat
service] nothing but positive. [Interview #16]

The fact that technology allows for the (whole) conversation to
be saved word for word, also in the EHR, for future reference
was described as a new aspect to take into account when
expressing oneself in the chat contacts; the patients were used
to the HCPs summarizing the conversation in the EHR by
extracting only vital aspects and using concise and professional
language. Furthermore, improvements such as a fast track for
simple cases and guidelines in the system for answering the
questions were found to be desirable:

It is possible to follow up from both sides, they can
see what I have written and they can see what others
that work there have answered as well. The follow-up
is better than with telephone conversations. [Interview
#18]

In summary, patients were predominantly positive about the
chat service and felt it added value, even emotionally:

I felt welcomed, and that is not always the case.
[Interview #23]

Discussion

Principal Findings
The results from this study indicate that patients would welcome
the chat service becoming permanent, as one of the several ways
of contacting their PCC. However, there are several aspects
from the HOT perspective that must be considered before
implementation across primary care.

A health care organization will have to balance the desire to
provide access and simplicity for patients with the obligation
to provide healthy and safe working conditions for staff and
uphold data privacy, security, and high-quality care
(human-organization). Compared with the earlier study from
our research group regarding the perspectives of HCPs, patients
in this study seemed to be somewhat more satisfied with the
chat service than the HCPs were [4]. For example, although
anxious to offer patients ample availability, HCPs reported that
patients used the chat service to gain quicker access to health
care regardless of the degree of urgency of their health problems
and sometimes initiated contact for the same complaint through
several channels in parallel, which may add to the workload of
primary care. As the chat was asynchronous, it was not always
the fast route that patients anticipated, and perhaps the service
should be renamed and the term chat should be reserved for
synchronous services.

Both patients in this study and HCPs in the earlier study [4]
regarded the chat as being more on the patients’ terms than
traditional face-to-face or telephone communication, although
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patients, by comparison, seemed to find that as more positive
than did the HCPs. Although no earlier interview studies were
found with patients regarding modern and fast, primarily mobile
phone based, chat services for all inquiries in primary care, there
are several studies (both interview and questionnaire studies)
regarding patients’ views on other text messaging services in
primary care, for inquiries in general, such as in this study, and
for the self-management of chronic diseases or health-related
interventions, where the patient-professional contact has already
been established. The results of these studies are consistent with
the findings of this study regarding patients’ views on the
appropriateness and availability of e-visits and the pros and
cons of written communication [18-23].

How patients are received by HCPs is the most common
grievance when assessing health care from a patient safety
perspective [24]. Although chatting may diminish problems
such as interruptions and not getting enough time to express
yourself, new problems seem to emerge instead, such as HCPs
inexperience with professional chat communication about health
and health care issues. Interestingly, regarding the chat service
in this study, this issue was only raised by patients and not by
the HCPs themselves [4]. One might expect patients’ opinions
to change when the service has settled after having been
operational for some time; however, in fact, patients’ views in
this study were unexpectedly similar to those in interviews
conducted during the pilot study in May 2019 (data not yet
published). Further studies are needed to examine if patient
safety is affected by this line of communication and if training
of HCPs in written communication and chatting would be
beneficial [25,26].

The automated medical history–taking service is meant to
provide health care personnel decision support and faster triage
and management. This requires that the questions are relevant
and easy both to understand and respond to. Verbal anamnesis,
or medical history taking, is usually documented by HCPs
asking the patient questions and follow-up questions, guiding
the story, and immediately correcting mutual errors and
misunderstandings. The automated medical history–taking
service in this study seemed to be instigated by the needs of the
organization rather than by the needs of the patient. Naturally,
the choice of questions must have a medical basis, but patients
would have much to add, for example, in which cases questions
are perceived as hard to respond to, irrelevant, or inexplicably
repetitive and when questions of relevance to them seem to be
missing. The health care organization cannot simply assume
that questions that are obvious to trained professionals will be
automatically understood by patients and should not
underestimate the importance of patients having the opportunity
to convey all their concerns as they see fit. Patients’ suggestions
about a more pronounced user experience design approach when
developing automated medical history–taking systems should
be given consideration (human-technology) [18].

An adequate internet connection was considered an important
prerequisite for using the new digital communication tool, but
it is a societal rather than merely a health care concern. On the
other hand, patient privacy and data security are very much
health care concerns (technology-organization) [27]. Contrary
to early studies from the beginning of the 21st century about

patient-provider contacts via email in primary care, for example,
where patients raised concerns about security and lost messages
[28], patients in this study did not raise any cybersecurity or
legal issues during the interviews. This may be interpreted as
a solid trust in the system or a lack of awareness of the risks of
digital communication, either in general or at the time of the
interview. Trust has been shown to have a positive correlation
with the intention to use e-consultation services [29]; if so,
respondents lacking trust most likely would not consider trying
the service in the first place and, therefore, were not available
for this study with its current design.

Earlier studies have shown that organizational elements are
crucial for the successful implementation of health information
technology [30]. In this case, the chat service was trialed
following only a limited training session for the staff engaged
(organized by the commercial company providing the digital
tool and only regarding the technical and administrative aspects
of the tool, not regarding how to create a therapeutic alliance
with patients using digital tools) [4] and very limited information
to the patients. Furthermore, aspects such as cost-effectiveness
will impact the implementation process. For example, the
intention was to staff the service so that the person responsible
for the chat could concentrate on that task and not have to
alternate with other tasks. However, because of limited
resources, this was not possible at all PCCs, as the influx of
cases was not enough to warrant the higher cost of assigning a
nurse solely to the chat service for all workdays (8 hours a day)
[4]. Thus, the stakeholder’s perspective was, to a certain extent,
missing in both the creation and implementation of the chat
service, and therefore evaluation from this perspective is even
more important. Findings from this study indicate that patients
provide perspectives of interest to further planning and
implementation, confirming that the organization, technology,
and human and social aspects need to be considered throughout
the implementation of health technology innovations [12,30].

Methodological Discussion
Engaging patients in quality improvement is a suggested
standard procedure, and the end user perspective is vital for any
health care development [31]. However, a limitation of this
study is that the participants may constitute a sample of people
more used to computers and mobile electronic devices than
others; having a mobile phone, tablet, or computer was a
technical prerequisite for using the chat service. To explore the
technical interface in a wider context, respondents should
represent those less used to electronic devices as well. However,
digital illiteracy may not be the major reason for not choosing
to engage in a digital encounter; nonusers often report simply
preferring to meet and speak with their health care providers
[28,32]. Nevertheless, the novelty of this study is its inclusion
of a variety of people with firsthand experience as patients using
a digital chat with their primary care provider regarding all
possible inquiries; thus, it may be of interest for similar contexts
and further investigations of tools enabling digital
communication [33].

Conclusions
Patients in general had a positive attitude toward e-visits in
primary care and were generally pleased with the prospects of
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the digital tool, somewhat more with the chat service than with
the automated history-taking system preceding the chat.
Although patients expect their PCC to offer a range of different

means of communication, the HOT analysis revealed a need for
more extensive (end) user experience design in the further
development of the PCC chat service.
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Abstract

Background: Recently, machine learning (ML) has been transforming our daily lives by enabling intelligent voice assistants,
personalized support for purchase decisions, and efficient credit card fraud detection. In addition to its everyday applications,
ML holds the potential to improve medicine as well, especially with regard to diagnostics in clinics. In a world characterized by
population growth, demographic change, and the global COVID-19 pandemic, ML systems offer the opportunity to make
diagnostics more effective and efficient, leading to a high interest of clinics in such systems. However, despite the high potential
of ML, only a few ML systems have been deployed in clinics yet, as their adoption process differs significantly from the integration
of prior health information technologies given the specific characteristics of ML.

Objective: This study aims to explore the factors that influence the adoption process of ML systems for medical diagnostics in
clinics to foster the adoption of these systems in clinics. Furthermore, this study provides insight into how these factors can be
used to determine the ML maturity score of clinics, which can be applied by practitioners to measure the clinic status quo in the
adoption process of ML systems.

Methods: To gain more insight into the adoption process of ML systems for medical diagnostics in clinics, we conducted a
qualitative study by interviewing 22 selected medical experts from clinics and their suppliers with profound knowledge in the
field of ML. We used a semistructured interview guideline, asked open-ended questions, and transcribed the interviews verbatim.
To analyze the transcripts, we first used a content analysis approach based on the health care–specific framework of nonadoption,
abandonment, scale-up, spread, and sustainability. Then, we drew on the results of the content analysis to create a maturity model
for ML adoption in clinics according to an established development process.

Results: With the help of the interviews, we were able to identify 13 ML-specific factors that influence the adoption process
of ML systems in clinics. We categorized these factors according to 7 domains that form a holistic ML adoption framework for
clinics. In addition, we created an applicable maturity model that could help practitioners assess their current state in the ML
adoption process.

Conclusions: Many clinics still face major problems in adopting ML systems for medical diagnostics; thus, they do not benefit
from the potential of these systems. Therefore, both the ML adoption framework and the maturity model for ML systems in clinics
can not only guide future research that seeks to explore the promises and challenges associated with ML systems in a medical
setting but also be a practical reference point for clinicians.

(J Med Internet Res 2021;23(10):e29301)   doi:10.2196/29301
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Introduction

Machine Learning Systems for Medical Diagnostics
The ongoing digitalization is influencing the everyday activities
of almost every individual, both in their private and professional
lives. This transformation is particularly evident in health care,
where the integration of health information technologies (HITs),
such as electronic health records or clinical decision support
systems, enables significant improvements in processes such
as emergency medical care, diagnostics, and therapy [1-3].
However, the integration of HITs is not a panacea but leads to
major challenges in clinics as, fueled by these technologies,
physicians have to handle an ever-growing volume of patient
data and complexity of interacting systems [4]. Moreover,
societal problems further complicate the provision of health
services to the population, as age-related diseases are on the
rise because of demographic shifts and global pandemics such
as the COVID-19 crisis are overburdening clinics, pushing
medical personnel to the limits of their capacity [5,6].

Artificial intelligence (AI) as the “science and engineering of
making intelligent machines, especially intelligent computer
programs” [7] could help relieve this burden on physicians as
AI is capable of solving tasks previously reserved for human
intelligence [8]. In particular, machine learning (ML), as a
subfield of AI, is currently one of the fastest growing
technological approaches, opening up a wide range of
possibilities for medicine [9,10]. Therefore, in the remainder
of this research work, we focus on ML systems, that is,
information systems (IS) that learn to perform certain tasks
autonomously through experience without receiving explicit
human instructions. Instead, ML systems use algorithms to
search large amounts of data for patterns to create their own
rules and strategies on how to deal with a particular problem.
The identified rules can then be applied to solve a task [9,11-13].
ML systems can be particularly useful in solving problems for
which the rules are difficult to derive and express. This is the
case, for example, in image recognition; for instance, how can
the image of a cat be explained in terms of pixels, what shapes
of ears are allowed, and how can they be recognized in a picture
[13]. From the prediction of patient admissions in clinics to
therapy support, ML systems can help solve various problems
in medicine [10,14]. However, one application area of particular
value to researchers and practitioners in which ML systems
could have a major impact on the overall well-being of the
population is medical diagnostics [15,16]. In this context, ML
systems can help identify patterns in medical data (eg, in medical
scans, pathology slides, electrocardiograms, and written
diagnoses) and sort possible conditions according to their
likelihood [17,18]. A distinction can be made between ML
serving to take over entire areas of responsibility from
physicians and supporting them in their decision-making
process. In the near future, ML systems will mainly be used as
intelligent decision support rather than to automate medical
diagnostics fully [10,17,19,20]. Thus, current cases in research
and practice show that an increasing number of such assistive
ML systems are presently finding their way into medical
workflows. For example, ML systems are being developed,
refined, and deployed to help in the early diagnosis of

COVID-19 based on entered symptoms or medical images such
as computed tomography scans and algorithms such as deep
convolutional neural networks [21]. These systems raise the
hope of making medical diagnostics of COVID-19 and also
other diseases faster, more efficient, and consistent, and thus
more valuable as they are able to compare patient data with a
database that is larger than any physician’s experience.
Consequently, applying ML systems in patient care could make
the difference between life and death by enabling more effective
and efficient diagnostics [10,17].

Challenges of Adopting Machine Learning Systems in
Clinics
However, despite this enormous promise, the integration of ML
systems also poses challenges that have prevented the
widespread adoption of these systems in clinics to date [22].
More specifically, clinics cannot draw on their experience from
adopting other HITs, as ML differs substantially from prior
technologies. Specifically, ML systems learn from high volumes
of data instead of being explicitly programmed [12]. Although
traditional clinical decision support systems rely on rule-based
systems that produce deterministic outputs, ML systems derive
their solutions based on complex statistical methods, leading
to several consequences. First, ML systems are becoming
increasingly complex and commonly resemble black boxes;
that is, their mechanisms for generating predictions are opaque
to humans. For example, ML systems based on deep neural
networks make predictions using millions of parameters, and
humans cannot comprehend each and every calculation. Second,
ML systems that learn from data will almost never be able to
perform tasks perfectly, for example, make classifications with
100% accuracy [11,19]. This is mainly because of the ML
system reliance on statistical patterns, which will never be able
to cover all edge cases. Third, the operationalization of ML
systems in practice is challenging, largely because complex
relationships between different types of artifacts (eg, data sets,
models, and source codes) have to be managed [23]. Whereas
traditional clinical decision support systems rely on
human-defined rules that are instantiated in software code, ML
systems are a result of applying algorithms to data, thus creating
an additional dependency. All artifacts have to be versioned,
and their dependencies must be tracked to comply with
regulations and ensure reproducibility. Owing to these
complicating factors, organizations in various industries struggle
to integrate ML systems into their processes. Therefore, initial
research is looking at the challenges that ML systems pose in
terms of organizational adoption [24-27]. However, clinics differ
considerably from other organizations, as they not only possess
unique structures, management processes, and requirements for
HIT adoption but are also responsible for their patients’ lives
[28]. In these medical settings, the characteristics of ML systems
are particularly problematic as physicians and patients rely on
profound diagnoses and the correct functionality of ML systems
at any time [19]. Consistent with the call of Davison and
Martinson [29] for more context-specific research, studies
regarding the adoption of ML systems in clinics must, therefore,
reflect on both, the specific characteristics of ML systems and
clinics. Such context-specific research on the organizational
adoption of ML systems in clinics is becoming more prevalent

J Med Internet Res 2021 | vol. 23 | iss. 10 |e29301 | p.904https://www.jmir.org/2021/10/e29301
(page number not for citation purposes)

Pumplun et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


in recent times [10,30,31]. Thematically, researchers mainly
investigate the individual acceptance of physicians [19,31] and
the technical specifics of ML systems, such as their lack of
transparency [32,33]. However, the problem with existing
research is that most of these publications are merely reviews
and rely on the personal understanding and experience of the
authors. Rare exceptions are, for example, Hofmann et al [34],
Sandhu et al [31], and Sun and Medaglia 35], who made use of
qualitative research methods. Hofmann et al [34] examined the
opportunities and challenges of ML systems in radiology,
whereas Sandhu et al [31] and Sun and Medaglia [35] studied
the introduction of 2 specific ML-based diagnostic decision
support systems in clinics. Although these publications already
offer a first insight into the possible factors along the adoption
process of ML systems, they are not sufficient to understand
the process in its entirety.

Objectives and Research Approach
In particular, to our knowledge, no work exists that theoretically
embeds the organizational adoption process of ML systems in
clinics and presents it based on empirical evidence. Rather,
current research focuses on individual acceptance criteria instead
of taking a holistic, organizational perspective [19,31].
Therefore, clinics lack an integral overview of the requirements
that ML systems imply and that they need to address to harness
the potential of these systems for their diagnostic processes.
Guided by the call of Shaw et al [10] for more research on the
adoption of ML systems in clinics and the lack of prior integral
research, our study thus aims to answer the following first
research question: which specific factors influence the adoption
process of ML systems in medical diagnostics?

Moreover, previous research does not elaborate on how these
factors may manifest in a range of different stages and how
these stages determine an overarching maturity score. However,
such a maturity model could shed further light on the adoption
process of ML systems in clinics by providing an empirically
grounded and operationalized construct to measure adoption
progress [36,37]. Therefore, the maturity model could not only
be applied in future empirical research but also allow clinics to
assess their as-is situation and evaluate potential courses of
action for ML adoption. Therefore, our research sets out to
investigate the following second research question: how can
the identified factors be used to establish a maturity model for
the adoption process of ML systems in clinics?

To answer these research questions, we conducted a qualitative
study based on explorative interviews (N=22) with experts
working for clinics or suppliers of clinics. To structure the key
findings of our empirical investigation, we referred to the health
care–specific framework of nonadoption, abandonment,
scale-up, spread, and sustainability (NASSS) for a conceptual

basis [38]. Although this adoption framework provides a
foundation, it is not sufficient to represent the full adoption
process of ML systems in clinics, given the particular
characteristics of ML systems. To provide a more
context-specific framework [29], we drew on qualitative data
to gradually adapt and expand the existing framework by several
factors specific to the adoption process of ML systems for
clinical diagnostics. Moreover, we used qualitative data to
develop a maturity model that can help researchers and clinicians
understand the possible range of ML adoption stages in clinics
and determine an overarching maturity score. Overall, we aim
to provide a practical reference point for clinicians to integrate
ML systems more effectively into their diagnostic processes.

In the next section, we describe our qualitative research design,
introduce directed content analysis as our basic data analysis
methodology, and explain the development process of the ML
maturity model in detail. We then present the empirical results
of our study to provide a valuable basis for further research and
guidance to clinics aiming to integrate ML systems within their
diagnostic processes. Finally, we conclude by discussing the
theoretical and practical implications of our study and showing
perspectives for future research.

Methods

Overview
Qualitative data provide a rich source of information that can
help to better understand emerging, highly complex research
subjects [39]. Therefore, to understand the complex adoption
process of ML systems and derive a maturity model, we used
a qualitative approach to “see the world through the eyes of the
people being studied” [39]. In this regard, we applied the key
informant method and conducted in-depth interviews with
experts (N=22) who have particular qualifications and
specialized knowledge on the topic investigated [40]. We led
these interviews according to a semistructured interview
guideline to ensure that all relevant questions were posed. The
questionnaire included general questions about the person,
questions about previous knowledge in the field of ML systems,
the assessment of potentials and challenges of ML systems for
medicine, and further, more detailed questions about the
prerequisites in clinics to adopt ML systems for diagnostics.
Owing to the qualitative approach, we kept the guideline open
and flexible to allow adaptations to the respective interviewed
expert, their position, and knowledge base [41]. We analyzed
the qualitative data with the help of directed content analysis
[42] and the methodological approach for maturity model
development [36]. For an overview of the research procedure,
please refer to Figure 1.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e29301 | p.905https://www.jmir.org/2021/10/e29301
(page number not for citation purposes)

Pumplun et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. Overview of research procedure, illustration based on Jöhnk et al [25]. ML: machine learning.

During the research process, we used several practices to obtain
rigor and trustworthiness. To begin with, we defined 2 clear
research questions and a conceptual framework that we used as
input for our research design. Furthermore, we followed a
theoretical sampling approach by iterating between data
collection and analysis until we reached theoretical saturation
[43]. In this way, we drew on the results from preceding
interviews to select further experts and, for example, interviewed
not only physicians and managers from clinics but also managers
from HIT suppliers to obtain a more holistic perspective. In this
regard, considering suppliers allowed us to gain an external,
less biased perspective on the adoption of ML systems in clinics.
Therefore, we found the additional supplier perspective to be
particularly useful in triangulating the data and increasing the
validity of our findings [44]. Moreover, different medical
disciplines were considered in the interviews (eg, radiology,
pathology, and internal medicine) to allow for different
perspectives on medical diagnostic processes (eg, interpretation
of medical scans, pathology slides, and electrocardiograms) and
obtain more generalizable results [45]. The resulting number
of interviews is comparable with those of other qualitative
studies in IS health care research [31,34,46,47]. With regard to
data analysis, we followed a structured and reproducible
approach to evaluate the qualitative data [36,42]. During this
whole process, a multiresearcher triangulation took place to
include different perspectives on the research topic [44]. In that
sense, we discussed all data analysis steps and results intensively
with the authors and with further qualified researchers from the
fields of IS, computer science, and medicine. We recorded the
results of these discussions in the form of memos to make them
available in the following analysis stages [48]. For later
documentation of the results, we decided to include “the voice
of participants” [49] and thus quote directly from the interviews

while presenting our findings. Where possible, we have
additionally incorporated existing—so far scattered—literature
that backs up and contextualizes particular statements made by
interviewed experts, thus demonstrating the relevance of the
findings from the interviews [25].

Data Collection and Sample Selection
Qualitative data were collected in 2 rounds. We conducted a
first round of in-depth interviews from the second to the last
quarter of 2019. This round of interviews included most
participants (15/22, 68% of experts) and formed the basis for
content analysis and maturity model development. However,
the adoption of ML systems in clinics has progressed
significantly in recent times. Therefore, we conducted a further
round of interviews (7/22, 32% of experts) in the first quarter
of 2021 to capture potential new insights from clinics on the
research subject. Moreover, we shared the identified factors and
the complete operationalized maturity model with the
second-round interview participants to verify and refine the
findings from the first panel. All the interviews were conducted
in 2 European countries (Germany and Switzerland).

To identify suitable participants for both rounds of interviews,
we searched for experts in professional networks, clinic
websites, and at relevant conferences on ML in medicine. We
interviewed qualified experts, who had detailed knowledge of
clinical processes, had profound experience with ML systems,
and were involved in the respective decision-making processes
[50]. Of the 22 interviewed experts, 5 (23%) were physicians,
8 (36%) held a hybrid position (ie, physicians with additional
leadership responsibilities), and 9 (41) worked as full-time
managers or information technology staff in the medical field.
The participants worked for 11 different clinics and 5 HIT
suppliers. Four clinics are privately financed, and the others are
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public, providing a view of both privately and publicly funded
clinics. All clinics and suppliers are currently running projects
related to ML. On average, each expert interview lasted 48
minutes and took place in a private space. The interviews were

audio recorded and transcribed after mutual agreement. In 3
interviews, we only took notes as the participants did not consent
to recording. For an overview of the experts, see Table 1.

Table 1. Overview of interviewed experts.

Expertise (years)SpecialtyPositionID

Clinics: key informants of clinics

3RadiologyPhysicianC-01

15RadiologyPhysicianC-02

8RadiologyPhysicianC-03

3CardiologyPhysicianC-04

3NeuroradiologyPhysicianC-05

9NeuroradiologyPhysicianaC-06

19Internal medicinePhysicianaC-07

35Internal medicinePhysicianaC-08

18PathologyPhysicianaC-09

37RadiologyPhysicianaC-10

40GynecologyPhysicianaC-11

25OtolaryngologyPhysicianaC-12

12CardiologyPhysicianaC-13

8CardiologyChief technology officerC-14

20BiomedicineChief technology officerC-15

12Internal medicineDirectorC-16

Health information technology (HIT) suppliers: key informants of clinics’ HIT suppliers

20NephrologyDirectorS-01

22BiomedicineDirectorS-02

10GeneticsDirectorS-03

2RadiologyHead of research and developmentS-04

3PathologySystem-engineerS-05

3SurgeryInnovation project leadS-06

aPhysician with leadership responsibilities.

Directed Content Analysis
Our first goal was to identify the factors that are specific to the
adoption process of ML systems in clinics and are not yet
sufficiently covered by existing theories. As ML systems have
an innovative character because of their novel, complex
technical characteristics, we followed the steps of directed
content analysis to extend existing theory on the adoption of
innovations [42].

The process of adopting innovations in organizations is an
overarching process that evolves from initial awareness of
technology to a solidified interest and a subsequent adoption
decision, to its implementation in the organization, and finally
to continued adoption [51]. Presently, adoption research
regarding HITs has started to look beyond the mere awareness

of a technology to include the later stages of the adoption
process [38]. In this context, ML systems own highly specific
characteristics that will necessitate a significant change in the
organization structure and working routines eventually [11,19].
Therefore, the whole adoption process of ML systems should
be considered thoroughly. To capture this, we used the NASSS
framework as a conceptual basis. NASSS has primarily been
developed for the health care context by combining established
health and social care frameworks and can be used to analyze
the full adoption process of an HIT, including the
implementation phase and continued adoption of the technology.
It includes several domains, namely technology and its features,
the organization that aims to adopt the technology, the wider
system of an organization, the condition to be diagnosed and
treated, the demand and supply side value proposition associated
with HIT, and the adopter system consisting of patients, their
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relatives, and medical staff. Furthermore, it explicitly
conceptualizes the embedding and adaptation of the HIT within
a clinic over time [38]. Each domain, in turn, comprises several
factors that specify the domain considered. These are, for
example, the regulatory issues related to a technology (wider
system) or the value a technology can have for a patient (value
proposition). The suitability of the NASSS framework for the
topic under study is evidenced by recent research calling for
the use of the framework for empirical work on the adoption
process of ML systems in clinics [30]. The NASSS framework
forms the basis for our research but is insufficient to explain
the specific adoption process of ML systems in clinics and,
therefore, needs to be reconsidered. In this regard, we used the
framework as a starting point, and it was adapted and expanded,
taking into account the qualitative data [42].

Specifically, we applied an iterative multicycle coding process
that is in line with directed content analysis, which consists of
2 coding cycles, between which we moved back and forth [52].
The first cycle comprised 3 different types of coding. Using
attribute coding enabled us to receive descriptive information
concerning the participant. Hypothesis coding was used to
consider the prespecified conceptual framework (ie, NASSS)
and to examine the suitability of existing domains and factors
regarding the adoption process (eg, domain: value proposition;
factor: patients’ value through ML). In contrast, the descriptive
coding approach allowed us to identify new aspects that go
beyond the conceptual framework by disregarding formerly
identified domains and factors. As the coding procedure during
the first cycle has led to a large number of constructs, we used
pattern coding within the second coding cycle to pull together
the codes into a smaller number of factors [52]. We performed
the analysis using the NVivo 12 (QSR International) software.
The result of the analysis is a holistic overview of domains,
factors, and subfactors that influence the adoption process of
ML systems for diagnostics (see section Factors Influencing
the Adoption Process of ML Systems in Clinics).

Maturity Model Development
In a further step of our data analysis, we aimed to use (a subset
of) the factors identified during content analysis to create a
maturity model that can help clinics to assess their current state
in the ML system adoption process. Organizations can have
different maturities with regard to the management of
technologies. To determine the maturity score of an organization
regarding a certain type of technology, specified maturity
(assessment) models can be used [36]. These models constitute
an instrument for organizations to “measure and assess domain
capabilities at a given point in time” [53]. In this context,
maturity models are valuable tools for organizations to assess
and document their as-is state and, based on this, achieve
directions for transformation and prioritization of potential
investments [36,54]. Therefore, a maturity model comprises
different dimensions that are subdivided according to specific
attributes, each of which can take different maturity levels.
Dimensions represent capability areas, for example, in the field
of technology management, that should be exhaustive and
distinct from each other. Attributes further specify these
dimensions and represent practices, activities, or measures that
can be taken by the organization and contribute to an

organization’s maturity. Levels, on the other hand, are archetypal
degrees of maturity which are often represented as a 5-step
sequence of stages expressed by different labels [36,55-57].
Becker et al [36] differentiated 5 levels, namely, (1) initial, (2)
assessing, (3) determined, (4) managed, and (5) optimizing. The
descriptions characterizing these levels may vary depending on
the level definitions and the subject of investigation. However,
in general, an attribute is considered to be at an initial (1) level
if the processes investigated are still in their infancy, chaotic,
and not consciously controlled by the organization, whereas the
most advanced level optimized (5) stands for those attributes
whose processes are already actively and continuously improved
with the help of standardized feedback mechanisms [55,58].
The overall maturity score of the organization, which can take
one of the 5 levels described, results from the compilation of
the individual attribute levels.

In recent years, maturity models have made their way into the
health care sector. A literature review conducted by Carvalho
et al [59] showed that clinical researchers and practitioners have
established and applied various specified maturity models to
understand and evaluate the integration of different HITs.
However, there are no studies in the existing literature or insights
from practice on a specific maturity model related to ML
systems in clinics. To create a new maturity model for the ML
adoption process in clinics, we followed the systematic
development process outlined by Becker et al [36], which is
loosely based on the design science methodology of Hevner et
al [60]. This methodological approach includes 4 steps that
structure the development of maturity models and 4 more that
accompany the application of maturity models in practice. As
our primary goal was to create a maturity model for the adoption
process of ML systems in clinics rather than the subsequent
application of the model in clinical practice, we focused
primarily on the first 4 steps.

The first step of the maturity model development process by
Becker et al [36] is to define the problem underlying maturity
development. The aim of this study was to provide researchers
and clinics with the opportunity to evaluate the clinic status quo
in the adoption process of ML systems. As clinics still struggle
to integrate ML systems into their processes, we consider this
problem particularly relevant and topical [22]. After defining
the problem domain and the target group, we searched for
existing maturity models from adjacent research fields. In
particular, we identified 3 maturity models that, although not
specific to clinics, are drawn from the field of AI: the artificial
intelligence maturity model by Alsheibani et al [61], the five
maturity levels of managing AI by Lichtenthaler [62], and the
machine learning maturity framework established by Akkiraju
et al [63]. All of them use a 5-level maturity scale ranging from
an initial (1) level to optimized or integrated (5). Although the
framework by Akkiraju et al [63] was strongly technically
oriented, Alsheibani et al [61] and Lichtenthaler [62]
incorporated a management perspective as well. Although the
identified maturity models helped provide a structure for the
model to be built (eg, levels and potential attributes) and specific
wordings that could be used (eg, “no data exist to train AI”
[61]), no model is complete in itself or tailored to clinics. As
clinics are highly specific in their structures and processes [28],

J Med Internet Res 2021 | vol. 23 | iss. 10 |e29301 | p.908https://www.jmir.org/2021/10/e29301
(page number not for citation purposes)

Pumplun et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


we took initial ideas from the existing models but widely
supplemented and concretized these ideas with the help of the
content analysis results. In particular, we designed a new
maturity model that is specific to ML adoption in clinics, but
which incorporates some basic structures and descriptions from
existing models. In the following core step, the actual
development of the maturity model takes place. We adopted an
iterative approach that included 4 substeps: design-level
selection, approach selection, model design, and testing. In total,
3 iterations were performed to develop the maturity model. In
the first iteration, the existing maturity models and the results
of the directed content analysis were considered to build a basic
concept. In the second iteration, additional researchers from the
field of IS and computer science were brought in to discuss and
optimize the maturity model. In the third round, the maturity
model was shared, discussed, and tested with 8 of the medical
experts [36]. Within these iterations, we decided to adopt a
multidimensional maturity assessment based on the results of
the previously conducted content analysis. In particular, a subset
of 3 domains was used for the dimensions of the maturity model;
the corresponding factors or subfactors form 12 attributes that
further specify these dimensions. Thereby, only those domains
and factors were selected that clinics can modify themselves
and are not set by external forces that are beyond the clinics’
reach (eg, from the wider system). The resulting attributes were
then populated with individual-level descriptions using the
qualitative interview data. Therefore, we started with the 2
extreme levels initial (1) and optimized (5) for each attribute,
and the formulations for the levels in between were derived
from the interview data, the existing maturity models and
literature, or logical inference. The complete maturity model,
including dimensions, attributes, and levels, was then discussed
with 8 of the medical experts, who confirmed its
comprehensiveness, consistency, and adequacy. Following

Joachim et al [64], the maturity model was mathematically
operationalized to enable clinics to calculate an overall maturity
score. In addition, we have developed a web application for
using the maturity model that clinicians can apply to calculate
their maturity level in the process of ML system adoption. The
result of these iterative development steps is an evaluated
applicable maturity model that can help researchers and clinics
assess the current state of clinics in adopting ML systems (see
section A Maturity Model for ML Systems in Clinics).

Results

Factors Influencing the Adoption Process of ML
Systems in Clinics

Overview
As diagnostic procedures can differ within different medical
specialties, the data analysis focuses on common factors that
affect the adoption process of ML systems for diagnostics in
clinics and can be derived across all disciplines. An integrative
overview of these factors is shown in Figure 2. In the following
section, we present and discuss the results of our directed content
analysis. For this purpose, we structured our findings according
to the domains: technology, organization, wider system, adopter
system, condition, value proposition, and the new domain patient
data. The aforementioned domains interact with each other to
enable the continuous embedding and adaptation of ML systems
in clinics over time [38,65,66]. In line with the existing
literature, we thus did not formulate a separate domain to address
the deep integration of ML systems across time. Rather, we
assumed the embedding and adaptation over time to be a
dynamic process in which, depending on the phase in the
adoption process, specific domains and associated challenges
are particularly relevant.
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Figure 2. Integrative framework for the adoption process of machine learning systems in clinics. ML: machine learning.

Technology
The features of technology are factors that are already
considered within the original NASSS framework [38].
Nevertheless, as outlined earlier, ML systems encompass several
highly specific characteristics that cannot be compared with
those of other HITs. Therefore, the existing general technical
features factor is not sufficient to capture the properties of ML
and has to be specified further.

As one subfactor of ML features, the interviewees pointed out
the lack of transparency of ML systems as a major obstacle for
the clinic’s adoption of ML systems. ML systems based on
neural networks can consist of multiple processing layers and
up to billions of numerical weights, hampering the
comprehensibility of ML systems to humans [11,32,33].
Especially in high-stakes decision-making processes such as
medical diagnostics, this can lead to major issues, as ML
systems do not always provide correct suggestions (S-05). As
a result, the experts state that physicians need to know exactly
what the critical features considered by ML systems are and
how identified patterns lead to conclusions. This is required so
that physicians can assess the ML system’s recommendations

and suggest an appropriate diagnosis and therapy. One of the
experts underlines this aspect:

You will never make these existential decisions
dependent on a black box, where it is not possible to
understand what led to the recommendation. [C-08]

Another subfactor of ML features is the ability to adapt their
functioning if being retrained on novel data. This can become
relevant either when the ML system is transferred to another
context (eg, another clinic) or needs to be retrained after some
time; for example, new medical research results are gained or
the patient demographic structure shifts. Clinics thus have to
deal with an opaque system that is able to change its reasoning,
making the outcome of an ML system unpredictable.
Accordingly, experts see the adaptability of ML systems as
another factor that has to be addressed by clinics (C-08, S-01,
S-03, and S-05). To adopt ML systems, clinics need to have a
clear strategy in place on how to cope with the opacity and
adaptability of self-learning ML systems. Thus, we state our
first proposition:

• P1: The features of ML systems (ie, lack of transparency
and adaptability) will impede their adoption in clinics.
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Organization
Looking at the organization domain, 4 factors emerged during
the interviews. These are the size of a clinic, medical directors’
ML support, ML strategy, and clinic’s resources for ML.

The size of a clinic is a newly identified factor that was not
specifically considered in the original NASSS framework.
However, the interviewed experts emphasize that small clinics
usually have fewer resources than large clinics, which could
hamper the adoption of ML systems (C-15). In the specific
context of ML systems, larger clinics further care for a higher
number of different patients and thus have access to more patient
data, which are needed to train ML systems appropriately (S-01).

Furthermore, experts state that clinic medical directors need to
support the adoption of ML systems for diagnostic processes
to guarantee financial and nonfinancial support for the new
technology (C-03). In this regard, ML systems for medical
diagnostics affect the core business of clinics and thus have
strategic relevance [67]. As medical directors develop the
clinic’s strategy, they are responsible for paving the way for the
readiness of clinics to adopt ML systems. This is in line with
prior research that states the significance of medical directors’
support regarding the adoption of strategically relevant HITs
in clinics [68,69].

As ML systems are a strategically relevant innovation, not only
is the support of the directors necessary but also the
establishment of an overarching, long-term ML strategy. The
importance of an innovation strategy is also confirmed by an
expert who emphasizes its relevance, especially against the
background of the adoption of ML systems in a hospital
network:

When I want to launch it to the 1900 other hospitals,
I have to think about a classic transformation
strategy. [C-16]

Such a strategy should include a plan of structured activities
that contribute to the successful adoption of ML systems over
time and should be supported by the clinic’s medical directors
(C-03).

One of the most frequently stated factors within the domain
organization is the clinic’s resource. This factor is similar to
the factor capacity to innovate already included in the original
NASSS framework but is subdivided into novel subfactors (ie,
clinic’s technical infrastructure, clinic’s financing structure,
and clinic’s medical and ML methods expertise). In line with
existing literature [10,70], some of the experts report that clinics
frequently rely on a wide range of clinical legacy systems, which
are often proprietary to the suppliers, not connected, and based
on outdated software and hardware:

The primary challenge [...] is that the clinic usually
consists of [...] million proprietary systems that are
not connected. [C-01]

This difficulty is not only present within the clinic itself but
also translates to the interorganizational level. Although some
experts state that their clinics already have some special data
networks in place, almost half of the experts stress that health
care organizations have not yet connected their data to systems

in and outside the clinic (C-01, C-03, C-04, C-05, C-06, C-08,
C-09, C-13, C-15, and S-04). However, experts emphasize the
importance of having a high-performance technical
infrastructure that can efficiently access data from multiple
sources, for example, via secure internal (within clinic) and
external data networks (eg, clinic-to-primary care), which has
the computing capacity needed to train ML systems (C-01, C-03,
C-04, C-05, C-09, C-13, and S-04). Therefore, a clinic’s existing
technical infrastructure could pose a major challenge to the
adoption of ML systems.

Furthermore, the interviewed experts pointed out the problem
of the current financing structure of clinics, which leads to strict
budgetary constraints, especially in publicly funded institutions
(C-04, C-05, C-11, C-12, and C-13). In this regard, an
interviewee states that one part of their budget is assigned to
daily costs, such as medication. The other part of the budget
can be used to purchase large-scale medical equipment, such
as x-ray systems. Thus, the development and setup of ML
systems are not covered by either of the 2 parts, and often, no
specific ML budget can be claimed (C-08).

Beyond that, there is a lack of personnel in clinics having
expertise in both medicine and ML methods such as data science
or data engineering:

The shortage of medical specialists hits us twice as
hard. We feel this at the medical professional side
[...], but it is also very apparent at the technical side.
[C-14]

Both fields of knowledge are regarded as highly important for
the adoption of ML systems by many experts (C-01, C-04, C-05,
C-14, and S-02). Although a medical background can help
identify relevant training data or assess the functionality of the
ML system, ML method expertise is needed to train, integrate,
and operate ML systems as presently, only scattered
out-of-the-box ML systems exist for application in medicine,
requiring clinics to develop and maintain ML systems by
themselves (C-01, C-14, and S-02). Therefore, clinics need
specific expertise in the field of ML methods in addition to their
medical understanding to develop, set up, and run ML systems
in clinics. In sum, we propose the following:

• P2: A larger clinic size, medical directors’ ML support,
formulation of an ML strategy, and availability of resources
for ML (ie, technical infrastructure, ML budget, expertise
in the field of medicine, and ML methods) will facilitate
the adoption of ML systems in clinics.

Wider System
With regard to the wider system, there are 2 relevant factors
influencing the adoption of ML systems: governmental
regulations concerning ML and medical ethics. Governmental
regulations are a factor already known from the original NASSS
framework. Nevertheless, the interviews revealed some
particularities that were not covered by the general concept and
are described below. Medical ethics is a factor that has not been
captured by the NASSS so far but has been identified through
our study.
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In the field of medicine, there are several governmental
regulations that must be taken into consideration when adopting
ML systems. The following subfactors could be identified:
medical approval of ML systems, accountability, and the
protection of sensitive personal data.

The experts drew attention to the fact that HIT offered in the
market and used in clinics is subject to several laws. This
includes the need for medical approval conducted by legal
authorities or HIT suppliers themselves (C-03, C-05, and C-12).
In the United States, the Food and Drug Administration is
responsible for the admission of medical products. In Europe,
the HIT suppliers themselves need to perform a conformity
assessment procedure, for example, based on the Medical Device
Regulation [71,72]. As mentioned before, most ML systems
are currently being developed by the clinics themselves and
have not undergone any approval process (C-03). However,
legal approval of ML systems is not trivial, as the systems can
learn from new experiences and adapt themselves as described
above:

It is not obvious how evidence can be obtained for an
[ML] model that differs significantly at the beginning,
middle, and end of the study. If you want to approve
a medical device today, you have to describe the
intended use in detail. [S-01]

The Food and Drug Administration addresses this legal
uncertainty in an official statement that proposes an action plan
for innovative approaches to more effectively approve adaptive
ML systems [72]. The European Medicines Agency is also still
in the early stages of defining and establishing an approval
process for ML systems [73]. Therefore, legal ambiguities could
represent a hurdle for clinics to adopt ML systems for
diagnostics.

In addition to the medical approval of an ML system, there is
the question of accountability for diagnoses. The experts
interviewed indicated that it is questionable who takes over
responsibility if the diagnosis prepared by an ML system is
inaccurate (C-06, C-14, and S-05). It is also unclear who can
be held liable—the HIT provider, the clinic, or the physician
who is providing the medical diagnosis. An expert underlines
this aspect with the following words:

Then there are certainly [...] legal problems, for
example: who is responsible for the interpretation
and possibly wrong results of the ML model? [C-14]

According to the current state of the art, ML systems cannot be
held responsible for their output, as a registered physician is
always obliged to validate and interpret the system’s results and
perform the final diagnosis (C-16). However, it would ease the
decision of clinics to opt for ML systems if there were a legal
specification, especially if ML systems are increasingly able to
automate steps of sensitive processes such as diagnostics (C-14
and C-15).

Another subfactor of governmental regulations, which could
be identified as relevant for the adoption process of ML systems
for diagnostics, is the protection of sensitive personal patient
data. Patient data are widely considered as highly sensitive [74]
and are under special protection by national and international

laws (C-02, C-04, C-13, S-02, and S-05). For example, the
General Data Protection Regulation in Europe only permits the
processing of health data if the patient explicitly accepts or if
the clinic can provide particular reasons for the use of the data
[75]. Thus, the respondents emphasized the clinics’ concerns
in obtaining the necessary patient data to train the ML system
(C-02, C-10, and S-06).

Using ML systems for diagnostic processes fueled medical
ethics concerns among interviewees. On the one hand, ML
systems are able to improve the efficiency and effectiveness of
diagnostics (C-15, C-16, and S-02) and, on the other hand, the
suggestions provided by ML systems are deduced based on
statistical methods that recognize patterns in patient data that
can be biased (C-15). Furthermore, the experts claimed that ML
systems that are fed with patient data could determine whether
a patient tends to develop a disease. This type of medical
application would contradict the “patient's right not to know”
(C-15). Summarizing these remarks, we set up the proposition:

• P3: Uncertainties in governmental regulations, strict
requirements for the protection of sensitive patient data,
and existing medical ethics will impede the adoption of ML
systems in clinics.

Adopter System
The NASSS framework suggests that the successful adoption
of ML systems is strongly influenced by individuals who are
supposed to use the system or are affected by their suggestions.
In this context, 2 ML-specific factors turned out to be relevant
according to the interviews, which further specify the domain:
physician and patient ML acceptance.

More than half of the interviewed experts stated that physicians’
acceptance is essential for the adoption of ML systems in clinics
(C-01, C-02, C-03, C-05, C-06, C-08, C-09, C-12, C-14, C-15,
S-03, and S-06). As ML systems have the ability to solve tasks
that were previously performed by humans, physicians might
feel interchangeable in their job (C-03, C-07, S-03, and S-05).
ML systems are trained on large sets of data that exceed the
experience of any single physician, setting new standards for
medical diagnostics. In this regard, most experts are concerned
that physicians could reject ML systems for their daily work:

As a doctor who may have ten or 20 years of
experience [...], would I like to be taught by a machine
[...]? [S-03]

These concerns have recently found their way into pertinent
research, demonstrating the relevance of the topic [19,30,31,34].
However, it is also evident that the acceptance of ML systems
differs among different age groups. In particular, physicians
who belong to the group of digital natives are more willing to
understand and ultimately use ML systems (S-04 and S-06).

Most interviewees stated the importance of patients’ views on
the use of ML systems for medical diagnostics. Although a
physician is still involved in the decision-making process,
patients might refuse the use of an ML system as the physician
may be influenced by suggestions for possible conditions that
are derived statistically and could be affected by biases.
Furthermore, personal, sensitive patient data have to be
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processed to gain results. Therefore, experts state that patient
acceptance of ML systems is highly relevant for the adoption
of ML systems for diagnostics (C-02, C-06, and C-14). We thus
conclude the following:

• P4: Physicians’ and patients’ acceptance of ML systems
will facilitate the adoption of ML systems in clinics.

Condition
As specified within the NASSS framework, patient condition
affects the applicability of a technology. This is not only the
case for conventional HITs but also holds true for ML systems,
as stated by the interviewed experts (C-02 and C-09). ML
systems have a narrow focus and can only deal with specific
delimited problems [11,12]. However, the human body is a
highly complex and not fully understood system that can hardly
be delineated. Medical conditions can be complex, poorly
understood, or even unpredictable, for example, when multiple
comorbidities are involved, making it difficult for ML systems
to provide a clear diagnostic recommendation (C-02 and S-02).
Therefore, the nature of the condition affects the applicability
of ML systems, which can only handle delimited problems in
the diagnostic process. Thus, the use of ML systems will be
limited to the diagnosis of certain conditions:

• P5: The limited applicability of ML systems for the
diagnosis of specific conditions will impede the adoption
of ML systems in clinics.

Value Proposition
The value proposition is another domain of the NASSS
framework that we were able to concretize by analyzing the
interviews. According to the experts, the adoption of ML
systems could result in the creation of value for both physicians
and patients (C-03, C-10, and C-14).

Integrating ML systems in their daily work enables physicians
to improve the effectiveness and efficiency of their diagnostics
as they can base their decisions on a broad database that is
evaluated within a few seconds (C-16):

If you have the choice among a pathologist who has
already looked at 10,000 cuts [...] compared to one
who has created only 500 findings, whom would you
chose? But [...] AI has not only 10,000 but 500,000
findings in its memory. [C-08]

In this regard, ML systems that are, for example, based on image
recognition algorithms can surpass the ability of the human eye
to capture details and patterns in x-rays [76]. If used for a second
opinion, ML systems thus increase the quality of physicians’
work (C-02 and C-11).

In addition, patients could directly benefit from a decision that
is faster and more informed if physicians use ML systems for
diagnostics as a supportive tool (C-10 and C-16). We thus
propose the following:

• P6: The additional value for physicians and patients created
through ML systems will facilitate the adoption of ML
systems in clinics.

Patient Data
During the interviews, nearly all experts stated the availability
of patient data as crucial for the adoption of ML systems for
diagnostics. In this regard, patient data have to be available to
develop and train the ML system in the first place and
subsequently retrain it during use. This factor comprises various
subfactors (ie, digitization of patient data, unified data formats,
data quality standards, data anonymization, and
representativeness of training data) which are described in the
following section.

According to the experts, most clinics generate high volumes
of patient data through their daily diagnostic processes (C-03,
C-05, S-01, S-04, S-05, and S-06), which is basically a positive
feature as an appropriate amount of data is needed to train ML
systems [11,20,35,77]. However, although high volumes of data
are generated, many processes in clinics are still paper-based,
which lowers the proportion of patient data available in digitized
form:

Data are often not digitized, much is still in paper
files, not structured, which means that the data
availability is really extremely [...] poor. [C-03]

This observation is in line with prior research concerning clinics
that are lagging behind at using digitized technologies and
digitizing patient data [1]. As a consequence, the interviewed
experts see the integration of an electronic medical record
system as a prerequisite for the application of ML systems
(C-16, C-03, C-04, and C-13).

Furthermore, interviewing the experts revealed that medical
patient data, if available in digitized form, are usually provided
in a variety of proprietary data formats as many disparate clinical
legacy systems from different suppliers have to interact to enable
physicians to provide laboratory tests, diagnostic images, or
clinical notes. These proprietary data formats are often difficult
or impossible to convert, making the generation of consistent
formats highly problematic (C-03, C-04, and S-04). The problem
of differing data formats in clinics has already been recognized
outside the ML context, for example, in research on the adoption
of cloud solutions in health care environments [78].
Nevertheless, it is particularly critical for the introduction and
use of ML systems that the patient data be processed for training
and retraining the system. Although the first research has been
conducted to allow for the transformation of different medical
data types in one format [79], most clinics have not yet been
able to implement unified standards for patient data to enable
processing and analysis by ML systems.

Furthermore, digitized patient data are often stored in
unstructured file types, such as images, texts, or videos (C-01,
C-03, C-07, C-13, C-15, and S-04). The experts cautioned that
the quality of unstructured data is highly dependent on the
particular clinic where the data are generated and their clinical
staff (C-06, C-07, and S-04). For instance, physician letters are
frequently written in free text formats, which are filled with
synonyms and can be interpreted individually. More specifically,
personal formulations are used, such as the description of a
tumor size as compared with that of a walnut (C-07). Thus,
patient data are not only hard to harness and have to be
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transferred to a machine-readable format first (C-03 and C-04)
but also lack common quality standards (S-04), impeding the
extraction of generalizable patterns through ML. Clinics aiming
to adopt ML systems to support their diagnostics should
therefore set standards for data creation, for example, by
establishing a common language that physicians use when
creating free texts. Such efforts are already being driven by
some in-clinic as well as national initiatives (C-12 and C-16).
In addition, other primary structured data sources could be
connected, such as data from laboratory findings, to complement
the unstructured data [80].

Moreover, the experts strongly emphasize that clinics that want
to use patient data to train ML systems need to anonymize the
sensitive data before processing them through an ML system
(C-15 and S-06). However, anonymizing data might remove
valuable information, which could be important for obtaining
a diagnosis. For instance, information about a person's residence
could facilitate a diagnosis if a disease is more prevalent
regionally (C-15). Therefore, it is necessary for clinics to find
the right balance of anonymization and information value to be
able to use the data despite data protection regulations and still
preserve all the information necessary to find meaningful
correlations through ML systems. The first steps are already
being taken in technical research to balance protection and the
quality of sensitive data effectively [81,82].

According to the experts, the selection of the right training data
is especially important in a health care context, as wrong
diagnoses may have an impact on patients’ lives. This leads to
another aspect of patient data to be considered: the
representativeness of training data. Patients in clinics vary in
many aspects, from an outer perspective (eg, age, gender, and
hair color) as well as from inner functioning (eg, size of organs
and blood values; C-01 and S-05). If ML systems are trained
based on an external database (eg, collected via data exchange)
that is demographically or regionally skewed compared with
the clinic’s conditions, false conclusions could be drawn by the
system. In this context, an expert raised the example of an ML
system supporting the detection of skin melanomas, which is
mainly trained on a sample of patients with a similar phenotype.
Therefore, this pretrained ML system cannot be easily
transferred to patients of other ages or with other skin
pigmentations (C-01). In addition, the representativeness of the
data is affected when different clinical systems, such as different
radiographic systems, collect data as the resolution of the
medical equipment may vary from provider to provider (S-04).
As training data for supervised learning need to be labeled by
humans, the same could be said regarding the expertise and
working philosophy of physicians, which could be highly
heterogeneous depending on the physician’s knowledge state
and working environment (C-09, C-14, and S-05).

The availability of patient data is a factor that is decisive for
the adoption process of ML systems that need to be fed and
retrained:

• P7: The availability and exchange of a large amount of
digitized patient data for training (that are uniformly
formatted, of high quality, anonymized but informative,

and representative of the clinic) will facilitate the adoption
of ML systems in clinics.

A Maturity Model for ML Systems in Clinics

Overview
Against the background that no maturity model for the adoption
process of ML systems in clinics could be found in research
and practice, we created a concept for a maturity model and
present the model below. On the basis of our empirical results,
the model is intended to enable researchers and clinics to
quantify the overall maturity of clinics within the adoption
process of ML systems. We followed the design process of
Becker et al [36] to conceptualize a maturity model that
comprises 3 dimensions and 12 attributes, each of which is
operationalized by 5 corresponding levels (Multimedia
Appendix 1). The dimensions and attributes are derived from
a subset of the results presented in the previous section, whereby
the dimensions were inferred from the domains and the attributes
from the factors or subfactors that can be modified by the
respective clinic itself. Specifically, the dimensions organization
(P2), adopter system (P4), and patient data (P7) and their
respective subfactors were taken into account, as these can be
controlled by the clinic itself, whereas the technology (P1), the
wider system (P3), the condition (P5), and the value proposition
(P6) are influenced by factors that are not in the hands of a
single organization.

It is necessary to operationalize the model mathematically to
render the maturity model applicable for research and practice.
To this end, we followed the approach of Joachim et al [64],
which has already been used for the operationalization of other
maturity models (eg, in the area of business intelligence [83]).
We assume that maturity evolves linearly in 5 levels l∈ L with
L={1,2,3,4,5}, starting with initial (1) and ending with optimized
(5) [83]. The maturity model for the adoption of ML systems
in clinics consists of 3 dimensions, d, each of which consists of
a set of attributes Id in turn. Therefore, the overall maturity score
of a clinic is composed of the maturity score of all dimensions,
whereby the maturity of each dimension d depends on the
maturity within the corresponding attributes a ∈ Id. As a clinic
can have different maturities in the different dimensions and
attributes of a dimension, a stepwise estimation of the overall
maturity score must be made. Therefore, a two-step process is
followed in which (1) the maturity score of the dimensions (ie,
Mata) is determined first based on the respective attributes,
followed by (2) the calculation of the overall maturity score of
a clinic (ie, Mat).

Maturity Score of the Dimensions
At the lowest layer, each attribute a can take a value xa ∈ A
with A={1,2,3,4,5} depending on the actual maturity of the
clinic regarding the attribute, ranging from initial (1) to
optimized (5). To determine the actual maturity value of each
attribute in a dimension, a clinic must assess its own as-is
situation by comparing the level descriptions (within each
attribute) with their current adoption state in the clinic
(Multimedia Appendix 1). For example, a clinic has a maturity
value of xa=1 for the attribute digitization of patient data if it
has nearly no digitized data available for training ML systems
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and is thus at an initial level of maturity. In the next step, all
maturity values xa of the attributes within a dimension d are
compared with all possible maturity levels l to determine the
level with the smallest distance to the set of attributes of a
dimension. To operationalize the comparison, a weighted
Euclidean distance metric Distd(l) is used in line with prior
research [64,83]:

where nd represents the total number of dimensions and nl is
the total number of levels. As a result, each clinic receives 5
distance values (for 5 levels, l) per dimension. To obtain the
maturity score of a dimension Matd, the level m associated with
the minimum of these distance values needs to be selected per
dimension:

Overall Maturity Score of the Clinic
On the basis of the distinct maturity scores Matd of the 3
dimensions, the overall maturity score Mat can be calculated
in the second step. Again, we use a Euclidean distance metric
Dist(l) to compare the maturity scores of the dimensions with
levels l (Equation 3). The final overall maturity score of a clinic
striving to adopt ML systems is determined by the minimum
distance (Equation 4):

To make the maturity model easily applicable for practitioners
from clinics and researchers in the field of adoption science,
we have developed a free-access web application based on the
described mathematical operationalization, which calculates
the maturity level of a clinic based on a questionnaire (Figures
3 and 4). This questionnaire includes the attributes as well as
their level descriptions and is provided on the web [84].

Figure 3. Determine your clinic's readiness for machine learning–supported diagnostics (screenshot 1 of the web application). ML: machine learning.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e29301 | p.915https://www.jmir.org/2021/10/e29301
(page number not for citation purposes)

Pumplun et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 4. Thank you for using the maturity model (screenshot 2 of the web application). ML: machine learning.

Discussion

Principal Findings
ML has an impact on all areas of human life, including the
health care system. In this regard, ML systems offer the
opportunity to make diagnostics more efficient and informed.
However, to harness ML for such an application, clinics need
to deeply integrate ML systems into their clinical practice, a
challenge that most clinics have not yet been able to overcome
[20]. As clinics own highly individual, patient-oriented
processes, it is crucial for researchers to reflect on this specific
context [28,29]. However, prior research is lagging behind to
provide empirically proven factors that influence the adoption
process of ML systems in clinics for diagnostic processes. To
address this shortcoming, we set up a qualitative study to (1)
establish an integrated overview of factors specific to an ML
system adoption process in clinics based on the NASSS
framework and (2) create an operationalized maturity model
that clinics can apply to assess their as-is state of ML adoption
progress to decide on further actions and prioritize investments.

Limitations and Future Research Opportunities
Before we discuss our contributions to theory and practice in
detail, it is necessary to clarify the limitations of this study and
show room for further research. As we pursued a qualitative
approach, our results are based on the expertise of the 22
interviewees. To counteract potential problems of
generalizability, we have not only applied various criteria to
ensure rigor and trustworthiness of our study (eg, theoretical
saturation, multiresearcher and data triangulation, and inclusion

of multiple medical disciplines) but also carefully selected only
highly involved experts. Nevertheless, it might be interesting
for further research to perform a follow-up study to validate the
proposed framework and maturity model quantitatively. In this
regard, it might be informative to evaluate the derived maturity
model by applying it in clinics. In doing so, it could also be
investigated whether practitioners attach different importance
to attributes and dimensions. On the basis of these findings, the
maturity calculation could be adjusted by introducing weights
for attributes and dimensions.

Moreover, we conducted the interviews in only 2 European
countries. As health care systems vary across nations,
interviewing experts from other regions with different economic
and cultural prerequisites could lead to differing results.
Nevertheless, the relevance of the findings for the international
context was substantiated with the help of existing literature
and practice contributions from international authorities, which
are cited in the Results section. For example, the report of the
Food and Drug Administration shows that the issue of medical
approval of ML systems is also being discussed in the United
States [72]. However, replication of this study in other countries
would be useful to highlight possible differences within the
adoption process of ML systems in clinics.

In addition, the rapid development of increasingly advanced
ML algorithms could lead to systems that can not only augment
but also automate diagnostic processes. Investigating automated
diagnostics, which has not yet been applied in clinics, could
produce different findings, although the results obtained in this
study could provide first indications.
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Theoretical Contributions
Despite the limitations discussed, our study makes several
important contributions to research. To begin with, we
demonstrated that the NASSS framework can be applied but
has to be adapted and expanded to explain the full adoption
process of ML systems for diagnostics in clinics. To the best
of our knowledge, this is the first study to provide an empirically
proven and integrative overview of the factors determining the
adoption of ML systems for clinical diagnostics and thus show
what clinics need to consider to effectively integrate ML systems
into their processes. Therefore, we contribute to and extend
prior adoption research in health informatics, which has recently
called for looking at the entire adoption process of HITs rather
than just the initial awareness of the technology [38]. Although
the identified factors are specific to diagnostic processes, it is
conceivable that they may be applicable to other scenarios in
which the cost of errors is high, such as ML-based treatment
recommendations or medical prognoses in clinics.

Moreover, we have developed the first maturity model for ML
system adoption in clinics, which contributes to the IS and
medical body of knowledge by providing an empirically
grounded and strategically derived artifact that depicts medical
and ML-specific attributes and their level descriptions in detail.
More specifically, the maturity model shows which attributes
determine the status quo of clinics in adopting ML systems,
how these attributes may manifest in descriptors according to
5 different maturity levels, and how clinics can evaluate their
as-is state in the adoption process of ML systems. Researchers
can apply the developed maturity model, for example, as an
instrument in statistical studies investigating the adoption of
ML systems in clinics. More specifically, the model can be used
to operationalize the dependent variable in structural equation
models or as a variable for multigroup comparisons [85], for
example, to study the antecedents of clinical adoption of ML
systems. Therefore, both the adoption framework and the

maturity model for ML systems in clinics can guide future health
care–centric research that seeks to explore the promises and
challenges associated with ML systems in a medical setting.

Practical Contributions
In addition, the empirically based results hold relevant findings
for practitioners, who are increasingly facing rising health care
costs, demographic changes, and overcrowding of the clinics,
and thus need to improve the efficiency and effectiveness of
their clinical processes. ML systems could be a solution to these
problems but have so far only been sporadically integrated into
clinics [22]. In fact, our qualitative study shows that most clinics
still have major problems integrating ML systems into their
diagnostics. In this regard, the derived framework provides
medical directors with a holistic overview of potential enablers
and inhibitors during the adoption process of ML systems in
clinics and could provide a roadmap for practitioners.

Moreover, the developed maturity model can be used by clinics
to obtain the first impression of their as-is situation in the
adoption process of ML systems and to quantify it in an overall
maturity score (see the website [84] to easily apply the model).
Assessing the maturity score with the help of the model not
only helps to make external comparisons between clinics but
also to identify internal deviations of certain attributes from the
overall status. This allows clinics to invest especially in these
attributes that are far from the present overall performance and
lower the clinic’s maturity score significantly to date. Thereby,
the maturity model allows practitioners working for clinics to
analyze their clinic’s current status quo, identify shortcomings,
prioritize possible courses of action, and efficiently allocate
scarce resources depending on the respective degree of maturity.
In this way, our research can help practitioners identify tailored
requirements for the successful adoption of ML systems in
clinics and build relevant capabilities and resources needed in
the age of AI.
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Abstract

Web-based health care content has emerged as a primary source for patients to access health information without direct guidance
from health care providers. The benefit of this approach is dependent on the ability of patients to access engaging high-quality
information, but significant variability in the quality of web-based information often forces patients to navigate large quantities
of inaccurate, incomplete, irrelevant, or inaccessible content. Personalization positions the patient at the center of health care
models by considering their needs, preferences, goals, and values. However, the traditional methods used thus far in health care
to determine the factors of high-quality content for a particular user are insufficient. Machine learning (ML) uses algorithms to
process and uncover patterns within large volumes of data to develop predictive models that automatically improve over time.
The health care sector has lagged behind other industries in implementing ML to analyze user and content features, which can
automate personalized content recommendations on a mass scale. With the advent of big data in health care, which builds
comprehensive patient profiles drawn from several disparate sources, ML can be used to integrate structured and unstructured
data from users and content to deliver content that is predicted to be effective and engaging for patients. This enables patients to
engage in their health and support education, self-management, and positive behavior change as well as to enhance clinical
outcomes.

(J Med Internet Res 2021;23(10):e25497)   doi:10.2196/25497
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Introduction

The internet is a key medium in the consumption of health
care–related content. Two-thirds of internet users in the United
Kingdom and the United States access health-related information
on the internet [1-3]. Furthermore, patients are increasingly
motivated and able to participate in developing this growing
repository of information by sharing their lived experiences [4].
Health care professionals also consume as well as create and
share web-based health care information [5].

A vast array of web-based content types and delivery media
and channels are available, including videos, webpages,
podcasts, images, online discussion groups and communities,

and social media [6-10]. A systematic review reporting on the
assessment of web-based content quality identified key domains,
including accuracy, completeness, accessibility, presentation,
and design, which were important overall in determining how
useful and engaging content was for patients [11]. However,
there is considerable variability in the quality of such content
[12]. Berland et al [13] demonstrated that using search engines
for common health conditions retrieved relevant content in only
one out of five searches, suggesting that patients are likely to
come across irrelevant content when seeking information about
health. Moreover, only half of the topics that physicians thought
important to convey were accurately and appropriately covered
[13].
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The concept of content personalization is a powerful approach
that addresses the previously described features of quality by
presenting the user with relevant information that is both
appropriate and engaging. A more engaged patient is more likely
to understand information about their health, partake in healthy
behaviors, and adhere to treatment, leading to better health
outcomes [14].

Machine learning (ML) is a subset of artificial intelligence that
uses algorithms to study patterns in data and develop models
that improve predictions about the data over time through
supervised learning, unsupervised learning, or reinforcement
learning [15]. Many industries use ML techniques to analyze
accrued big data to personalize content for users [16]. The health
care sector may be well served by considering these advances
in other industries to personalize experiences for people seeking
health care content. ML-assisted personalization can be
considered for both large groups and populations or for
individuals.

In this review, we aim to first outline why the health care sector
should recognize the importance of personalizing content (Why
Personalizing Web-Based Health Care Content Is Important).
We then explore the current landscape of content personalization
(including ML and non-ML) both within and outside health
care (Content Personalization). Finally, we discuss practical
applications of personalization in health care, outline a model
that demonstrates how ML can personalize web-based content,
and consider the anticipated benefits and drawbacks (Potential
Lessons to Learn for Health Care).

Why Personalizing Web-Based Health
Care Content Is Important

There has been an increased focus on empowering patients to
engage with their own health. The delivery of information to
patients has been recognized as a tenet of health care policy,
resulting in almost universally positive outcomes for patients,
health care staff, and communities [17]. The UK National Health
Service Five Year Forward View outlined the need to facilitate
patient activation by improving access to information,
supporting self-management, and increasing patient control
over the care they receive, with particular emphasis placed on
harnessing digital technology [18]. This aligns with the
patient-centered model [19], which improves patient
satisfaction, quality of life, and quality of care provided [20].
Personalization facilitates the patient-centered model by
delivering health care content that accounts for the preferences
and needs of individual patients. The proliferation of easily
accessible web-based content provides an opportunity to enable
patient-centered information delivery at scale.

A randomized controlled trial of the provision of
computer-based information to cancer patients reported that
patients preferred to receive personalized information (based
on their medical records) as opposed to generalized information
[21]. They were more likely to share these resources with family
members, and additionally, this approach was associated with
a reduction in anxiety levels. A similar effect was demonstrated

with personalization of booklets [22] and tailored information
packs [23].

It is well established that the health care content needs to vary
between different patients and also change over time.
Uncertainty, the inability to determine the meaning of
illness-related events, has been shown to have a deleterious
effect on patient experience and outcomes [24,25]; therefore,
timely and accurate delivery of information is important to
address information needs. However, patients’ information
needs vary according to stage of disease, stage of patient
journey, age, previous experiences, and coping styles [26]. A
blanket one-size-fits-all strategy for designing and delivering
health care content is unlikely to be effective.

Another advantage of personalizing health care content is its
potential to improve health-related choices. One of the principles
of the patient-centered model is sharing responsibility for
clinical decisions with patients (shared decision-making) [27].
Patient decision aids are evidence-based tools designed to assist
in shared decision-making. They facilitate information exchange
by helping patients understand the clinical conditions and the
available options for treatment. They have been demonstrated
to improve patient knowledge and facilitate decision-making
that is more aligned with patient values and preferences [28,29].

A study on improving patient decision-making related to prostate
cancer screening found that personalizing a patient decision aid
based on a number of factors that patients considered important
(eg, survival, unnecessary biopsy, overdiagnosis, quality of life,
burden of treatment, and burden on caregivers) improved patient
opinion on screening and the quality of their decision [30].
Decision quality was assessed using an instrument that allows
patients to self-rate and weigh separate elements of decision
quality, including the perceived clarity of options provided,
relative importance and likelihood of possible outcomes, trust
toward the information delivered, support received throughout
the decision-making process, sense of control over the decision,
and commitment toward acting on the decision [31].

It is increasingly recognized that delivering health information
without consideration for personalization and the relevance of
content experienced limits the potential to change health
behavior [32,33]. A meta-analysis on behavior choices from 40
web-based interventions, which used personalized strategies
including interactive multimedia content, tailored feedback,
discussion groups, and personalized management plans, showed
a positive impact on behavior outcomes related to smoking
cessation, alcoholism, physical activity, diet, and chronic disease
management [34]. These findings are corroborated by other
meta-analyses evaluating tailored content for similar
health-related behavior outcomes [35-38]. However, given the
significant heterogeneity in the intervention modality, design,
and features, it is challenging to identify the specific factors
that are most associated with behavior change.

With a greater understanding of these factors, there is significant
scope to integrate personalized content into both large-scale
public health initiatives as well as individual treatment plans to
encourage self-management, adherence to treatment, and
positive lifestyle changes.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e25497 | p.923https://www.jmir.org/2021/10/e25497
(page number not for citation purposes)

Guni et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Content Personalization

Content Personalization in Health Care—Current
State
The paths patients take to encounter web-based content can be
described by a number of discrete patient journeys. First, patients
can independently find web-based information using internet
search engines. Although this offers patients a plethora of
information, quality (as previously discussed in the Introduction
section) is variable [12]. Without strict content moderation and
regulation, patients may struggle to parse out factual and
relevant content, instead relying on content that is superficially
engaging (clickbait) or appears credible. Furthermore, subtle
differences in search terms can significantly alter the quality of
the retrieved information [39].

Health care organizations and services hold repositories of
quality-controlled content and can serve as gateway sites for
other similar websites [40]. These provide credible and accurate
information but hold limited quantities of content and may not
be directly relevant to every patient. Health care professionals
can assess individual information-seeking needs during
consultations and refer patients to high-quality and engaging
content [5]. However, this solution lacks scalability because
most web-based health care searching encounters are
unsupervised by health care providers. Limitations on how
patients access health information can be addressed with content
personalization, which mandates an understanding of what
factors may be important in personalizing content.

Patients’ information needs are affected by several factors that
may influence how patients respond to web-based content, as
discussed in Why Personalizing Web-Based Health Care Content
Is Important section. For example, in the context of age, older
patients often report difficulty in accessing useful web-based
content because of complex website layouts, lack of navigational
aids or instructional tools, and too much information being
presented [41]. Younger patients may be more prone to
uncertainty and worry about their health, resulting in
information-seeking behavior [42]. A study that allowed cancer
patients to self-tailor web-based educational content based on
text, visual, and audio-visual modes demonstrated increased
satisfaction among younger patients in comparison with
nontailored content [43].

With regard to factors that affect the decision to select or reject
web-based content, a study found several content and design
features that influenced whether patients trust web-based
information related to hormone replacement therapy [44]. An
initial poor impression of design factors—including
inappropriate website name, complex layout, poor navigation
aids, dull design, small print, and excessive text—constituted
94% of cited reasons for rejection. Content features were then
comparatively more important in selecting trustworthy websites.
This consisted of informative content, accessible explanations,
illustrations, breadth of topics covered, unbiased information,
age-related information, clear language, discussion groups, and
a frequently answered questions section. Source factors were
also key, such as explicit author or organization credibility and
authors with similar social identities.

Other studies have evaluated the design and content factors that
influence patients’engagement in web-based videos, particularly
on the video streaming website YouTube, which is one of the
most popular websites with over 2 billion daily views [45].
These include educational resources on a range of medical topics
for both patients and health care professionals [46-51]. These
studies also assessed the quality of content uploaded on
YouTube, which is not strictly regulated and is liable to
misinformation [7]. However, the correlation between
engagement and quality of content is conflicting [7], suggesting
that other factors are important for gaining user attention in
educational resources.

An analysis of 390 scientific communication videos on YouTube
found that user-generated content, videos with regular
presenters, and rapidly paced videos were more engaging than
their counterparts [52].

Similarly, another study concluded that patient experience
videos were more popular than videos created by health care
professionals, as assessed by the video power index [53]. The
video power index is an innovative tool that measures video
performance by assessing its effectiveness on all platforms,
comparing it with industry leaders, and aiding strategies to
engage target audiences [54]. In terms of webpage content,
Finnegan et al [55] found that engaging content categories were
first-person narrative articles, articles that answer questions
posed by readers, and articles with videos embedded in the
webpage. These are all potential factors that can be considered
when personalizing video content toward patients.

Sorice et al [56] examined patients’ preferred social media
content related to plastic surgery on six social media platforms
(Facebook, Instagram, Pinterest, Snapchat, Twitter, and
YouTube) [56]. Patients used Facebook and YouTube as the
most favored posts relating to before and after photographs and
the surgery practice information. Second, the content that
engaged plastic surgeons and patients differed. The authors
concluded that this information should guide the web-based
activity of plastic surgeons to effectively target the desired
patients.

A systematic review evaluating factors associated with engaging
web-based content revealed the following key categories: textual
information, discussion boards and web-based groups, video
content, visual or pictographs, device accessibility, stage of
patient journey, credibility, and completeness of information
[57]. A framework was developed for each category describing
the factors that should be considered when designing an effective
content. Evidently, the manner in which users engage with
health care content is influenced by both design and content
factors, many of which are likely not yet identified.

Content Personalization Outside Health
Care—Current State
With increasing volumes of web-based data available for
extraction, storage, and processing, ML is useful in improving
the efficiency and accuracy of data processing models without
human input. Its application spans a wide range of disciplines,
including marketing, engineering, computer science, finance,
bioinformatics, and health care. In the context of personalizing
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health care content, ML applications may fall into the following
categories: facilitating market segmentation, content analysis,
and recommender systems.

In marketing, maximizing user—or customer—engagement is
obviously a key driver. Customer segmentation and
personalization of content in these segments in a competitive
environment is easy to appreciate. Furthermore, 59% of
customers believe that personalization influences their
purchasing habits [58]. A study reporting over 30,000 campaigns
by one company revealed that targeted campaigns resulted in
greater customer retention, engagement, and conversion into
active users compared with generic campaigns [59]. Audience
segmentation for web-based marketing aims to split the customer
population based on characteristic features (eg, demographic,
psychographic, geographic, behavior, and product preference)
[60]. Individual customer segments can be targeted with specific
content and products predicted to elicit the most attention,
resulting in sales and profits [61]. However, customer
segmentation performed by human marketers is limited by the
amount of data that can be amassed, analytical methods that
can be used, and the number of conclusions drawn. ML using
clustering techniques can process larger volumes of data and
uncover complex patterns to draw more practical conclusions
and create better-defined segments for targeting. Infamously,
this approach can also be used to target groups with messages
that may affect behavior, such as political elections [62], but is
less likely to be a useful method to personalize health care
content for individuals, as there will still be differences in the
needs and preferences of individuals within segments.

Recommender systems are used by the entertainment,
e-commerce, and marketing industry to personalize content
discovery and information retrieval in the context of massive
item repositories [63-66]. Established methods include
collaborative filtering, which applies the behavior of similar
users to suggest new items of interest; content-based methods,
which analyze content similarities with previous user preferences
to produce recommendations; and hybrid methods, which
combine both. Although the research landscape has
predominantly focused on collaborative filtering [67], increased
interest has gathered around content-based filtering with
techniques emerging to identify content features [68], including
user-generated tags and reviews [69], and advances in video
[70] and image [71] analysis capabilities.

As one of the largest platforms for creating and sharing content,
the YouTube recommender system uses deep learning to
generate and rank candidate videos by incorporating a rich set
of user and video features, such as the user’s history, context,
and interaction with similar videos [72]. This facilitates access
to a small set of engaging personalized content from an
ever-increasing repository of videos. Other studies have
demonstrated several content factors that can also influence
personalization. For example, a study incorporated textual
content features including video metadata and nontextual
features consisting of audio, scenes, and motion to enhance
personalized recommendations for videos; this was more
accurate in effective personalized video recommendation from
large video data sets (Netflix and MovieLens) over existing
models that use single specific content features [73].

Social media recommender systems provide insights into how
companies personalize other media content discovery for users.
Instagram analyzes content that users have previously interacted
with and uses natural language processing to identify similar
accounts to recommend content that the user is likely to interact
with on their Explore page [74]. In addition, content analysis
of social media pages reveals several factors that also influence
user engagement and may further refine content personalization.
In a study on over 13,000 Instagram posts, using an image
application programming interface (API) to extract visual
features from posts, several creator-related, context, and content
factors predicted user engagement [75]. In particular, images
containing people, scenery, and emoticons associated with
positive emotions engaged users more strongly. Other content
features on Instagram that correlate with user attention are
photos with faces [76] and filters enhancing warmth, exposure,
and contrast [77]. An analysis using a natural language
processing API on over 100,000 messages on Facebook found
that emotional and philanthropic content enhances engagement,
whereas informative content reduces engagement in isolation,
but further invokes attention when combined with persuasive
features [78].

Advances in recommender systems have further improved the
personalized recommendations. For instance, movie
recommender systems traditionally use higher semantic features
(eg, tags, plot, genre, and actors) suggested by users or experts
to personalize recommendations [79]. A recent work using a
deep learning neural network found that extracting low-level
stylistic features (eg, colors, texture, and lighting) outperformed
traditional semantic-based methods in recommending content
[70]. With developments in algorithmic approaches and deep
learning [68], high- and low-level content features can be
integrated to generate more personalized content
recommendations.

Recently, open-source services that leverage ML have become
available on commercial platforms with the Google Cloud
Artificial Intelligence as a foremost example [80,81]. These
services require minimal ML expertise and consist of custom
models using AutoML and pretrained models, which include
video intelligence API (analyze video metadata), natural
language API (analyze text), vision API (image segmentation
and classification), and speech API (transcribing audio). Similar
platforms exist with Amazon Rekognition image and video
analysis [82], Microsoft Azure video indexer, text analytics and
personalizer [83], and IBM Watson video content analysis and
natural language understanding [84]. Amazon’s predictive user
engagement service offers to improve user engagement by
analyzing real-time activity to personalize recommendations
and notifications for users [85,86]. The prospect of designing
custom ML may have been prohibitive for many industries
previously, but these open-source platforms provide an
opportunity to adopt it into the mainstream of a variety of
disciplines for large-scale data processing.
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Potential Lessons to Learn for Health
Care

The previous sections described user segmentation, targeted
advertisements, and personalization based on recommender
systems using ML techniques. With the vast amount of
web-based health care content readily accessible to patients,
cross-disciplinary collaboration and the use of open-source
platforms indicate that these techniques may be feasible. If this
is achieved, the aim of personalizing web-based content and
enhancing outcomes is possible. However, clinical studies and
clinical applications related to this are sparse.

Big data in health care can transform the field of health
marketing (an established concept in public health medicine),
drawing principles from traditional marketing to create,
communicate, and deliver information in a patient-centered
manner [87]. This aims to identify population segments and
market health care messages to them in terms of the segments
that are likely to respond [88]. A systematic review of health
marketing research identified a number of studies that used
hierarchical and nonhierarchical clustering techniques to
segment health consumers in unique ways [88]. However, the
studies did not explore whether these segments were meaningful

(predictive segmentation) or whether personalized interventions
affected outcomes. Furthermore, there was a reliance on
rudimentary data such as survey, service, and basic clinical data,
which limits the clustering process as opposed to truly big data.
Although these strategies may have beneficial effects for groups
of people, it is difficult to imagine their utility to individuals.

We propose a model that leverages ML algorithms to personalize
content for an individual person (Figure 1). Health care big data
consists of diverse data types, including clinical data, electronic
patient records, biometrics, sensor-generated data, population
data, social media posts, and webpages [16]. Electronic health
records are accumulating data at an exponential rate. With the
increasing use of medical devices, sensors, wearable technology,
and social media, more personal data can be recorded [89].
These consist of potential sources of structured and unstructured
data that may be fed into ML algorithms. Structured data include
labeled user features such as demographics, geographics,
psychographics, behavior, and clinical details, as well as content
features consisting of modality, themes, and author information.
Unstructured data, comprising 80% of all health care data [90],
can be processed by video, image, and natural language
processing APIs into structured formats [91]. ML algorithms
using supervised and unsupervised learning can process these
data to produce a predictive model for content personalization.

Figure 1. Suggested model using machine learning to personalize web-based health care content. EHR: electronic health record; ML: machine learning.

User features can be matched to content features (whether video,
text, infographics, or audio) to create a model predicting which
content is likely to be engaging to which people. Content
features need not be limited to the content or design features
identified in the Content Personalization section. Meta-level
information encompassing object identification (colors, shapes,
and texture), person or face identification, motion features,
patterns, textual analysis, medical tags, higher semantic
meaning, and significantly more may be extracted and analyzed.
The content for patients can be created with these specific
features in mind. Recommender systems could automatically
predict other content that is useful and engaging to patients,
conveying education that is likely to affect them.

Metrics related to view count, likes, shares, and positive
comments have traditionally been used as an indicator of
popularity, but they may only provide a superficial measure of
engagement and fail to capture key outcomes for patients.
Similarly, no single outcome metric is likely to be sufficient.
Possible surrogate measures to consider include shared
decision-making [27], patient satisfaction [92], objective clinical
outcomes and symptoms [93], changes in attitude and behavior
[94,95], and physiological signals [96]. These factors can aid
in content personalization.

Harnessing data from personal digital devices such as wearables,
phones, and computers has led to research into digital
phenotyping and personal sensing, which refer to the analysis
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of data streams from personal devices to build a human
phenotype by identifying behaviors, traits, thoughts, and feelings
[97,98]. This field has been adopted predominantly in
psychiatry, where the objective identification of behavior
patterns can aid in the diagnosis and stratification of mental
health conditions, as well as their treatment (digital health
interventions) [97]. In a recent study of internet-based cognitive
behavioral therapy, ML was used to identify different behavior
patterns among segments of patients, consisting of low engagers,
late engagers, high engagers with rapid disengagement, and the
highest engagers [99]. Each patient subtype was more likely to
engage with different intervention tools (eg, core modules,
goal-based activities, mood trackers, and mindfulness tools),
leading to varying improvements in depression and anxiety
symptoms. The authors concluded that this information could
be used to tailor specific intervention types to different patient
subtypes to improve engagement and adherence to treatment.

There are clear similarities between these digital health concepts
and the proposed model to personalize web-based health care
content. In particular, ML can be used to analyze data streams
that include sensor measurements, user activity on personal
devices, and user-generated content to identify individual
behavior patterns. This can then be used to personalize
interventions, of which personalized content could form a part
of the intervention, or, at the very least, to inform patients about
their health and engage them in making healthy behavior
choices.

The successful implementation of big data and ML in
personalizing web-based content requires the input and
collaboration of several multidisciplinary stakeholders [100].
Health care professionals must produce accurate and engaging
user-centered content, which is consumed by patients who can
use recommender systems to discover related content and are
also able to create content on their own. ML algorithms based
on the model described in Figure 1 were designed by computer
scientists and ML engineers and further optimized by several
data streams provided by patients and health care organizations.
There should be ongoing collaborative research between
clinicians and computer scientists to take advantage of
developments in ML, such as the use of deep learning.

However, current inadequacies in the digital infrastructure of
health care systems can pose a significant challenge to this
process. For example, as outlined in the UK government policy
paper on their future digital strategy plan [101], patient data are
often stored in disparate systems between different hospitals
and health care settings that are unable to communicate with
each other. One of the priorities should, therefore, be to create
data standards that facilitate the interoperability of patient health

records, which would enable seamless access, storage, and
processing at scale. It is promising that government agencies
have already taken steps to outline frameworks to achieve secure
access, interoperability, and sharing of health-related patient
data [101,102].

Other drawbacks of big data and personalized health care must
also be considered in addition to the benefits. Maintaining the
privacy and security of sensitive patient data is paramount and
poses significant challenges with the volume of data recorded
from an increasing number of sources. No single legal or ethical
framework covers all aspects of health information privacy
[103]. Furthermore, many laws are outdated and insufficient
for the current era of big data, which includes user-generated
data (eg, wearables and sensors) and nonhealth information that
can lead to health inferences (eg, social media habits) [104].
Therefore, governments and health care bodies must also act as
key stakeholders to ensure that laws are updated to allow ML
to be harnessed for the benefit of patients while maintaining
privacy and security. This may necessitate the development of
oversight agencies to strictly regulate the use of ML, as well as
collaboration with cybersecurity experts [100]. The principles
of consent in digital data research and use need to be established
and will require input from governments, national data
regulators, medical ethicists, legal experts, and, most
importantly, patients [105].

There are several principles for maintaining private and secure
data, including collecting data from trusted sources, encrypting
and anonymizing stored data, maintaining strict authorization
and access control, and securing processing environments [106].
However, a cybersecurity report in 2016 revealed a 320%
year-on-year increase in breaches of protected health information
in US hospitals, with 81% of breached records resulting from
hacking attacks [107]. This compromised over 16 million
individual patient health records, indicating a pressing need to
continue monitoring and developing security systems in the
face of both malicious and unintentional data breaches.

Conclusions

The proliferation of web-based content and increased
participation of patients in interacting with said content provides
an opportunity to understand what features of content are
engaging to people. Harnessing ML technologies to process big
data in health care will allow health care providers and other
users to create and contribute to personalized content. These
insights may be leveraged to facilitate patient activation and
enable patients to make healthy choices, ultimately improving
outcomes.
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Abstract

One of the greatest strengths of artificial intelligence (AI) and machine learning (ML) approaches in health care is that their
performance can be continually improved based on updates from automated learning from data. However, health care ML models
are currently essentially regulated under provisions that were developed for an earlier age of slowly updated medical
devices—requiring major documentation reshape and revalidation with every major update of the model generated by the ML
algorithm. This creates minor problems for models that will be retrained and updated only occasionally, but major problems for
models that will learn from data in real time or near real time. Regulators have announced action plans for fundamental changes
in regulatory approaches. In this Viewpoint, we examine the current regulatory frameworks and developments in this domain.
The status quo and recent developments are reviewed, and we argue that these innovative approaches to health care need matching
innovative approaches to regulation and that these approaches will bring benefits for patients. International perspectives from the
World Health Organization, and the Food and Drug Administration’s proposed approach, based around oversight of tool developers’
quality management systems and defined algorithm change protocols, offer a much-needed paradigm shift, and strive for a
balanced approach to enabling rapid improvements in health care through AI innovation while simultaneously ensuring patient
safety. The draft European Union (EU) regulatory framework indicates similar approaches, but no detail has yet been provided
on how algorithm change protocols will be implemented in the EU. We argue that detail must be provided, and we describe how
this could be done in a manner that would allow the full benefits of AI/ML-based innovation for EU patients and health care
systems to be realized.
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Introduction

Automated image analysis and segmentation [1], autonomous
soft tissue suturing [2], and brain-machine interfaces [3]: these
are technologies that until recently were only science fiction
imaginings. They now all represent the state of the art in
ML-based health care tools and all share one characteristic: all
these systems are trained on patient data and can be quickly and
automatically improved through retraining and on the basis of
new patient data. ML is a subset of AI approaches, and this
Viewpoint deals with the subset of ML applications that are
classified as medical devices. The concept that an ML model
will remain static over time is anathema to the concept of
learning. Technologies are rapidly advancing to allow true
real-time machine learning, and when the regulatory regimes
allow it, ML-based health care tools have the potential to “learn”
from new observations and continuous use and to retrain their
models fully “on the job” [4,5].

Many ML-based health care tools are classified in the European
Union (EU) and United States (and most other jurisdictions) as
Software as a Medical Device (referred to in this Viewpoint as
ML-based SaMD, with this term used to refer to technologies
that learned from patient data sets and that will be further trained
after being placed on the market). Learning and updating models
pose a regulatory challenge, more so for ML-based SaMD that
will learn from data in real time or near real time. Changes of
this type pose a new regulatory challenge: the changes will often
affect the fundamental clinical safety, clinical performance, and
clinical benefit of the algorithm. Should they require full
regulatory reassessment, a process that generally takes many
months? Alternatively, can novel, faster, robust methods of
quality oversight and approval be established? This Viewpoint
compares the differing proposals put forward by the US and
EU regulatory bodies for adapting the existing medical device
frameworks to include consideration of learning ML-based
SaMD. The crux of our argument is that highly proactive
responses from regulators are required. The US Food and Drug
Administration (FDA) and the EU have proposed strategies.
The FDA approach is structured and comprehensive, while the
EU approach overlaps the US approach but lacks detail on
requirements and has not involved detailed stakeholder
consultation.

There is evidence that more nuanced regulation of ML-based
SaMD is being developed. A 2021 position paper of the
American Medical Informatics Association recommended
proactive regulatory approaches to bring improvement in clinical
decision support (CDS) regulation including transparency
standards, real-world performance (RWP) monitoring
requirements, and improved postmarket surveillance (PMS)
strategies [6]. A recent external validation of a widely
implemented proprietary sepsis prediction model, the Epic
Sepsis Model (ESM), used in hundreds of hospitals throughout
the United States, found that it has poorly identified the onset
of sepsis [7]. The authors concluded that the widespread
adoption of this CDS, despite its poor performance, raised
fundamental concerns about sepsis management. In our view,
it also raises regulatory oversight and PMS concerns. The ESM
is a penalized logistic regression model, included as part of a

widely used electronic health record system, and it was
developed and validated based on data from 405,000 patient
encounters in three health systems between 2013 and 2015 [7].
Although only limited information is publicly available about
the ESM, we recognize that it is not an example of an adaptive
CDS (as defined in [6]); however, the ML approach used has
the potential to be used in future adaptive CDS systems. Even
as an example of a static CDS system, periodic updates based
on PMS/RWP monitoring would form part of the lifecycle of
this CDS, greatly increasing patient safety. Many of the
considerations in this Viewpoint are applicable to this example.

The regulation of ML-based SaMD has been identified as one
of the more substantial barriers to their clinical adoption [8].
Explorations of ML-based medical software in the United States
found that many tools are not regulated by the FDA, that there
is no FDA-maintained public record/database of approved
ML-based SaMD, that many devices are approved through the
510(k)-clearance route (claim of substantial equivalence to an
already-approved device), and where specific clinical evidence
was provided for approval, this was exclusively from
retrospective rather than prospective data [7,8]. Some of the
medical applications of ML discussed in [7,8] were classified
by the FDA as low risk or not classified as ML-based SaMD.
For low-risk applications, existing regulatory frameworks may
be sufficient. However, for the higher risk class devices
discussed by [8,9], and also for adaptive ML-based SaMD and
autonomous applications, there is a requirement for smarter
regulation in the EU, United States, and worldwide, both to
ensure patient safety and to remove a hurdle to adoption and
advancement of the technologies [10-13].

The Current Regulatory Framework for
Learning ML-Based SaMD

ML-based health care tools with a role in individual patient
diagnosis or therapy are currently regulated in the United States
and EU as Software as a Medical Device. The regulation of
medical devices has been included in US legislation since the
1938 Federal Food, Drug, and Cosmetic Act (FD&C Act), and
more comprehensively in the 1976 Medical Device Amendments
to the FD&C Act and subsequent updates [14]. In the EU, a
legislative framework has been in place since the Medical
Devices Directive 93/42/EEC and the Active Implantable
Medical Devices Directive 90/385/EEC and was recently
updated to the Medical Device Regulation (MDR) [15,16]. Both
US and EU frameworks heavily rely on guidelines and
harmonized norms, which define a set of standardized best
practices for the development and deployment of medical
devices. Neither of the current regulatory frameworks in their
present form adequately considers the special properties of
ML-based systems.

Historically, as hardware medical devices preceded software
medical devices, the principles of a relatively static product (ie,
following linear steps from initial concept to early and later
stages of development, verification, validation, clinical testing,
approval, and market release) were logical. As software in/as
medical devices became established, the fundamental principles
of medical device regulation were adopted largely unchanged
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to software. Allowance was provided for special properties of
software; however, the level of detail in the legislation itself
was low [15] and was instead provided through a set of
international standards, including standards for the software life
cycle [17], software usability testing, validation, and release
and update. Initially, these processes were required to proceed
in a linear “waterfall” cascade that had to be followed for
software updates, release, and approval [17]. Later international
guidance (see [18]) provided approaches for the development
of SaMD within agile frameworks, the generally recognized
optimal approach to software design [19], which is an iterative
and incremental model of software development. Whether using
waterfall or agile approaches, the international guidelines
provide methodologies to adequately verify and validate SaMD
software, a prerequisite for its safety and effectiveness.

Limitations of Current Approaches

This raises the question, “does the current legislation provide
a regulatory approval framework for ML-based SaMD?”
Although burdensome, the current EU approach can be (and
has been) adopted for ML-based SaMD (see [20]). SaMD
manufacturers can optimize their software development
processes to maximize their efficiency in this linear process,
particularly for documenting the effects of model change on
SaMD performance between updates (these are aspects of
“change control,” a fundamental principle of medical device
quality management systems). When applied to ML-based
SaMD, software verification and validation are not in themselves
sufficient, as they do not ensure that the ML model is safe; it
could have safety problems related either to low-quality input
data or to a poorly designed ML algorithm.

Manufacturers tend to relegate information about ML model
updates to software development life cycle (SDLC) activities
and postmarket clinical follow-up (PMCF). Although
conventional PMCF and SDLC are highly valuable activities,
provided they are executed in the correct environment and phase,
they are generally inadequate to address ML problems. SDLC
activities focus on software design controls that do not ensure
clinically acceptable ML performance (ie, a software can be
perfectly written and documented and yet the ML that it hosts
can fail because of ML model problems). One reason for the
inadequacy of current PMCF practices for ML model updates
is that they typically generate data on a sufficient number of
patients only months to years after changes are made to the
SaMD. In addition, historically, the data quantity typically
explored in PMCF approaches has been insufficient for the
requirements of modern data-driven learning algorithms. As
discussed later in this Viewpoint, PMCF can be adapted to allow
for the rapid gathering of detailed data related to ML model
updates. The adaptation of PMCF to this purpose and the
definition of a systematic “protocol” for the implications of this
data stream on device regulatory status are the foundation of
proposed novel regulatory approaches.

Proposed Solutions: The US FDA Action
Plan

The issues of the appropriateness of the ML algorithm and input
data and the safety of the derived ML model are tackled to a
degree in recent standards, some of which are still under
development (see for example ISO [International Organization
for Standardization]/IEC [International Electrotechnical
Commission] TR 24028 on trustworthiness in AI [21] and
ISO/IEC DTR 24027 on bias in AI systems and AI-aided
decision-making [22]) but have not yet been addressed in a
joined-up fashion in legislation. However, these issues are
addressed by novel and comprehensive proposals in the US
FDA’s 2021 action plan [23], which effectively provides a
roadmap for ML model validation. The FDA has conducted a
structured consultation and has published a comprehensive
action plan on regulatory approval strategies for adaptive
ML-based SaMD [23,24], which has been accompanied by a
high degree of engagement with the themes in the literature
[25-27]. The action plan does not yet fully resolve the problems
described in this Viewpoint, as the action plan is not complete
or implemented. Nevertheless, the proactive and open approach
of the FDA is commendable.

The action plan clearly recognizes that adaptive ML-based
SaMD presents a challenge to traditional approaches: “The
FDA’s traditional paradigm of medical device regulation was
not designed for adaptive artificial intelligence and machine
learning technologies” [23]. The FDA started the formal online
consultation process in April 2019 [28]—with contributions
guided by a well-conceived detailed consultation
document—and conducted a public workshop in February 2020,
followed by the publication of the action plan in January 2021
[23]. The consultation document and action plan are based on
the FDA’s premarket programs, and took into consideration the
International Medical Device Regulators Forum’s (IMDRF)
medical device risk categorization principles [29], the
benefit-risk framework, software modifications guidance, and
the organization-based total product life cycle approach. Good
machine learning practice (GMLP) principles will be used to
ensure rigorous ML-based SaMD development. Algorithm
changes will be transparently labeled for users, while
methodologies for ensuring robustness and identification and
elimination of bias will be incorporated. For each device, a
two-component predetermined change control plan (PCCP) is
envisioned. This will include a SaMD prespecification (SPS)—a
predetermined change control plan setting out the scope of the
permissible modifications—and an algorithm change protocol
(ACP; note that it is the prediction model that changes, see
Textbox 1), which sets out the methodology used in the
ML-based SaMD to implement the defined changes within the
scope of the SPS. The ACP is a step-by-step delineation of
procedures to be followed so that the modification achieves its
goals and the ML-based SaMD remains safe and effective. The
action plan is notable for its strengths in harnessing the iterative
improvement power of ML-based SaMD, while at the same
time ensuring patient safety through continuous RWP
monitoring. As a next step, the FDA will publish a complete
draft guidance on the PCCP in 2021 [23].
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Textbox 1. Definitions of machine learning algorithm software and models. These definitions are set out explicitly here as some of the regulatory
discussion documents use machine learning terminology imprecisely.

Artificial intelligence/machine learning algorithm

Machine learning algorithms are mathematical procedures that are implemented in code and are run on data to create an output machine learning
model. Machine learning algorithms perform pattern recognition tasks to learn from data. For example, a machine learning algorithm could be trained
on physician-labeled radiographs used to develop a machine learning model for tumor detection.

Artificial intelligence/machine learning software

Machine learning software is the code (ie, programming language) implementation of the machine learning algorithm. It is possible to implement a
machine learning algorithm in many alternative ways or different programming languages.

Artificial intelligence/machine learning model

The machine learning model is created by running a machine learning algorithm on data. The machine learning model represents what was learned
by a machine learning algorithm. The machine learning model consists of model data and a prediction algorithm, which can be regarded as an
automatically created computer program. Once created, the machine learning model can be used for a specific task (eg, the machine learning model
can be applied to unlabeled radiographs to locate possible tumors).

Do the Innovative ACP-Based
Approaches Adequately Ensure Safety?

The status quo that the FDA action plan will alter has the
foundational principle that a medical device should be clearly
defined, definitively tested, and meticulously documented before
approval and then should effectively have unchanged clinical
safety, performance, and benefit on the market, and this should
be ensured through tight change control processes and
postmarket surveillance. Any substantial change in clinical
behavior would require reapproval. This framework has
advantages in the simplicity of traceability and maintenance of
safety oversight. A disadvantage is that this framework prohibits
the rapid change of ML-based SaMD. The FDA action plan
effectively proposes the same system, except that a boundary
of change of the clinical behavior of the adaptive ML-based
SaMD can be predefined, along with methods to oversee the
degree of change and the resulting effects while on the market.
If this is a paradigm shift, it is a small one—it effectively shifts
the approval at the stage of readiness of a new product revision
and the postmarket evaluation of change to a premarket
comprehensive consideration of the changes that would be
acceptable for the device.

By definition, changes that do not fall within the predefined
risk-assessed thresholds are not allowed and require the normal
processes of examination by the regulator before approval for
the market. The FDA noted in the action plan that “stakeholders
provided specific feedback about the elements that might be
included in the SPS/ACP to support safety and effectiveness as
the SaMD and its associated algorithm(s) change over time”
and has reacted to this by promising detailed guidance on what
should be included in an SPS and ACP to support the safety
and effectiveness of ML-based SaMD algorithms [23]. It is the
view of the authors that the overall principles set out in the FDA
action plan (ie, predefining acceptable clinical safety,
performance, and benefit on the market, and conducting RWP
monitoring of these) represent an approach that is both rational
and proportionate, and one that would ensure patient safety,
provided the regulator is sufficiently involved in the oversight
of RWP monitoring data and evaluation of this data in the
context of the PCCP.

The EU Artificial Intelligence Act

Following a European Commission white paper on AI in
February 2020 and a subsequent public consultation [30,31],
the European Commission published a draft Artificial
Intelligence Act in April 2021 [32]. This draft legislation lays
down harmonized rules for AI applications and it extends
classical EU product conformity and CE marking concepts to
all “high-risk” AI applications. The draft legislation is very
similar to MDR in its core approaches, which are based around
product intended use and postmarket monitoring systems. All
use of AI in medical devices is defined as “high-risk,” and the
draft legislation is designed to be compatible with MDR [16],
to be overseen by the same Notified Bodies as MDR (although
the detail on how oversight will operate remains to be
established), and devices are to be covered by a single CE-mark
representing conformity to both MDR and the Artificial
Intelligence Act [16,32]. It is striking that there is no single
mention of ML in MDR, its annexes, or its associated guidance
(MDR [16] and Medical Device Coordination Group guidelines
[33,34]), despite the fact these documents were released in 2017
or later. Essentially, the new draft Artificial Intelligence Act
extends MDR [16], bringing it into the AI era.

The FDA approach had a clear and focused published proposal
on ML-based SaMD regulation to frame the discussion for the
public consultation. In contrast, the European Commission
consultation on the 2020 white paper that preceded the draft
legislation did not have an associated published proposal and
was broad, bringing in all high-risk AI applications, not just
health care. We studied the contributions to the consultation,
and although there are some well-considered submissions,
overall, there was little focused discussion on precisely how
ML-based SaMD should be overseen in the EU. This lack of
detail in proposals is also reflected in the draft legislation. For
the first time in EU medical device legislation, the draft
describes the concept of ACPs, but—unlike in the FDA action
plan [23]—these are implied, rather than being specifically
named or their requirements being set out in detail. Likewise,
the draft legislation does not set out an analogue to the FDA’s
PCCP approach, although again, the need for this is implied.

The critical clause in the draft legislation is as follows:
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In line with the commonly established notion of
substantial modification for products regulated by
Union harmonisation legislation, it is appropriate
that an AI system undergoes a new conformity
assessment whenever a change occurs which may
affect the compliance of the system with this
Regulation or when the intended purpose of the system
changes. In addition, as regards AI systems which
continue to ‘learn’ after being placed on the market
or put into service (i.e., they automatically adapt how
functions are carried out), it is necessary to provide
rules establishing that changes to the algorithm and
its performance that have been pre-determined by the
provider and assessed at the moment of the conformity
assessment should not constitute a substantial
modification.

The importance of postmarket performance monitoring is
described, but no details are provided on special considerations
for this in the context of ML-based SaMD: “all providers should
have a post-market monitoring system in place. This system is
also key to ensure that the possible risks emerging from AI
systems which continue to ‘learn’ after being placed on the
market or put into service can be more efficiently and timely
addressed.”

EU Regulatory Oversight: What Is Still
Needed?

In September 2020, a thorough analysis of the EU legal
requirements for ML-based SaMD [35] was carried out by the
European medical devices trade association (European
Coordination Committee of the Radiological, Electromedical
and Healthcare IT Industry [COCIR]), who concluded that
deployment is possible in a way that is consistent with MDR,
but recommended that practical guidance should be made
available, supported by the development of international
standards. More specifically, the group recommends that the
international standard describing software life cycle processes
(IEC 62304) [17] should be updated, requiring manufacturers
to define an ACP for adaptive ML-based SaMD. COCIR’s
recommendation has been included in the text of the new “under
review” edition of the standard [36]. We agree that the updating
of standards is an important stepping-stone toward a clear
framework, but changes can be long in the incubation. Simply
updating standards documents may not bring the clarity required
by EU Notified Bodies to allow them to make the judgment
calls required to approve learning ML-based SaMD. The
modifications to the IEC standard are also discrete, and do not
guarantee cohesiveness of the EU regulatory framework.
Moreover, updates in standards are generally conducted by a
narrow group of domain experts; in the example above, the
expertise group will largely consist of medical device software
life cycle experts. As fully acknowledged by the FDA,
consultation on the design of new regulatory frameworks for
adaptive ML-based SaMD should also bring together experts
on postmarket surveillance, RWP measurement, clinical
evaluation, and labelling, as well as patient representatives.
Although not specifically stated by the FDA, we argue that
experts in real-time adaptive ML approaches, which are likely

to be increasingly proposed for ML-based SaMD, should also
be a key part of these discussions. The awaited EU guidance
was not published with the draft Artificial Intelligence Act, and
as such there will be a clear legal requirement for ACPs for
adaptive ML-based SaMD, but without detail on how ACPs
should be implemented.

There are several major implications for the EU if standardized
procedures are not provided for premarket review of adaptive
ML-based SaMD, for ACP, or for manufacturer oversight of
systems on the market. Unclear or unspecified regulatory
approaches required to fulfil requirements could lead to
frameworks that are too burdensome to be worthwhile for
manufacturers to deploy their technologies in a particular region.
This may put patients there at considerable disadvantage, as
they may not be able to access new diagnostic, therapeutic, or
preventive modalities, or may only be able to access them after
a significant delay. Unclear regulatory strategies could also
significantly disadvantage the growth and prosperity of EU AI
businesses. Lastly, as discussed in the general context of EU
and US medical device harmonization and regulation in [6,37],
unclear regulatory requirements are unlikely to function to
ensure safety as they will likely lead to highly uneven regulatory
oversight and enforcement.

It is unclear the degree to which the detailed EU approaches to
adaptive ML-based SaMD will piggyback on the results of the
already well-progressed consultative process undertaken by the
US FDA. Other international approaches, such as those of the
IMDRF and the joint WHO/International Telecommunication
Union strategy for an independent standard evaluation
framework for ML model benchmarking [38], could also provide
input to an EU approach; however, concerted and prompt action
is required on the part of the European Commission, to consult
on and define EU-specific guidelines for providers to enable
them to “establish[...] that changes to the algorithm and its
performance that have been pre-determined.” The benefits of
the US FDA approach have been discussed at length in this
Viewpoint but as described in detail in a July 2020 viewpoint
by Cohen et al [19], there are aspects of the US approach that
cannot easily be translated to the EU. EU-specific solutions are
required in three domains: (1) EU data protection considerations
relating to the update problem, (2) the relatively less established
system in the EU for RWP monitoring, and (3) EU differences
in public perceptions and stated community values regarding
the role of AI. Point 2 may be partly addressed through
complaint and incident registration in the proposed EU database
for stand-alone high-risk AI systems but this is not yet
sufficiently defined in the draft legislation to determine this
with certainty.

It is our view that the EU needs to provide specific guidelines
for adaptive ML-based SaMD ACPs and RWP monitoring.
Waiting for coordination to be achieved through alignment of
international standards is an approach without a proven track
record of success, and it is unclear whether international
approaches alone are sufficient for the EU’s special
circumstances. This should not be the basis for the development
of the EU’s health care ML-based SaMD ecosystem, on which
we depend to bring the benefits of health care AI to European
society and its economy. What is needed is a clear standardized
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approach, similar to the now 2-year-old approach of the FDA,
which sets clear procedures required for ML-based SaMD
approval and postmarket provider and regulatory oversight.
This could be achieved, with or without a focused public
consultation, through published guidance from the EU Medical
Devices Coordination Group, which should bring together the
aspects addressed in the FDA action plan, the COCIR report,
and the developing harmonized standards [23,35,36].

The EU approach to regulation of medical devices has faced
criticism for lacking both harmonization and approaches for
ensuring patient safety [37]. Although both of these aspects
have been improved due to the MDR [16] through the
introduction of greater transparency for patients and a central
vigilance and PMS database (EUDAMED), the key underlying

problems of market fragmentation and lack of clarity and
harmonization still exist [37]. The main issue that this Viewpoint
addresses is the potential for continued lack of standardized
adoption of proactive oversight of health AI, and therefore the
potential for the EU Artificial Intelligence Act [32] to fail in its
objectives of harmonizing AI regulation and ensuring
future-ready oversight and the safety of EU ML-based SaMD.
We call for a detailed action plan and public consultation,
echoing the FDA’s 2020 approach, that will allow manufacturers
and other stakeholders in the medical community to inform the
discussion on requirements and to definitively understand
requirements as they relate to oversight, market surveillance,
and checkpoints of safety and performance, reactive to
ML-based SaMD adoption (ie, the details of ACPs and
associated RWP monitoring and ACP mechanisms).
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Abstract

Background: Cochlear implant technology is a well-known approach to help deaf individuals hear speech again and can improve
speech intelligibility in quiet conditions; however, it still has room for improvement in noisy conditions. More recently, it has
been proven that deep learning–based noise reduction, such as noise classification and deep denoising autoencoder (NC+DDAE),
can benefit the intelligibility performance of patients with cochlear implants compared to classical noise reduction algorithms.

Objective: Following the successful implementation of the NC+DDAE model in our previous study, this study aimed to propose
an advanced noise reduction system using knowledge transfer technology, called NC+DDAE_T; examine the proposed
NC+DDAE_T noise reduction system using objective evaluations and subjective listening tests; and investigate which layer
substitution of the knowledge transfer technology in the NC+DDAE_T noise reduction system provides the best outcome.

Methods: The knowledge transfer technology was adopted to reduce the number of parameters of the NC+DDAE_T compared
with the NC+DDAE. We investigated which layer should be substituted using short-time objective intelligibility and perceptual
evaluation of speech quality scores as well as t-distributed stochastic neighbor embedding to visualize the features in each model
layer. Moreover, we enrolled 10 cochlear implant users for listening tests to evaluate the benefits of the newly developed
NC+DDAE_T.

Results: The experimental results showed that substituting the middle layer (ie, the second layer in this study) of the
noise-independent DDAE (NI-DDAE) model achieved the best performance gain regarding short-time objective intelligibility
and perceptual evaluation of speech quality scores. Therefore, the parameters of layer 3 in the NI-DDAE were chosen to be
replaced, thereby establishing the NC+DDAE_T. Both objective and listening test results showed that the proposed NC+DDAE_T
noise reduction system achieved similar performances compared with the previous NC+DDAE in several noisy test conditions.
However, the proposed NC+DDAE_T only required a quarter of the number of parameters compared to the NC+DDAE.

Conclusions: This study demonstrated that knowledge transfer technology can help reduce the number of parameters in an
NC+DDAE while keeping similar performance rates. This suggests that the proposed NC+DDAE_T model may reduce the
implementation costs of this noise reduction system and provide more benefits for cochlear implant users.

(J Med Internet Res 2021;23(10):e25460)   doi:10.2196/25460
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Introduction

Cochlear implants (CIs) are implanted electronic medical
devices that can enable patients with profound-to-severe hearing
loss to obtain a sense of sound. In their study, Gifford et al [1]
showed that 28% of individuals equipped with CI achieved
100% speech intelligibility. Sladen et al [2] also reported similar
results in their study: after undergoing CI implantation, the word
accuracy of CI users was 80% in a quiet environment. Although
CI users have few obstacles in a quiet environment, there is still
scope for improvement in a noisy environment [2].

Noise reduction (NR) is one of classical methods to alleviate
the effect of background noise for CI users. Over the past few
decades, many statistical signal processing NR methods have
been proposed, such as log minimum mean squared error [3],
Karhunen-Loéve transform [4], Wiener filter-based on a priori
signal-to-noise ratio (SNR) estimation [5], generalized maximum
a posteriori spectral amplitude [6], and SNR-based [7]
approaches. Loizou et al [8] proposed a single-channel algorithm
to conduct NR, and the results showed that the sentence
recognition scores in 14 participants with CI improved
significantly over their daily performances. Dawson et al [7]
evaluated a real-time NR algorithm which used the noise
estimation to pick up 1 NR approach out of 2 different levels
of NR approaches according to the SNR. The study results
showed that the proposed NR algorithm could benefit CI users
in speech a reception threshold under 3 kinds of noise. Mauger
et al [9] optimized the gain function to achieve a better
SNR-based NR, and the results showed that with the optimized
gain function, a 27% improvement was achieved for CI users
in speech-weighted noise. Although classical NR function can
improve speech intelligibility for CI users in stationary noise
conditions [7-9], improvements are still needed in nonstationary
noise conditions [10].

Deep learning (DL)–based NR methods have recently shown
better performance than classical statistical-based NR methods
[11-17]. Lai et al [18] used a deep denoising autoencoder
(DDAE)–based NR using vocoder simulation to perform NR
function for CI users; the listening test showed that the speech
intelligibility was better with DDAE-based NR than with
convectional single-microphone NR approaches, whether in
stationary or nonstationary noise conditions. Goehring et al
[19,20] used neural and recurrent neural networks to perform
the NR function for CI users, and the results showed that the
proposed NR function could significantly improve speech
intelligibility in babbling noise conditions. In DL methods, the
nonstationary noise can be processed well, but this needs a huge
amount of training data in different noise types and SNR levels.
However, when a mismatch exists, such as when there is a
difference in data between the training and testing phase, the
performance of the DL method is usually degraded [10,18].

An environment-aware–based NR system called noise classifier
(NC) +DDAE (NC+DDAE) was proposed to alleviate the above
issue [21]. The NC+DDAE NR system combines n-specific

noise-dependent (ND)-DDAE NR models and a
noise-independent (NI)-DDAE NR model. The NC function
(ie, deep neural network model) was used to distinguish n
different typical noises and select a suitable DDAE model to
perform the NR function for CI users. Hence, the NC function
made the NC+DDAE an environment-aware–based NR system.
The objective measures and listening test showed that the
NC+DDAE model had a much higher performance than did the
other NR methods. Although the NC+DDAE model has proven
to benefit the CI user and have the flexibility of customization,
the NC+DDAE model requires several parameters, which
increase the requirements for device implementation. Therefore,
the NC+DDAE model needs to be modified to have fewer
requirements while maintaining the performance at the same
level.

Recently, the knowledge transfer (so called transfer learning)
approach [22] has been used in many speech signal processing
tasks (eg, speech emotion detection [23], text-to-speech system
[24,25], and speech enhancement [26]) and has proven to
provide benefits for the DL-based model. Knowledge transfer
is a machine learning method developed for a specific task that
reuses the initial parameters for a new model for the target task.
In other words, the knowledge transfer technology transfers the
domain knowledge based on the source domain to the target
domain to help the DL-based model achieve better performance;
furthermore, it can speed up the time needed to develop and
train a model by reusing these pieces or modules that have
already been developed [22]. Following the concept of
knowledge transfer technology, we proposed an improved
NC+DDAE NR model, called NC+DDAE_transfer
(NC+DDAE_T). We first analyzed the differences between
features in each layer of DDAE to choose the most suitable
layer for NR adaptation. Next, we compared the performance
between NC+DDAE and NC+DDAE_T with 2 well-known
objective metrics: perceptual evaluation of speech quality
(PESQ) [27] and short-time objective intelligibility (STOI) [28].
The PESQ shows the result of comparing the clean and
processed speech by mean opinion score. In the mean opinion
score, 5 is the highest score while 1 is the lowest. According to
a previous study [27], a score over 4 is high enough for most
people to listen comfortably and a score of 3.6 is an acceptable
boundary for those with normal hearing. The STOI represents
the speech intelligibility by a correlation coefficient derived
from comparing the energy of clean and processed speech in
each frame. STOI ranges from 0 to 1, with a higher score
representing more clear and understandable speech. Finally, the
clinical effectiveness of NC+DDAE_T with the NC+DDAE
and DDAE NR systems for patients with CI was evaluated in
noisy listening conditions.

Methods

In this section, we describe first the NC+DDAE approach. We
then introduce the NC+DDAE_T method, the transfer
learning–based NC+DDAE NR modified in this study. Finally,
we describe the experimental setting and material to prove the
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benefits of the proposed NC+DDAE_T compared to 2
well-known DL-based NR systems (ie, DDAE and NC+DDAE).

NR Based on the NC+DDAE Approach
Figure 1 shows the proposed NC+DDAE model in our previous
study [21], where 2 critical units, NC and DDAE, were included.
In this approach, first, the noisy speech signals y(t) are processed

by feature extraction units to obtain Yj
MFCC and Yj

LPS, which
denote log power spectra (LPS) [29] and Mel-frequency cepstral
coefficients [30], respectively, with j denoting the frame in the

short-time Fourier transform. Yj
MFCC is the input of the NC

model to determine the current type of background noise and
to select a suitable DDAE model for NR, which includes
multiple ND-DDAE models each trained by a model-specific
noise type and a single NI-DDAE model trained by 120 noise
types [15]. When the noisy input signal is similar to one of the
specific noise types, the specific ND-DDAE model is chosen
for NR; otherwise, the NI-DDAE is used. Afterward, the

selected DDAE model processes Yj
LPS to obtain the enhanced

features. is combined with the noisy phase Yphase to finally

reconstruct the enhanced speech . The NC+DDAE NR system
has been defined in detail previously [21].

Figure 1. Structure of the noise classifier with a deep denoising autoencoder (NC+DDAE) system. DDAE: deep denoising autoencoder; FFT: fast
Fourier transform; IFFT: inverse fast Fourier transform; LPS: log power spectra; NC: noise classifier; ND: noise-dependent; NI: noise-independent;
MFCC: Mel-frequency cepstral coefficient.

NR With the Proposed NC+DDAE_T Approach
Figure 2 shows the pipeline of the NC+DDAE_T NR approach
proposed in this study. The signal processing procedure of the

NC+DDAE_T is similar to that of the above-mentioned
NC+DDAE. The major difference lies in the NR model as
described in the following sections.
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Figure 2. Structure of the proposed noise classifier system with DDAE and knowledge transfer. DDAE: deep denoising autoencoder; DNN: deep neural
network; FFT: fast Fourier transform; IFFT: inverse fast Fourier transform; LPS: log power spectra; NC: noise classifier; NI: noise-independent; MFCC:
Mel-frequency cepstral coefficient.

NC Model
The NC model of the proposed NC+DDAE_T is the same as
that in our previously described system. Initially, the system

receives a noisy speech y(t) and computes the Yj
MFCC and Yj

LPS

features separately. Yj
MFCC is then sent to the NC model. The

NC model is a deep neural network (DNN) composed of 3
hidden layers. Each layer consists of 100 neurons and an output
layer adapting the softmax function [30]. The output at the j-th

node of the l-th layer in a DNN hj
(l) is produced according to

equation 1:

(1)

where the term hj
(l–1) denotes the output from the i-th node in

the (l−1)-th layer, bj
(l) is the bias of index j, and Wij

l is the weight
between hidden unit j and i. σ(∙) is the activation function [30],
which is the logistic function described in equation 2:

(2)

Next, the trained DNN model is used in the NC function. The
output of the last layer is converted into the probability by the
softmax function [31] to obtain the normalized probability-based
output. The back propagation algorithm [32,33] is then applied
to parameter set θ in equation 3, where L(∙) is the loss function,

Ni denotes the correct noise class, and is the output class of
the DNN-based NC.

(3)

To avoid substantial variance in the DNN output, we use the
confidence measurement [34] to analyze the output of the
DNN-based NC. Based on the confidence measurement score,
a threshold is used to determine the classification results. In
other words, when the confidence measurement score is higher
than the threshold, the result predicted by the NC model is
considered trustworthy. Nevertheless, if the confidence
measurement score is not concrete to one noise type, then the
NI-DDAE is chosen for NR; on the other hand, if the confidence
measurement is solid, the ND-DDAE is selected.

DDAE-based NR Model

In the training phase, the noisy LPS feature Yj
LPS and clean LPS

feature Xj
LPS are the input and output, respectively, of the

DDAE–based NR model. The details for training the DDAE

NR model with L hidden layers mapping Yj
LPS to Xj

LPS are
available elsewhere [21]. The difference between NC+DDAE
and NC+DDAE_T is that only the parameters of a specific layer

(ie, wL-r and bL-r) are trainable as shown in equation 4, whereas
the other parameters remain untrainable in the fine-tuning
process. The constant L denotes the number of layers, and we
used 5 layers (ie, L=5) in this study.

(4)

where {W1…W(L-r)…WL} and {b1… b(L-r)… bL} are the matrices
of weights and bias vectors of the DDAE NR model,
respectively, whereas Relu represents the activation function
rectified linear unit [35]. The constant r is the index to identified
the specific trainable layer. In this study, the second layer (ie,
r=3) was chosen because, on average, substituting the second
layer achieved the best performance in our pilot study. The
detailed experimental results are shown in Multimedia Appendix
1.
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Based on the above idea, the original NI-DDAE, trained with
a huge database of noise samples, can be transformed into many
ND-DDAE models according to the type of background noise.
In this study, 12 common types of background noise were used;
hence, 12 ND-DDAE models were derived from the NI-DDAE
model. More specifically, each ND-DDAE model was
determined by optimizing the following objective function:

(5)

(6)

where M is the total number of training samples and F( ) is

the loss function derived from and Xj
LPS

. is the vector that
contains the logarithmic amplitudes of the enhanced speech

corresponding to the paired noisy LPS feature Yj
LPS.

Subsequently, the trained NI-DDAE provides the initial
parameters for the ND-DDAE model, and the noise data of the
specific environment are used to fine-tune this ND-DDAE

model. Finally, the transformed LPS feature is sent to the
waveform recovery unit to reconstruct the waveform. More

specifically, is first processed using square root and
exponential operations. The waveform recovery function then

reconstructs the enhanced speech with the noisy phase Yphase.

Training and Evaluation Procedure
In this section, we show how the NC, DDAE, and NC+DDAE_T
models were trained. First, we trained a new NC model
according to the 12 common background noises,
2talker_unseen1, 2talker_unseen2, Construction Jackhammer
(CJ), 2 Talker, Cafeteria, MRT (Mass Rapid Transit), cafeteria,
Toy-Squeeze-Several, speech shape noise from the Institute of
Electrical and Electronics Engineers (SSN_IEEE), Siren,
Multiple type noise 1, and Multiple type noise 2, which are
shown in Figure 3. Note that the training approach is described
in the previous section “NC Model”. After the training, the
prediction accuracy of the 12 noises was 100%. The detailed
results of the confusion matrix are shown in Multimedia
Appendix 2.

To train the DDAE NR model, the Taiwan Mandarin version
of the hearing in noise test (TMHINT) corpus [36] was selected
to conduct all experiments, including the training and evaluation
parts. All 320 sentences, each consisting of 10 characters, were
recorded at a 16 kHz sampling rate, after which 120 utterances
among the TMHINT corpus were selected and corrupted by
120 noise types [15] at 7 SNR levels (−10, −7, −4, −1, 1, 4, 7,
and 10 dB) as the training set for the DDAE model. The other
200 utterances were also corrupted with the 12 common
background noises—as mentioned in the description of NC
training—at 6 SNR levels (-6, -3, 0, 3, and 6 dB) as the outside

testing set. In our previous study, this trained model was defined
as the NI-DDAE.

Next, we combined the NC with NI-DDAE and fine-tuned the
model with each noise type in the NC, and the NI-DDAE was
transformed into NC+DDAE_T. In the fine-tuning step, we
could freeze or adopt each layer in the NI-DDAE. Previously,
we had studied which layer of the NI-DDAE model had to be
replaced to achieve the best performance. We substituted each
layer by modifying r in the range from 1 to 5; meanwhile, we
conducted 2 well-known objective speech evaluations, PESQ
[27] and STOI [28], to identify the most appropriate layer. On
average, replacing the middle layer of the NI-DDAE model (ie,
the second layer this study) achieved a better performance than
did substituting other layers. The detailed results can be found
in Multimedia Appendix 1. Hence, we uniformly replaced the
parameters of the third layer in all subsequent tests. As the 2
DL-based NR systems, DDAE and NC+DDAE, achieved better
performances in our previous studies [18,21] than did the
well-known unsupervised NR algorithms, the log minimum
mean squared error [3] and Karhunen-Loéve transform [37],
we used the DDAE and NC+DDAE algorithms for comparisons
to evaluate the NC+DDAE_T in this study.

Subsequently, we enrolled 10 CI users to conduct speech
intelligibility tests, and details of these subjects are shown in
the Multimedia Appendix 3. This study protocol was approved
by the Research Ethics Review Committee of Cheng Hsin
Hospital under the following approval number: CHGH-IRB
(645) 107A-17-2. The first author, LPHL, explained the study
to the patients and collected the signed institutional review board
informed consent before the experiment. All participants used
their own clinical speech processors and temporarily disabled
the built-in NR functions during the test. The test signals of
noisy and enhanced speech were played at 65 dB sound pressure
level by a speaker and were then processed through a CI
processor to simulate the performance of each NR approach for
CI users. To ensure that fatigue did not affect the study
participants, each individual only heard a total of 16 test
conditions (2 background noise [2 talker and CJ] × 2 SNR levels
[0 and 3 dB] × 4 signal processing systems [noisy, DDAE,
NC+DDAE, and NC+DDAE_T]) with 10 sentences of 10 words
in each test condition. The participants were instructed to repeat
verbally what they had heard. We evaluated the speech
intelligibility under each test condition using the word correct
rate (WCR) [38-42] calculated as the ratio between the number
of correctly identified words and the total number of words. To
further prevent participant fatigue, tests were paused for 5
minutes every 30 minutes. Moreover, we calculated the
statistical power to see whether the sample size (10 patients in
this study) was large enough to obtain a significant difference
in the result. The statistical power of this study is 1. According
to Cohen et al [43] a statistical power over 0.8 is sufficiently
high to conclude that there is a significant difference in the
hypothesis.
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Figure 3. Spectrograms of the 12 noise signals: (a) 2T_BG_1, (b) 2T_BG_2, (c) CJ, (d) 2T_BB, (e) Cafeteria, (f) MRT, (g) House Fan, (h)
Toy-Squeeze-Several, (i) SSN_IEEE, (j) Siren, (k) Multiple type noise 1, and (l) Multiple type noise 2. 2T_BG_1 is a noise that mixes the speech of a
girl and a boy both speaking repeatedly in English. 2T_BG_1 is a noise that mixes the speech of a girl and a boy both speaking repeatedly in English.
The speakers in 2T_BG_2 are the same as those in 2T_BG_1 but with different sentences. 2T_BB is a noise that overlays 2 sentences in Chinese spoken
by the same male speaker. Multiple type noise 1 is a mix of the sound of sirens and cheering crowd, whereas Multiple type noise 2 is a sound combining
scratching and booing. The other samples are common background noises from daily life. 2T_BB: 2 Talker; 2T_BG_1: 2 talker_unseen1; 2T_BG_2:
2 talker_unseen2; CJ: Construction Jackhammer; MRT: Mass Rapid Transit; SSN_IEEE: speech shape noise from the Institute of Electrical and
Electronics Engineers.

Results

Objective Evaluation Using PESQ and STOI Scores
We compared the newly proposed NC+DDAE_T with the
previously established NR systems, DDAE and NC+DDAE.
The PESQ and STOI scores of these tests are shown in Figures
4 and 5, respectively. As demonstrated in Figure 4, the PESQ
scores of the proposed NC+DDAE_T are generally similar to
those of the NC+DDAE. The details regarding the average

scores of each approach (ie, noisy, DDAE, NC+DDAE, and
NC+DDAE_T) for the 12 background noises at 6 different SNR
levels can be found in Table A1 of Multimedia Appendix 4. In
the STOI scores, the NC+DDAE_T model also achieved the
same level as did the NC+DDAE (Figure 5). The detailed STOI
scores are listed in Table A2 of Multimedia Appendix 4. These
objective evaluation results proved that the NC+DDAE_T could
provide almost the same speech intelligibility performance as
the NC+DDAE.
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Figure 4. Mean perceptual evaluation of speech quality (PESQ) scores of the 4 noise reduction approaches. 2T_BB: 2 Talker; 2T_BG_1: 2 talker_unseen1;
2T_BG_2: 2 talker_unseen2; CJ: Construction Jackhammer; dB: decibel; DDAE: deep denoising autoencoder; NC: noise classifier; NC+DDAE_T:
noise classifier + deep denoising autoencoder with knowledge transfer; MRT: Mass Rapid Transit; PESQ: perceptual evaluation of speech quality;
SNR: signal-to-noise ratio; SSN_IEEE: speech shape noise from the Institute of Electrical and Electronics Engineers.
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Figure 5. Mean short-time objective intelligibility (STOI) scores of the different noise reduction approaches. 2T_BB: 2 Talker; 2T_BG_1: 2
talker_unseen1; 2T_BG_2: 2 talker_unseen2; CJ: Construction Jackhammer; DDAE: deep denoising autoencoder; NC: noise classifier; NC+DDAE_T:
noise classifier + deep denoising autoencoder with knowledge transfer; MRT: Mass Rapid Transit; SNR: signal-to-noise ratio; SSN_IEEE: speech shape
noise from the Institute of Electrical and Electronics Engineers; STOI: short-time objective intelligibility.

Recognition in Listening Tests
Figure 6 shows the average WCR scores of 10 individuals with
CI in the 2 Talker and CJ noise conditions each at 0- and 3-dB
SNR levels. The detailed results are as follows: The respective
average WCR scores and standard error of the mean (SEM) for
noisy, DDAE, NC+DDAE, and NC+DDAE_T with 2 Talker
background noise were 4.1 (SEM 1.87), 27.8 (SEM 5.42), 38.9
(SEM 8.83), and 43.2 (SEM 9.33) at the 0-dB SNR level; and
10.3 (SEM 3.84), 27.7 (SEM 5.24), 48.2 (SEM 9.69), and 50.3
(SEM 8.98) at the 3-dB SNR level. In the CJ background noise,
the respective average scores and SEMs were 19.3 (SEM 5.76),
27.7 (SEM 5.24), 42.2 (SEM 9.64), and 50.6 (SEM 10.0) at the
0-dB SNR level; and 37.1 (SEM 9.84), 38.8 (SEM 8.41), 49.3
(SEM9.31), and 50.9 (SEM 10.13) at the 3-dB SNR level. These
results demonstrated that the NC+DDAE_T provided better

speech intelligibility scores than did noisy speech. Moreover,
the newly developed NC+DDAE_T model achieved slightly
higher intelligibility performances than did the NC+DDAE
approach under most test conditions. The 1-way analysis of
variance (ANOVA) [44] with least significant difference post
hoc comparison [45] was used to analyze the results of the 4
NR systems (noisy, DDAE, NC+DDAE, and NC+DDAE_T)
in the 4 test conditions. The 1-way ANOVA result confirmed
that the WCR scores differed significantly among the 4 systems
(F=13.256; P<.001). The least significant difference post hoc
comparisons (Table 1) further revealed that the noisy condition
was significantly different from the other 3 systems (DDAE:
P=.16; NC+DDAE: P<.001; NC+DDAE_T: P<.001).
Meanwhile, the differences between the NC+DDAE and
NC+DDAE_T models were not significant (P=.50).
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Figure 6. Mean intelligibility scores of 10 participants with cochlear implants in 4 types of simulated test conditions. 2T_BB: 2 Talker; CJ: Construction
Jackhammer; dB: decibel; DDAE: deep denoising autoencoder; NC: noise classifier; NC+DDAE_T: noise classifier + deep denoising autoencoder with
knowledge transfer.

Table 1. The mean difference, standard error, and significance of the listening test in each noise reduction system.

P valueaMean difference (I–J) (standard error)Method (I) by test (J)

Noisy (I)

.016 c–13.18 (5.428)DDAEb (J)

< .001–26.95 (5.428)NCd+DDAE (J)

< .001–30.60 (5.428)NC+DDAE_Te (J)

DDAE (I)

. 0213.18 (5.428)Noisy (J)

.01–13.78 (5.428)NC+DDAE (J)

.002–17.43 (5.428)NC+DDAE_T (J)

NC+DDAE (I)

< .00126.95 (5.428)Noisy (J)

.0113.78 (5.428)DDAE (J)

.50–3.65 (5.428)NC+DDAE_T (J)

NC+DDAE_T (I)

< .00130.60 (5.428)Noisy (J)

. 00217.43 (5.428)DDAE (J)

.503.65 (5.428)NC+DDAE (J)

aP values are significant at α = .05. Least significant difference was selected to conduct post hoc testing.
bDDAE: deep denoising autoencoder.
cValues in italics represent significant values.
dNC: noise classifier.
eNC+DDAE_T: noise classifier + deep denoising autoencoder with knowledge transfer.

Comparison of the Numbers of Parameters
The original structure of the NC+DDAE system used 12
ND+DDAEs and 1 NI+DDAE for the NR. In this study, the
newly developed NC+DDAE_T system only needed 1

NI+DDAE and 12 different layer parameters to achieve the
same performance as the previous NC+DDAE system. We
further compared the numbers of parameters between the
NC+DDAE and NC+DDAE_T approaches. The NC+DDAE_T
approach required only 0.1 million parameters while the
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previous NC+DDAE system needed 4.4 million parameters.
The number of parameters was thus reduced by 76.5% compared
to the previous approach.

Discussion

Layers for Substitution
This study proposed a new NC+DDAE_T NR model that helps
CI users to improve speech intelligibility in noisy listening
conditions. Knowledge transfer technology was used to reduce
the parameter requirements in comparison to the previous
NC+DDAE approach. The experimental results of the objective
evaluation and the subjective listening tests demonstrated that
the NC+DDAE_T achieved performances comparable to those
of the NC+DDAE approach, while the number of parameters
used by the NC+DDAE_T was reduced by 76.5% compared to
the NC+DDAE. Therefore, knowledge transfer technology could
be a useful approach to further improve the benefits of
NC+DDAE in reducing the cost of implementation in the future.

The architecture of the NC+DDAE_T, (ie, which layer is
substituted) is the basis for achieving higher performance with
this novel system compared to the NC-DDAE. According to
the objective evaluation by PESQ and STOI scores (Multimedia
Appendix 1), the substitution of the middle layer can achieve
better performances. To further analyze why the middle layer
was so important, t-distributed stochastic neighbor embedding
(t-SNE) [46] was used to visualize the features that output by
each layer. The acoustic features of noisy and clean speech (ie,
LPS) were the inputs for the trained NI-DDAE NR model. The
output features of each NI-DDAE layer were analyzed using

t-SNE, which can project the distribution of each layer onto a
2D plane. Figure 7 shows the results of this feature visualization.
Green dots represent the output features of clean speech,
whereas blue dots indicate features of noisy speech. The less
overlap is apparent between the green and blue areas, the better
the layer can separate the features. These results indicate that
clean and noisy data were primarily separated in the output from

h(2) and h(3), implying that the front layers help to distinguish
noisy speech from clean features and thus could be the most
important layers. This interpretation is also consistent with the
objective evaluation results in Multimedia Appendix 1.

To explain the phenomenon illustrated in Figure 7, we suggest
that the NC+DDAE_T model may work similarly to the human
brain. The first layers of the model may try to separate the noise
from the speech features. Therefore, these features would
diverge completely in the middle layers of this NR model. The
model would then try to reconstruct the enhanced speech and
lower the volume of the noise in the final layers of the model;
hence, the features would converge again in the t-SNE analysis.
Based on these hypotheses, the second layer may be the key to
feature separation because the features are well separated after
the second layer. Therefore, to adapt the NR model to a specific
type of noise, substituting the second layer would be the best
choice, which corresponds to the results of the objective
evaluation. The other parts of the NC+DDAE_T model may
work as preprocessing and vocoder units. These parts are
common units of all NR models; thus, different ND-DDAEs
can share the same weight and bias values. Therefore, the
concept of knowledge transfer can be used in this part to
decrease the size of each model.
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Figure 7. t-distributed stochastic neighbor embedding (t-SNE) feature analysis of each layer in the noise-independent deep denoising autoencoder
(NI-DDAE) model with noisy and clean speech data. The green dots represent the output features of clean speech and the blue dots indicate features of
noisy speech. 2T_BB: 2 Talker; CJ: Construction Jackhammer.

Future Perspectives
Based on previous and current results of objective evaluation
and listening tests, we can conclude that the proposed
NC+DDAE_T performs comparably to the NC+DDAE. In
addition, the NC+DDAE_T needs only a quarter of the number
of parameters compared to the 12 ND-DDAE models. These
characteristics suggest a great potential for future
implementation of the NC+DDAE_T model. With the decreased

number of parameters, an implemented device would require
less memory. To prove this concept, we have implemented the
NC+DDAE_T architecture in an app on an iPhone XR mobile
phone (Apple Inc) as shown in Figure 8. The processing time
could satisfy the maximum group delay requirement of assistive
listening devices. With this advantage of edge computing, the
proposed NC+DDAE_T may become a new kind of hearing
assistive technology in the near future.
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Figure 8. Schematic of the noise classifier deep denoising autoencoder with knowledge transfer (NC+DDAE_T) implementation.

Limitations
The proposed NC+DDAE_T is an adaptable NR system, which
means that the system benefits may be affected by the training
data (eg, background noise types, speakers). Therefore, if the
proposed system faces noisy conditions that are very different
from the training data (ie, mismatch conditions), the proposed
system would require major improvements, and new recordings
of noise data may be needed. Overcoming this issue requires
future study. Additionally, although the proposed system was
implemented in an app, the full implementation of the proposed
system in the hardware of currently used CI devices is still a
way off. However, as studies increasingly focus on the
acceleration of DL-based models in microprocessors [47,48],

there is a greater chance that DL technologies may be
implemented into CI devices in the near future.

Conclusions
This study proposed a novel NC+DDAE_T system for NR in
CI devices. The knowledge transfer approach was used to lower
the number of parameters of the DDAE model. The experimental
results of the objective evaluations, along with the listening
tests, showed that the proposed NC+DDAE_T model provided
comparable performance to the previously established
NC+DDAE NR model. These results suggest that the proposed
NC+DDAE_T model may be a new NR system that can enable
CI users to hear well in noisy conditions.
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Abstract

Background: As a distributed technology, blockchain has attracted increasing attention from stakeholders in the medical
industry. Although previous studies have analyzed blockchain applications from the perspectives of technology, business, or
patient care, few studies have focused on actual use-case scenarios of blockchain in health care. In particular, the outbreak of
COVID-19 has led to some new ideas for the application of blockchain in medical practice.

Objective: This paper aims to provide a systematic review of the current and projected uses of blockchain technology in health
care, as well as directions for future research. In addition to the framework structure of blockchain and application scenarios, its
integration with other emerging technologies in health care is discussed.

Methods: We searched databases such as PubMed, EMBASE, Scopus, IEEE, and Springer using a combination of terms related
to blockchain and health care. Potentially relevant papers were then compared to determine their relevance and reviewed
independently for inclusion. Through a literature review, we summarize the key medical scenarios using blockchain technology.

Results: We found a total of 1647 relevant studies, 60 of which were unique studies that were included in this review. These
studies report a variety of uses for blockchain and their emphasis differs. According to the different technical characteristics and
application scenarios of blockchain, we summarize some medical scenarios closely related to blockchain from the perspective
of technical classification. Moreover, potential challenges are mentioned, including the confidentiality of privacy, the efficiency
of the system, security issues, and regulatory policy.

Conclusions: Blockchain technology can improve health care services in a decentralized, tamper-proof, transparent, and secure
manner. With the development of this technology and its integration with other emerging technologies, blockchain has the potential
to offer long-term benefits. Not only can it be a mechanism to secure electronic health records, but blockchain also provides a
powerful tool that can empower users to control their own health data, enabling a foolproof health data history and establishing
medical responsibility.

(J Med Internet Res 2021;23(10):e28613)   doi:10.2196/28613
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Introduction

Background
With the development of medical informatization, the amount
of available health care data is increasing at an extremely fast
rate. The sharing and use of medical information have played
an important role in the optimization of medical resource
allocation, clinical decision-making assistance, medical quality
monitoring, precision medicine, and disease risk assessment
and prediction [1-3]. However, such data sharing comes with
the risks of data security and privacy concerns, data dictatorship,
insufficient autonomy of the subject, increased social unfairness,
and others. Moreover, the sudden development of the COVID-19
pandemic has also posed new challenges for personal health
data sharing and mining. As another world-changing technology
based on cloud computing, the Internet of Things (IoT), and
artificial intelligence (AI), blockchain may provide a solution
to the above-mentioned problems owing to its unique
characteristics such as decentralization, autonomy, credibility,
and transparency [4,5]. Therefore, it is necessary to explore the
impact of blockchain on the medical industry to further clarify
the potential value of the medical application of blockchain
technology in the context of medical informatization.

Objectives
Although previous studies have analyzed blockchain
applications from the perspective of technology, business, or
patient care, few studies have focused on its actual use-case
scenarios in health care. In particular, the outbreak of COVID-19
brought about some ideas for the application of blockchain in
medical practice. Therefore, this paper aims to provide a
systematic review of the use of blockchain technology in health
care. In addition to summarizing the basic principles and
framework, this review highlights the different characteristics
based on blockchain and the application of blockchain in clinical
practice. Furthermore, integration with other technologies is
discussed, which provides a reference for future research.
Toward this end, we first describe the framework and perform
specific technical analyses from a theoretical standpoint. We

then summarize the application of blockchain in medical
scenarios and sort them into three parts according to the
characteristics of blockchain from a practical point of view.
Furthermore, we summarize the use cases of blockchain in the
fight against the COVID-19 pandemic, including the prevention
of infectious diseases, location sharing, and contact tracing, and
the supply chain of injectable medicines. Finally, we explore
the integration of blockchain with new technology and highlight
some of the associated challenges. By depicting a blueprint of
interconnected ecosystems in health care, we aim to provide
some reflections for engineers and decision-makers in the
medical industry.

Methods

Design
A systematic review design with narrative methods was used
to analyze the existing evidence. More precisely, a review
methodology was followed to form a conception of the
application of blockchain technology in health care.

Search Strategy
We performed a comprehensive literature search on May 10,
2021. The following electronic databases were searched with
the assistance of an information specialist at a medical library:
PubMed, EMBASE, Scopus, IEEE, and Springer. The review
was limited to articles published in English between 2016 and
2021 for which abstracts were available. This time frame was
chosen based on the dramatic improvement in information
technology that occurred during this period. The review was
also limited to studies of blockchain technology in the health
care domain. The initial search terms used were as follows:
(blockchain) OR (distributed ledger technology) OR (smart
contract) AND (health care). After reviewing the literature
identified through these search terms, we added the search terms
“health data,” “clinical,” “biomedical research,” “supply chain,”
“drug safety,” and “health monitoring” to capture the relevant
studies found in the references of the articles retrieved during
the initial search (Table 1).

Table 1. Databases and search terms used, and number of references found for each (N=1647).

Number of references retrievedSearch termsDatabase

232(((blockchain) OR (distributed ledger technology)) OR (smart contract)) AND (health
care)

PubMed (MEDLINE)

185((blockchain or distributed ledger technology) and health care).af.Embase

259(TITLE-ABS-KEY (block AND chain) AND TITLE-ABS-KEY (health AND care ))Scopus

295((“All Metadata”: blockchain or distributed ledger technology) AND “All Metadata”:
health care)

IEEE

676blockchain AND in AND health AND care AND “distributed ledger technology”
AND (blockchain)

Springer

Inclusion and Exclusion Criteria
A total of 1647 search results were screened for relevance using
their titles or abstracts, leaving 60 articles that were fully
reviewed and summarized. Our inclusion criteria were as
follows: (1) application studies that demonstrated the

effectiveness of blockchain technology, including data
preservation and sharing, medical insurance and supply chain,
clinical and biomedical research, drug safety, medical education,
electronic prescription anticounterfeiting, wearable devices, and
epidemic prevention; (2) English language studies published in
scientific journals; (3) studies for which the full text was
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available; and (4) completed studies. The review was not
restricted according to the study location, and any international
study written in English was eligible. Our exclusion criteria
were papers describing the process of blockchain design, books
or book chapters, letters, statistical reviews, dissertations,
editorials, and study protocols.

Study Selection
The research selection included four steps. First, three authors
(XY, JZ, and HW) independently screened all titles and abstracts
related to the systematic review (N=1647). Second, the abstracts
of all related articles were qualified by five authors (PL, SL,
TH, YD, and ZD). Third, the full texts of eligible publications
were obtained and screened by two authors (XY and LL)

according to the inclusion and exclusion criteria. If there were
any different opinions in the decisions made, the controversial
documents were discussed until a consensus was reached, with
the support of ZY. Fourth, the reference list of all included
papers and the system overview identified in the original search
were checked to identify other publications that met our
inclusion criteria.

Results

Search Findings
The search identified 1647 potentially relevant documents after
a review of titles and abstracts, 60 of which satisfied the
inclusion criteria after a full-text review (Figure 1).

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) flow diagram outlining the review process.

Application Principle of Blockchain Technology in
Health Care

Distributed Ledger and the Characteristics of Blockchain
Although traditional databases can have built-in redundancy,
they do not have the advantage of replication on every node
[6-8]. In the nodes of blockchain, only cryptography and
programs are used to realize point-to-point transactions,
complete cooperation, and establish tasks. In this mode, the

problems of low efficiency, high cost, and data security caused
by centralized systems can be solved [7-9]. Some of the
characteristics of blockchain and closely related applications
are summarized in Table 2. By maintaining an immutable,
tamper-proof, consecutive list of transactional data in a
distributed network, blockchain has created several disruptions
in incumbent business processes, and provides a promising new
distributed framework for amplifying the integration of health
care information across a range of stakeholders [1-3,10,11].
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Table 2. Characteristics of blockchain and related applications.

Related applicationsDescriptionCharacteristics

Health data preservation and authorization; the preservation and
authorization of health data

There is no centralized management organization in the
whole network, but rather a distributed end-to-end network
structure [4-7].

Decentralization

Medical insurance; health status monitoring and tracking (wearable
devices)

Using consensus-based specifications and protocols to enable
all nodes to exchange data freely and safely in a detrusted
environment [4,5,7,9,10].

Autonomy

Controlling of fake drugs; anticounterfeiting of electronic prescrip-
tions; digital ledger of students’ scores

Asymmetric cryptography is used to encrypt transaction data,
and with the help of workload proof mechanism to ensure
that the data are difficult to tamper with in theory [5-7,10].

Credibility

Supply chain; clinical trials; biomedical researchAll transaction records are open and transparent in the whole
network, breaking the information asymmetry [5-10,12].

Transparency

Framework Structure of Blockchain
The framework and structure of blockchain can be divided into
six layers (Figure 2). The application layer carries out the
accounting, transferring, and verifying functions on the client
side. Then, the contract layer behind the application layer
includes the script code, algorithm mechanism, and smart
contract, which performs transaction identification. The
incentive layer involves the distribution mechanisms. The

consensus layer ensures the consistency of the distributed
systems and that consensus can be reached even if there are
malicious nodes in the network. This layer also avoids the
problem of a “double-spend attack’’ and ensures the generation
time of blocks. In addition, the network layer is the mechanism
for which we use the P2P network to complete communication
and confirmation, and the data layer includes a series of
encryption and storage technologies [6,7,9,12,13].

Figure 2. Framework structure and classification of blockchain. DPOS: delegated proof of stake; PBFT: practical Byzantine fault tolerance; POS: proof
of stake; POW: proof of work.

Classification of Blockchain
Generally speaking, blockchain can be divided into public
chains, consortium chains, and private chains, as shown in Table
3 [14]. Hasselgren et al [15] counted the current medical use of
various types of blockchains and frameworks, and found that
the consortium chain is the most widely used. Currently, ethernet

and hyper ledger fabric are the most popular frameworks.
Hasavari et al [16] showed that hyper ledger fabric is the most
effective frame structure combined with medical treatment at
present. One solution to the problem regarding the combination
of blockchain and medical treatment is to replace patient care
reports with electronic health records (EHRs) so that they can
interoperate with other EHRs. Another solution suggests
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integration of the hyper ledger platform with an interplanetary
file system (IPFS), which is a point-to-point method for storing
and sharing media in distributed file systems that uses BitTorrent
technology. The data themselves are stored on the IPFS, and
the hash pointer is stored on the blockchain. MedRec [17] is a
decentralized record management system utilizing blockchain

for authentication, confidentiality, responsibility, and data
sharing. At present, most medical data-sharing and distribution
solutions use the allowed blockchain technology and rely on
business process integration; that is, customers run code on each
node and go through a specific process until they store the data
in the ledger [18].

Table 3. Classification of blockchain [14].

Private blockchainConsortium blockchainPublic blockchainProperty

One organizationSelected set of nodesAll minersConsensus determination

Could be public or restrictedCould be public or restrictedPublicRead permission

Could be tamperedCould be tamperedNearly impossible to tamperImmutability

HighHighLowEfficiency

PermissionedPermissionedPermissionlessConsensus process

Application Scenarios in Health Care

Principal Scenarios
Blockchain technology can use cryptography to program and
operate smart contracts composed of data encryption and

automated script codes, and also provides distributed
infrastructure and economic incentives [4,5,10,11,13,14,17-19].
Based on previous studies, we summarize three main
blockchain-based medical scenarios (Table 4) and discuss the
integration of blockchain and emerging technologies in the
future.

Table 4. Medical application scenarios of blockchain and the details of related studies (N=60).

ReferencesNumber of studiesApplications according to technical characteristics

Preservation and authorization of personalized health data

Kim et al [6], Shi et al [20], Zhou et al [21], Dubovitskaya et
al [22], Jones et al [23], Chen et al [24], Hylock et al [25], Lo
et al [26], Xiao et al [27], Yue et al [28]

10Preservation of health data

Xia et al [29], Patel et al [30], Fan et al [31], Yazdinejad et al
[32], Zhu et al [33], Dubovitskaya et al [34], Khurshid et al
[35], Cheng et al [36]

8Medical data sharing

Zhou et al [37]1Medical insurance

Brogan et al [38], Griggs et al [39], Ichikawa et al [40]3Health status monitoring and tracking

Promoting the management of social and public health

Mao et al [41], Fernández et al [42], Sylim et al [43], Lohmer
et al [44], Hoy et al [45], Vruddhula et al [46], Tseng et al
[47], Mackey et al [48]

8Administration of medicine

Aldughayfiq et al [49], Li et al [50]2Anticounterfeiting of electronic prescriptions

Raghavendra et al [51], Nandi et al [52], Marbouh et al [53],
Mashamba et al [54], Bansal et al [55], Khurshid et al [56],
Abdel-Basset et al [57], Resiere et al [58], Chang et al [59],
Garg et al [60]

10Prevention and control of pandemic

Empowering the credibility of medical education and research

Verde et al [61], Funk et al [62], Durant et al [63]3Medical education

Benchoufi et al [64], Wong et al [65], Omar et al [66], Hirano
et al [67], Zhuang et al [68], Nugent et al [69], Wan et al [70]

7Clinical trials

Jin et al [71], Kuo et al [72-74], Ozercan et al [75], Johnson
et al [76], Chen et al [77], Mamoshina et al [78]

8Biomedical research
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Personalized Health Data Preservation and
Authorization

Overview

With the accumulation of a large amount of individual health
information, a reliable storing and sharing approach is needed
to ensure the safety of patients’private information. The existing
medical data management systems are generally based on a set
of centralized servers, which build a large site system or
centralized relational database system. Blockchain is an open
distributed ledger based on peer-to-peer networks and consensus
algorithms with natural advantages in solving these problems.

Preservation of Electronic Medical Records

With the increased specialization of health care services and
high levels of patient mobility, accessing health care services
across multiple hospitals or clinics has become very common
for diagnosis and treatment, particularly for patients with chronic
diseases. Based on blockchain, Dubovitskaya et al [22]
developed ACTION-EHR, an EHR data management system
for the radiation treatment of cancer. The synchronous nodes
in the blockchain network can immediately find data changes
and prevent malicious tampering with the data. Similarly,
HealthChain, a novel patient-centered blockchain framework
designed by Hylock and Zeng [25], offers patients and providers
access to consistent and comprehensive medical records. To
integrate patient referral data from the National Health Insurance
Administration national medical referral system, Lo et al [26]
developed a blockchain-enabled framework for acquiring
electronic medical record (EMR) and EHR data of patients in
hospitals and community-based clinics. The framework assists
in the establishment of an alliance-based medical referral service
to promote trusting relationships and transaction security among
patients, family doctors, and specialists. In addition, Yue et al
[28] proposed the Health Care Data Gateway, a medical data
network that not only enables a patient to control their own data
easily but also allows untrusted third parties to process health
data securely. By expounding the working principle and process
of HealthChain in detail, Xiao et al [27] verified the feasibility
of using blockchain in EMRs. As a major direction of
telemedicine, the blockchain-based storing system of health
data will play a vital role in protecting the privacy of patients
and ensuring credibility.

Exchange of Patients’ Medical Data

Traditional medical records are stored in the central database
of various hospitals, which leads to the phenomenon of an
“isolated island of information” in the medical field
[1-3,29,31,32,35,36,79-83]. Blockchain allows patients to have
access to their medical information while authorizing them to
grant access of their EHRs to third parties as they see fit. Health
care providers have easy access to all patients’ medical data,
regardless of when and where health care services are provided.
Guardtime [79], a Netherlands-based data security firm,
partnered with the government of Estonia to create a
blockchain-based framework to validate patient identities when
sharing their health records. Xia et al [29] introduced MeDShare,
a system that addresses the trust issue of medical data sharing
among medical big data custodians in an untrusted network
environment. For example, it may be urgently necessary to
know the radiation dose received during treatment to avoid
possible harmful consequences for the patient. In a clinical
imaging department, a smart framework for cross-domain
radiological image sharing and patient-defined access
permissions was developed. Zhu et al [33] proposed a cloud
resource–sharing model and explored the cloud service of breast
tumor diagnosis based on a consensus-oriented blockchain to
protect the privacy of cancer patients. In clinical work, timely
and accurate sharing of private data related to personal health
is necessary for patient treatment, and the significance of
blockchain in this respect should be realized by more doctors
and decision-makers.

Simplifying the Process of Medical Insurance

In the field of medical insurance, the insurance process involves
patients, medical institutions, and insurance service providers;
however, the speed of information exchange among them is
slow. Based on blockchain, the process can be simplified. Zhou
et al [37] proposed a blockchain-based medical insurance storage
system named MIStore, which was deployed on the Ethereum
blockchain and provided a platform between insurance
companies and hospitals. The system improved the efficiency
of the information storage process so that insurance companies
can quickly settle claims and preauthorize payments to patients.
Based on blockchain, the real-time circulation and sharing of
bills can be realized, which can ensure the payment of claims
and reduce user advances. The technical framework of medical
insurance based on blockchain is depicted in Figure 3.
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Figure 3. Medical insurance on blockchain.

Monitoring Health Status Based on Personal Wearable
Devices

Chronic disease is the dominant cause of morbidity and mortality
worldwide. The cost of treating traditional chronic diseases such
as cardiovascular disease was US $555 billion in the United
States in 2014 and is estimated to rise to US $1.1 trillion by
2035. With the extensive development of wearable devices,
smartphones, clouds, and wireless systems, the integration of
these devices can be applied to tracking the health status of
patients with chronic diseases. By using blockchain-based
transmission and storage mechanisms, health information can
be uploaded to the cloud more accurately and in a more timely
manner [84-86]. Brogan et al [38] demonstrated that it was
feasible to use a distributed ledger to receive authenticated
activity data from a wearable device. Griggs et al [39] proposed
the utilization of blockchain-based smart contracts to evaluate
information collected by health care devices and log transactions
in a wireless body area network. A quick-response system based
on the blockchain can detect emergencies such as asthma attacks
and alert the closest emergency services in real time to provide
immediate relief. Continuous monitoring can not only detect
adverse health events early and reduce the risk of such events
but can also improve the monitoring of medication compliance
and reduce unnecessary treatments [40,87]. Based on
blockchain, wearable devices can potentially reduce patients’
needs for more complex interventions, which in turn reduce the
number of emergency department visits and hospitalizations,
caregiver burden, and health care costs.

Promoting the Management of Social and Public Health

Overview

The management of social and public health is involved in many
aspects, including disease prevention and control, management
of drugs, authentication of health records, and medical insurance.
Due to the lack of information exchange, the process often
becomes inefficient. Based on the characteristics of blockchain

such as traceability and immutability, we can apply it to simplify
the process of insurance, administration of medicine,
anticounterfeiting electronic prescriptions, and controlling
pandemic issuance.

Administration of Medicine

The Center for the Public Interest in the United States estimates
that global sales of counterfeit drugs are likely to exceed US
$75 billion this year, representing an increase of 90% within
the past 5 years. According to the World Health Organization,
10% of the world’s medicines are counterfeit drugs, 30% of
which are found in developing countries. Owing to their
substandard dose and purity, these counterfeit drugs pose a great
threat to people’s physical and mental health [41,88,89]. In the
supply chain, supply chain management systems have played
important roles and have great importance for an enormous
number of industries and organizations. With the development
of mobile technologies, the supply chain of drugs is considered
relatively mature and easy to adopt; the existing solution is to
track the logistics information and check the authenticity of
drugs through quick response codes, radio frequency
identification, or SMS text messaging; however, these methods
do not prevent counterfeit drugs from entering the logistics
chain. The combination of supply chain and blockchain
technologies can revolutionize the medical field, bringing about
the benefits of vast objects’ connectivity, and features to process
and record a large amount of medical information with more
efficiency, privacy, and security [89].

Due to the particularity of drug production, the legitimacy and
authenticity of drugs can be effectively guaranteed by using
blockchain anticounterfeiting technology [45,46]. Using
blockchain, a supply chain can maintain the privacy and security
of information and provide great immutability for transactions.
For example, Mao et al [41] provided a blockchain-based credit
evaluation system to strengthen the effectiveness of supervision
and management in the food and drug supply chain. Based on
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the concept of Industry 4.0, Fernández-Caramés et al [42]
presented the design of an unmanned aerial vehicle and
blockchain-based supply chain system for traceability
applications. To develop a supply regulatory system for drugs,
Sylim et al [43] developed a distributed application based on
smart contracts. Blockchain has interesting features of validation
and smart contracts, which are very useful for medical supply
chains to manage millions of transactions in more authentic
ways [44]. In the pharmaceutical industry, Chronicled Inc
launched a prototype technology combining near field
communication–embedded adhesive seals that were registered
and verified on the blockchain. Vruddhula [46] launched a
project called Oggic to prevent the entry of counterfeit drugs
into the supply chain. Tseng et al [47] chose the Gcoin
blockchain to address the anticounterfeiting problem in the
pharmaceutical world. Each transaction would be recorded on
the blockchain, making it tamper-proof, decentralized,
time-stamped, and highly secure. Mackey et al [48] proposed
a framework for improving the claims process by using
blockchain, which makes the adjudication process more
patient-centric and prevents drug fraud and abuse.

The primary function of blockchain in the circulation of drugs
can be summarized as follows: (1) track and trace
pharmaceutical raw materials and finished products in an
immutable digital ledger, (2) provide greater transparency of
fake drugs by allowing participants to verify their authenticity,
(3) integrate anticounterfeit devices into the IoT and provide
better authentication, and (4) serve as an underlying technology
to enhance information exchange across different actors in the
drug supply chain [47,48].

Anticounterfeiting of Electronic Prescriptions

With the continuous development of medical treatment on the
internet, the establishment of online consultation platforms has
facilitated consultation needs. Currently, individuals can conduct
medical consultations through online platforms, purchase drugs
from certified online pharmacies, and provide services such as
drug delivery in the same city [49]. However, fake symptoms
and irregular electronic prescriptions continue to emerge, which
lead to the behavior of relying on fake prescriptions to buy
drugs. Based on the decentralized and traceable blockchain
system, a blockchain online consultation platform can be
established to ensure the storage of large sample data and the
sharing of health information [2,3,5,11]. The framework is
shown in Figure 4. Such a project mainly realizes the functions
of hospital management, physician management, user
management, online consultation, and prescriptions through a
doctor-patient online consultation platform, and achieves
information credibility with the help of blockchain digital
authentication, integral management, and other technologies.
In this framework, users can be divided into doctors, ordinary
users (patients), and administrators. Doctors need to pass the
qualification examination to achieve the functions of prescribing
medicine and diagnosing diseases, while patients need to register
their personal information and submit a description of their
illness to obtain a prescription. The consultation information is
uploaded and recorded in personal medical records to prevent
patients from fabricating false health information [50].
According to the results of physical examination records,
medical diagnosis, and prescription opinions uploaded, the
above-mentioned process can ultimately be realized in this
blockchain-based tamper-proof system.

Figure 4. Structure for anticounterfeiting of electronic prescriptions. FDA: US Food and Drug Administration.
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Pandemic Prevention and Control (Case of COVID-19)

COVID-19 spread rapidly around the world during 2020, which
has attracted substantial attention on methods to prevent and
control epidemics. Scientists are struggling to find a model to
fight COVID-19. Blockchain technology has several potential
use cases that can help tackle the current pandemic crisis.
Blockchain can be used to simplify the clinical trial processes
for vaccines and drugs, raise public awareness, transparently
track donations and fundraising activities, and act as a reliable
data tracker. Compared with traditional supply information
management, blockchain smart contracts can guarantee the
rights and obligations between nodes and the judgment of
contract execution [51-53,56,58,59]. A joint Walmart-IBM
project demonstrated how tracking the sources of contamination
in green vegetables, a task that previously took months, could
be achieved within seconds using blockchain [53]. Thus, many
experts have made meaningful attempts in the control of
epidemics and pandemics. Mashamba et al [54] proposed a
blockchain-based and AI-coupled self-testing and tracking
system for infectious diseases. Based on blockchain,
International Classification of Diseases codes (current and
previous versions) can be used to map the causes of death and
observe disease trends and pattern changes across geographical
locations over time. Bansal et al [55] suggested the use of a
blockchain-based system to mitigate the falsification of test
reports and encourage people to contact individuals with
immunity-based licenses. Blockchain also enables information
to be collected from individuals without identifying them by
using a system of public and private keys. The DeepTrace
system based on the blockchain can provide anonymized
personal identification while allowing regulators and health
care providers to contact people who are at risk of being
potentially infected [56]. In addition, Abdel-Basset et al [57]
proposed a framework integrating different disruptive
technologies and blockchain to provide governance with an
integrated vision toward managing the COVID-19 pandemic.
Although epidemics and pandemics have seriously affected our
lives, they also promoted the advancement of scientific
technologies in the process of combating viruses and enhanced
our capabilities in facing such emergencies [58-60].

Empowering the Credibility of Medical Education and
Research

Overview

Medical education and research are promising areas where the
introduction of blockchain may bring about benefits. Based on
a blockchain system, reports and procedures at different stages
of the study, as well as test results, and congress and course
attendance in medical education could be easily archived and
serve as digital proof of acquired competencies performed
[62,63]. Since real clinical and experimental data are inseparable
from high-quality medical research, the source and reliability
of data are essential for researchers [64-66,68,90]. Based on the
immutability and transparency of blockchain, the uploading of
experimental data records can accelerate clinical data sharing
and prevent academic misconduct [69].

Medical Education

Medical education is constantly changing and must adapt to
address advances in biomedical sciences, improvements in
learning theory, new regulatory policy, technological innovation,
and efforts to have health care professionals perform at the
highest level of competency. Blockchain technology in medical
education has the potential to help solve many of the challenges
currently faced by academic administrators, faculty, learners,
and institutions. Since medical education is a lifelong learning
process, a blockchain framework and measurable public
exchanges between learners and teachers allow for the
transmission of content, feedback about instructional designs,
evaluation of learners, competency assessment, and certification.

A blockchain-based structure for the recording, crediting, and
appraisal of educational deliverables could be a robust way for
educators to track the value that their academic and system
achievements create. In medical schools, blockchain can be
used to store and track students’ scores and abilities acquired
through a range of different clinical environments. Doctors can
then decide whether they are willing to share such information
so that verified certificates and diplomas can be issued more
easily and the process can be more cost-effective and
tamper-proof [61,62]. Verde et al [61] proposed that the
introduction of blockchain in academic radiology settings can
be valuable for monitoring resident progress over the years.
Massachusetts Institute of Technology launched a pilot program
in 2017 involving the issuance of digital diplomas to students’
smartphones via an app called Blockcerts Wallet, which is based
on blockchain [63]. Blockchain could optimize the use of
administrative resources by reducing the bureaucratic workload,
with the added benefit of increased transparency, as records
stored via blockchain can be automatically verified. Objectively
speaking, blockchain implementation in the educational system
could be in the assessment of faculty member competencies
and academic performance in a secure and unalterable fashion.

Clinical Trials

The integrity of data in a clinical trial is essential; however, the
current data management process is too complex and highly
labor-intensive. By applying blockchain technology to medical
research, the data can be time-stamped and transparent [64,65].
Wong et al [65] illustrated that a blockchain-based file and data
structure could be used to reliably safeguard data in a clinical
trial network. Omar et al [66] proposed a blockchain-based
framework for computed tomography (CT) data management
in clinical trials. Hirano et al [67] performed a project to
demonstrate data management under a regulatory sandbox and
tested the system through a clinical trial for breast cancer.
Cichosz et al [91] explored the operational concept of the use
of blockchain to improve data management and analyze diabetes
in clinical observations. Nugent et al [69] showed that smart
contracts can act as trusted administrators, which can improve
the transparency of data reporting in clinical trials. In addition,
Engel et al [92] proposed that blockchain can play an essential
role in improving surgical outcome research and trial design.
Even before clinical trials begin, all plans, agreements,
scenarios, and possible results can be stored on blockchain [70].
This approach can transform our thinking about trial design and
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produce truly verifiable and immutable data, which in turn can
lead to better data reproducibility.

Biomedical Research

Biomedical data sharing has always been a cornerstone of
scientific development. In the open world of science, it is
inevitable to share, access, analyze, and learn from different
sources of data for a meaningful result [73,74,77,93]. Blockchain
can not only help in clinical trials but can also accelerate
biomedical research and reduce reporting selectivity and
fabrication, which are widespread problems in today’s science
fields. This can be achieved by integrating the consensus model
of blockchain into current solutions to decentralized data storage
and analysis. Jin et al [71] introduced LifeCODE.ai, a
blockchain-based genomics big data platform, which aims to
provide relatively safe and trustworthy data storage for genomic
stakeholders. This is a decentralized approach in which each
owner has complete control over their data, including where it
is stored, who can access it, and when it is updated. This
approach may be the best way of sharing scientific data.

The majority of the recent approaches to personalized medicine
in oncology and other diseases have relied on various data types,
including multiple types of genomic, transcriptomic, microRNA,
proteomic, antigen, imaging, physiological, and other data.
Research institutions can use DNA data stored in the blockchain
to perform advanced searches to find topics of interest for

potential genomic research. However, biomedical data are often
personal, private, and sensitive, and should thus be treated
carefully. There are currently a few similar proposals to help
protect the data for academia. The first is the Cancer Gene Trust
being developed by the Global Alliance for Genomics and
Health Consortium, and the second is the CrypDist project. Both
projects have similar properties, where summary data such as
somatic cancer variation data are kept and distributed in a
blockchain system [75]. In addition, Johnson et al [76] described
a decentralized app to build a secure biomedical data-sharing
system in biomedical and health care communities. This
unprecedented progress has brought us into an era of genomic
data–driven medicine and drug development, and blockchain
technology will bring us into an era of genomics in an all-around
way [77,78,93].

Integration with Emerging Technology in Health Care
Currently, the combination of the unsustainable cost of care, an
aging population, the need for improved access to care, and the
growth of precision medicine has ignited the ideal platform for
disruptive innovation through blockchain and digital health
[1-3,77,78,94-97]. Based on the distributed ledger, blockchain
can be integrated with AI, cloud computing, big data, and the
IoT, gaining more application scenarios and aiding the
development of the health industry [78,94]. We summarize the
practical usage of blockchain in Table 5.

Table 5. The integration of blockchain and emerging technology.

ReferenceThe role of blockchainIntegrating with blockchainEmerging technology

[94,95,98,99]Blockchain forms a natural foundation to standardize health data
structures for AI training, clinical trials, and regulatory purposes.
Blockchain-based AI could thereby accelerate the definition of pheno-
type-specific outcomes of orphan diseases, improve the representation
of racial minorities, and reduce sex-specific inequalities

Disease diagnosis and prediction,
medical image–assisted reading,
intelligent devices, new drug re-
search, health management, and
gene sequencing

AIa

[82,83,100]Based on the blockchain and cloud computing, the prediction model
of disease evolution will be constructed, which plays a role in the pre-
vention and control of major infectious diseases and tumors involving
personal information

Supporting communication and
sharing data among stakeholders
in health care

Cloud computing

[77]Big data are stored and shared through a blockchain, thus avoiding the
defect that centralized storage is easy to be lost and attacked

Offering a huge amount of data
in real time to reduce health risks
and optimize the outcome

Big data

[96]Blockchain allows continuous individual monitoring, and requires ro-
bust, rapid, real-time analysis of physiological signals to avoid the
storage of large amounts of data in a centralized system

Collecting personal data in an
intimate and timely manner, the
source of health data for
telemedicine

Wearable devices

[88,100]Tracking the source and use of drugs and medical devices in the Internet
of Things through blockchain technology to ensure authenticity and
reliability

Supply chain and tracing of
drugs, apparatuses, and wearable
devices

Internet of Things

[97]The distributed processing of medical data in the 5G environment is
carried out by blockchain technology, and access and use can only be
achieved by obtaining multiparty permissions

Improving the speed of medical
information sharing

5G

aAI: artificial intelligence.

As shown in Table 5, AI can play a more sophisticated role in
patient care through diagnostics, treatment, prevention, and
predictive modeling [95,98,99]. For instance, in the
cardiovascular arena, convolutional neural networks were
recently trained using electrocardiograms (ECGs) from one
specific wearable monitor in patients and provided

cardiologist-level diagnostic accuracy for arrhythmias. An
example is the smartphone app KardiaBand from AliveCor [94]
based on machine learning for the identification of atrial
fibrillation episodes from ECG data. Pilozzi et al [95] used
natural language processing and blockchain-based storage
systems to alleviate Alzheimer disease stigma and fears among
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patients. To diagnose early cancer from CT images, Kumar et
al [98] proposed a novel multimodel method combining deep
learning and blockchain technology, which showed a perfect
effect in practice.

Additionally, cloud computing is a new technique that provides
different services by minimizing cost and infrastructure, and
can be used with the blockchain system to support
communication and sharing data among stakeholders in health
care [82]. Liang et al [83] presented ProvChain, a
blockchain-based data provenance architecture, to provide
assurance of data operations in a cloud computing and storage
application, while simultaneously enhancing privacy and
availability.

Furthermore, big data can be generated from different sources
such as wearable devices, EHRs, magnetic resonance imaging,
and CT imaging. By integrating information about multiple
features of diseases, big data offer an enormous amount of data
in real time to reduce health risks and optimize health outcomes
[77,82,83,96]. As we discussed in a previous study [85],

wearable devices can be used to perceive, record, analyze,
regulate, and intervene to maintain health, and can even be used
to treat diseases with the support of various technologies for
identification, sensing, connection, cloud services, and storage
[96,100]. IoT can then play an essential role in the supply chain
and tracing of drugs, apparatuses, and data from wearable
devices. Based on blockchain and IoT, Fernández-Caramés et
al [100] described the design and implementation of a system
that enhances continuous glucose monitoring by adding IoT
capabilities to allow for monitoring patients remotely and
warning them about potentially dangerous situations. To
motivate users to add new data to the system, an incentive
system based on a digital cryptocurrency can be devised to
reward the users that contribute to the system by providing their
own data. This is a meaningful attempt to control chronic
diseases. Furthermore, in the 5G environment, the
blockchain-based cloud system is expected to take full charge
of data transfer, storage, and processing. By combining all of
these technologies, we can build a healthy database for
developing a complete medical ecosystem (Figure 5).

Figure 5. Advantage of integration based on blockchain and emerging technologies. AI: artificial intelligence; IoT: Internet of Things.

Discussion

Principal Findings
The results of this narrative literature review suggest that
blockchain is an innovative technology with great potential in
health care. Prior reviews included conceptual papers, industry
reports, and empirical research that primarily focused on
technology, business, or patient care. In this paper, we

demonstrate the use of blockchain in managing medical data,
confirming the traceability of the supply chain, and in
anticounterfeiting electronic prescriptions and clinical or
biomedical research. We also demonstrate the important role
that blockchain has played during the COVID-19 outbreak,
which provides a reference for the prevention of major infectious
diseases in the future. The integration and application of new
technologies and blockchain were explored, attempting to
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describe a blueprint of the interconnected ecosystem in health
care.

From a practical point of view, the application of EMR exchange
appears to be relatively mature. For example, in 10 studies,
there were some related systems such as ACTION-EHR [22],
HealthChain [25], Healthcare Data Gateway [28], Guardtime
[79], and MeDShare [29], which are based on blockchain and
used for preservation and exchange of health data. In five studies
[42-45,47], the supply chain of medicine appeared to be another
important area where blockchain may function. It would make
sense to certify medical devices and monitor health status in
combination with wearable devices. Moreover, the usage of
tracing medicine will prevent the spread of fake drugs. In
addition, based on a highly transparent scientific system in
clinical and biomedical research, we can enhance the efficiency
and confirm the integrity of the study. The situation for the
prevention and control of COVID-19 remains grim, and many
scholars (eg, [51-60]) have proposed using blockchain
technology for preventing and controlling the epidemic, tracking
asymptomatic infected individuals, and distinguishing former
infected individuals. This decentralized technology ensures the
patients’ privacy and protects their rights and interests. The
progress of electronic information technology has brought about
the development of interdisciplinary tools with a benefit to the
medical industry [1,3,64,95,97-99,101-103]. Undeniably,
blockchain is booming under the influence of disruptive
technologies. These current new technologies are constantly
merging with blockchain to innovate medical models and
systems. We listed the six typical integrations (AI, cloud
computing, big data, wearable devices, IoT, and 5G) with
blockchain and wish to provide readers with some inspiration.

However, some concerns were also identified when applying
blockchain to health care. The first was the interoperability
issue. When encountering a problem requiring cooperation, it
is necessary for blockchain-based service providers and users
to connect seamlessly; however, the standards among different
institutions are not unified. There still exist great differences in
the supervision modes of blockchain across countries. In the
European Union, individual countries may be willing to use
blockchain technology for public plans, but it is not clear how
blockchain projects meet the EU General Data Protection
Regulation privacy standards [1-4,96,97,104]. The general
standard of blockchain will accelerate the industry to reach an
agreement on blockchain and contribute to the formation of a
large-scale ecosystem of social blockchain [101-103,105-107].
The second is efficiency issues. With the amount of data
growing exponentially, the blockchain database has higher
requirements for network speed, and the efficiency of data
dissemination and real-time acquisition of data will be affected.
More reasonable frameworks need to be designed to avoid
blockchain efficiency problems across sectors. Moreover,
security issues must be taken into consideration. It is not clear
whether blockchain is truly the solution for all issues regarding
highly sensitive data. The decentralized networks may be subject
to 51% of attacks when there are fewer honest nodes than

malicious nodes in the network, and the entire network will be
taken over by malicious attackers. The last but not least concern
is related to regulatory policies, which are important factors for
the stable development of blockchain. Decentralization is one
of the advantages of blockchain; however, after diluting
government regulations, blockchain may have an impact on the
existing electronic health system of a country
[1-3,97,101,102,104-106]. Therefore, related policies need to
be introduced systematically as soon as possible.

Limitations
The results of this review must be interpreted with caution owing
to multiple limitations. First, the findings of this scoping review
are mainly intended for health care entities and are not as
applicable to other domains such as business and marketing.
Second, for practical reasons, the search strategy was restricted
to studies reported in the English language, which could have
overlooked other benefits and threats reported in other studies
in languages other than English. Third, owing to the broad
variety of application scenarios of blockchain in the medical
field, we cannot demonstrate every aspect of principle and
framework in detail.

Conclusions
With the continuous improvement and development of new
technologies, blockchain may become increasingly closely
integrated with the contemporary development of the financial
sector and health industry. Since each country and region has
different attitudes toward this technology, we need to conduct
in-depth exploration and research on the blockchain according
to individual situations. In medical applications, many startup
companies are actively exploring and promoting the
development of blockchain in the fields of posttransaction
settlement, smart contracts, supply chains, and identity
authentication. From the theoretical perspective,
blockchain-based theoretical foundations have been established
for enhancing trust in an intelligent medicine environment. In
the future, the issuance of digital currency will change the
traditional economic transaction mode, and the introduction of
blockchain will reshape the value exchange system, increase
trust and privacy, and efficiently complete economic transactions
and medical records [108]. Although countries and regions
worldwide have diverse attitudes toward the blockchain, along
with skeptical attitudes, these will not affect the research and
further development of this technology. Throughout this work,
we have also highlighted the principles and major challenges
concerning distributed ledger technology. The great value of
blockchain-based health care systems will gradually emerge in
the coming years. In future work, technical personnel and
researchers need to cooperate and incorporate the blockchain
into the design of the medical framework. In this review, we
demonstrated all of the potential scenarios of blockchain
technology for patients and health care providers, offering large
samples for further research. This only represents the beginning
of the blockchain, and its development is expected to be more
of a marathon than a sprint.
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Abstract

Background: HIV self-testing (HIVST) kits are common in key sexually active populations. Direct secondary distribution of
HIVST kits (DSDHK) is effective in improving the uptake of HIVST. However, there are concerns about the various limitations
of DSDHK, including limited geographic reach, payment problems, and need for face-to-face interactions.

Objective: In this study, we aim to evaluate the feasibility and characteristics of indirect secondary distribution of HIVST kits
(ISDHK) via WeChat (distributing HIVST application links and follow-up HIVST kits to partners) among men who have sex
with men (MSM).

Methods: From October 2017 to September 2019, an HIVST recruitment advertisement was disseminated on the WeChat social
media platform to invite MSM to apply for the HIVST kits (referred to as index participants [IPs]). All MSM participants were
encouraged to distribute the HIVST application link to their friends and sexual partners (referred to as alters) through their social
networks. All the alters were further encouraged to continue distributing the HIVST application link. All participants paid a
deposit (US $7), which was refundable upon completion of the questionnaire, and uploaded the test results via a web-based survey
system.

Results: A total of 2263 MSM met the criteria and successfully applied for HIVST. Of these, 1816 participants returned their
HIVST results, including 1422 (88.3%) IPs and 394 (21.7%) alters. More alters had condomless anal intercourse, a higher
proportion of them had never previously tested for HIV, and they showed a greater willingness to distribute HIVST kits to their
sexual partners (P=.002) than the IPs. After controlling for age, education, and income, the alters had a greater proportion of
MSM who had never tested for HIV before (adjusted odds ratio [aOR] 1.29, 95% CI 1.00-1.68), were more willing to distribute
the HIVST application link (aOR 1.71, 95% CI 1.21-2.40), had a lower number of sexual partners (aOR 0.71, 95% CI 0.57-0.90),
and were less likely to search for sexual partners on the web (aOR 0.78, 95% CI 0.60-1.02) than IPs. In comparison, the rates of
reactive HIVST results, conducting HIV confirmatory tests, HIV seropositivity, and initiation of HIV antiretroviral therapy were
similar for IPs and alters.
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Conclusions: The ISDHK model of distributing HIVST application links among the MSM population via social media is
feasible. The ISDHK model should be used to supplement the DSDHK model to enable a greater proportion of the MSM population
to know their HIV infection status.

(J Med Internet Res 2021;23(10):e28508)   doi:10.2196/28508

KEYWORDS

secondary distribution; HIV; men who have sex with men; WeChat; HIV self-testing

Introduction

Background
HIV testing is the first step in HIV treatment and care and is a
crucial part of HIV prevention [1]. However, as of 2019,
approximately 20% of people living with HIV globally still do
not know their serological status [2], and this figure is
approximately 25% in China. Men who have sex with men
(MSM) continue to be disproportionately impacted by the HIV
pandemic [3]. The proportion of MSM among the annual newly
reported HIV infections in China increased from 16% in 2011
to 23.4% in 2018 [4,5]. A national survey in 2016 showed that
only 47% of Chinese MSM had ever tested for HIV, and only
38% had tested for HIV in the last 12 months [6]. There are
barriers to traditional facility-based HIV testing for MSM,
including concerns about discrimination, privacy, time, and
transportation [7-9]. Hence, increasing people’s awareness of
HIV status through innovative methods has become the focus
of HIV prevention campaigns globally.

HIV self-testing (HIVST) is a new strategy recommended by
the World Health Organization to improve the uptake of HIV
testing among key populations [10]. Evidence shows that HIVST
has the potential to overcome facility-based barriers to HIV
testing, improve testing conditions in areas where HIV testing
opportunities are insufficient, and increase accessibility to
testing [11].

Direct secondary distribution of HIVST kits (DSDHK) is a
social network–based approach, giving index participants (IPs)
multiple HIVST kits for direct distribution to their sexual
partners or others in their social network (referred to as alters)
[12]. Several studies have demonstrated greater acceptability
and effectiveness of DSDHK, in which IPs share HIVST kits
with alters. In South Africa and Uganda, 2 cohort studies showed
that DSDHK is acceptable and feasible for MSM, increasing
the frequency of HIV testing among MSM and improving early
detection of HIV [13,14]. In Kenya, Uganda, and South Africa,
4 randomized controlled trials showed that DSDHK promoted
HIV testing by helping MSM and female sex workers to adopt
safer sex practices with their sexual partners through secondary
distribution of self-test kits by HIV-negative female sex workers
and women receiving antenatal and postpartum care [12,15-17].
A recent study conducted in China, which used social media to
recruit IPs, showed that DSDHK increased the level of diagnosis
of HIV-positive cases and the coverage of HIV testing among
MSM [18]. However, the abovementioned DSDHK study
recruited only participants living around the study sites, and
only a limited number of alters were able to obtain HIVST kits
from IPs. The sharing of HIVST kits requires the IPs to live in
the same city as alters or for it to be shared by mail, which will

arouse various concerns, including concerns regarding
geographic location for distributing HIVST kits, payment for
mailing HIVST kits, or face-to-face interaction [19]. This is an
instance of a lack of innovative social determinants of health
theory, which highlights the limitations of DSDHK practice.
Moreover, no studies that we are aware of have explored the
feasibility and effectiveness of an indirect secondary distribution
of HIVST kits (ISDHK) model of HIVST recruitment and
self-test kit distribution.

WeChat is the most popular mobile social media platform in
use in China today, with more than 1 billion registered user
accounts [20]. We hypothesize that an ISDHK model could
boost the distribution of HIVST among MSM who were willing
to promote HIV testing to their sexual partners or friends by
sharing HIVST application links (websites or QR codes for
web-based applications, mailing, and uploading of test results).

Objectives
This study aims to evaluate the feasibility of social media–based
ISDHK among MSM and explore differences in sexual
behaviors, HIV testing behaviors, willingness to distribute HIV
testing further, and linkage-to-HIV care characteristics between
IPs and alters.

Methods

Study Setting and Participants
From October 2017 to September 2019, we performed a
WeChat-based cross-sectional study of ISDHK among MSM
in mainland China (Hong Kong, Macao, and Taiwan were not
included). Participants were eligible if they were male, aged
≥16 years, had reported having engaged in anal sex with another
man on at least one occasion, willing to provide their sexual
behavior information, and willing to apply for an HIVST kit
for HIVST, provide the results, and sign the digital informed
consent form.

The ISDHK research was carried out in Shenyang, Liaoning
Province, China (First Affiliated Hospital of China Medical
University).

IP Recruitment
The recruitment advertisements for this HIVST study were
disseminated by 6 key opinion leaders of MSM through 6
WeChat public accounts, and detailed information about the
participants’ recruitment was published [21]. The primary
subscribers to the 6 WeChat public accounts were from the
MSM population. The advertisements included an introduction
to and information about informed consent and links to apply
for HIVST. Those MSM interested in the HIVST project who
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successfully completed the application questionnaire were
provided with HIVST kits (the IPs) and encouraged to share
the HIVST kit application links with their peer MSM friends
and sexual partners.

Indirect Secondary Distribution of HIVST Kits
IPs were recruited through the 6 WeChat public accounts and
encouraged to share the HIVST service links on social media
(such as Blued, WeChat Moments, etc) or with their sexual
partners and friends (the alters). The alters obtained HIVST via
the HIVST application link on various social media platforms
shared by IPs. The alters were also encouraged to further share
the HIVST application link on the social networks that they
used.

Provision of HIVST Kits
Following the completion of their HIVST applications,
information about participants’ sociodemographic and sexual
behaviors was collected by means of Golden Data, a web-based
survey software (Xi’an Data Rujin Information Technology Co,

Ltd). The study investigators reviewed the eligibility of the
HIVST applications from all applicants. Then, to ensure the
uploading of a proportion of HIVST test results, the enrolled
eligible MSM participants were asked to pay a deposit of US
$7, which would be refunded following the uploading of the
test results and conducting of the HIV posttesting counseling.
Fingerstick whole blood HIVST kits, and supporting tools (a
disposable retractable blood needle, capillary tube, Wondlfo
solution, alcohol tables, disposable fingertip blood collection
needle, woundplast, and condoms) were sent to eligible
participants by express mail. A reward of US $2 was paid to
participants who uploaded their test results to compensate them
for their time spent participating in the survey and to increase
the feedback rate of HIVST results. We also asked the alters to
fill in the IP information (phone number, WeChat name, or
name) to understand the distribution network and pay fees as
an incentive. IPs received an additional reward of US $3 if they
helped recruit an alter to attend the HIVST project and upload
their HIVST results (Figure 1).

Figure 1. WeChat-based model of indirect secondary distribution of HIV self-testing kits. HIVST: HIV self-testing; IP: index participant.

Postcounseling, Linkage-to-Care, and Follow-up
If a participant had a positive or indeterminate HIVST test result,
they were immediately contacted by trained researchers for an
HIV posttest consultation via WeChat or over the phone to help
with the interpretation of the test results and referral to services
for clinical confirmatory testing and antiviral treatment. If the
participant was located in Shenyang or surrounding cities, they
were invited to the Voluntary Counseling and Test of the First
Hospital of China Medical University to provide 10 mL of
venous blood for HIV confirmation, diagnosis, and treatment.
The local Chinese Center for Disease Control information about
further testing was also provided to them.

Measurements
After conducting the HIVST, participants were required to
provide feedback on their HIVST results by uploading the
HIVST result pictures and completing a computer-assisted
self-administered questionnaire. The web-based questionnaire
system is equipped with logic verification, which automatically
checks the survey object before it is submitted, avoiding missing
numbers or logic errors. The questionnaire included questions
about the following: (1) sociodemographic information,

including age, occupation, educational level, and monthly
income; (2) sexual behavior, including ways of finding sexual
partners, sexual behavioral roles with other males, numbers of
sexual partners, questions about condomless anal intercourse
(CAI), and questions about chemsex (a term used by MSM to
describe sex that occurs under the influence of drugs such as
rush [poppers or alkyl nitrites], MDMA
[3,4-methylenedioxymethamphetamine; ecstasy], ice,
amphetamines, tramadol, or ketamine) in the last 6 months; (3)
HIV testing, including history of HIV testing, types of HIV
testing, and frequency of HIV testing; (4) photo of the HIVST
result uploaded to the system; and (5) the source of their test
paper for this test. If the participants reported, “Apply through
the link shared by your friends” or “Your friends help you
apply,” they were identified as alters and were asked to report
the IPs’ names and phone numbers. IPs and alters were asked
to complete the same questionnaire.

Sample Size
We calculated the sample size of MSM participants using a
simple random sampling method to test 2 independent
proportions. According to the preliminary study, the ratio of
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alters to IPs is 0.3, the estimated share of IPs who had never
tested for HIV was 20% and the estimated share of alters who
had never tested for HIV was 30%. We used the parameters of
80% power at a 2-sided significance level of .05 and calculated
that the smallest sample size was 600 IPs and 200 alters. We
used PASS (Power Analysis and Sample Size) software, version
11 (NCSS) to calculate the sample size.

Statistical Analysis
Quantitative variables are classified; for example, age is divided
into <24 years and ≥24 years, and the number of sexual partners
is divided into <2 and >2. The distribution of demography,
sexual behavior, and HIV testing–related characteristics of IPs
and alters was compared using chi-square analysis or Fisher
exact test. A multivariable logistic regression model was used
to analyze the correlation between alters and IPs. Age,
educational level, and monthly income were adjusted in the
multivariable logistic model. Data analysis was performed using
SPSS 25.0 software (IBM Corporation). Two-way P values that
were <.05 were considered to be statistically significant. See
the STROBE (Strengthening the Reporting of Observational
Studies in Epidemiology) checklist for this cross-sectional study
in Multimedia Appendix 1.

Ethical Permission
This study was approved by the Institutional Review Board of
the First Affiliated Hospital of China Medical University

(Project No. 2018-174-2). A signed digital informed consent
form was obtained from all the participants before collecting
any study information or specimens. Participants joined the
study voluntarily and were free to withdraw from the study at
any time. When collecting data through the Golden Data
web-based survey platform, only the researcher was provided
with an account and password to ensure the participants’ data
security and privacy. The data were downloaded directly and
saved on a local computer. Identifiable variables (such as
nicknames, phone numbers, and addresses) were encrypted to
protect the privacy of the participants. HIV test results were
disclosed only to the person concerned and not to anyone else.

Results

Sociodemographic Characteristics of the Participants
In total, 2263 MSM participants attended the HIVST project
and applied for the HIVST kits. Of these, 80.25% (1816/2263)
were unique participants from 29 provinces and 229 cities in
mainland China (Figure 2) who completed the feedback
questionnaire and uploaded their HIVST results. A total of 1816
eligible MSM were included in this cross-sectional study, of
which 78.3% (1422/1816) were categorized as IPs and 21.69%
(394/1816), as alters. Alters were recruited by IPs through
ISDHK (Figure 3).

Figure 2. Distribution of participants in 29 provinces of China who fed back their HIV self-testing.
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Figure 3. Flowchart of results and linkage to care of HIV self-testing secondary distribution indirectly among men who have sex with men in 29
provinces in China, 2017-2019. “*” indicates participants were eligible and paid the deposit; ART: antiretroviral therapy; HIVST: HIV self-testing; IP:
index participant.

Table 1 summarizes the sociodemographic characteristics, sexual
behaviors, and HIV testing behaviors of alters and IPs. Alters
were aged ≥24 years (251/394, 64.3%), had college-level or
higher-level education (320/394, 81.2%), sought sexual partners
through offline means (303/394, 76.9%), had more than 2 sexual

partners (220/394, 55.8%), had been tested for HIV before
(283/394, 71.8%), were willing to share HIVST results with
sexual partners (349/394, 88.6%), and applied regularly for
HIVST (353/394, 89.6%; Table 1).
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Table 1. Demographic characteristics, sexual behaviors, and HIV prevalence of index participants and alters (N=1816).

Index participants (n=1422), n (%)Alters (n=394), n (%)Characteristic

918 (64.6)251 (63.7)Age above 24 years

Monthly income (US $)

453 (31.9)125 (32.6)<300

550 (38.7)168 (43.8)300-900

361 (25.4)91 (23.7)900

1239 (87.1)320 (81.2)Having a university degree or above

478 (33.6)129 (32.7)Student

992 (69.8)265 (67.3)Homosexual

Sexual role

423 (29.7)125 (31.7)Insertive

389 (27.4)111 (28.2)No preference

443 (31.2)115 (29.2)Acceptive

167 (11.7)43 (10.9)Oral

Sexual behavior in the last six months

1151 (80.9)303 (76.9)Sought sexual partners on the web

889 (62.5)220 (55.8)Had >2 sexual partners

37 (2.6)8 (2)Engaged in commercial anal intercourse

50 (35.5)145 (36.8)Engaged in chemsexa

123 (8.6)32 (8.1)Engaged in group sex with males

580 (40.8)184 (46.7)Engaged in CAIb with males

498 (35)134 (34)Experienced anal bleeding

170 (12)33 (8.4)Experienced symptoms of an STIc

HIV testing frequency

329 (23.1)111 (28.2)Never tested for HIV before

216 (20)53 (18.7)Every 3 months or more often

338 (31)77 (27.2)Every 6 months

219 (20)67 (23.7)Every 12 months

71 (6.5)18 (6.4)Every ≥12 months

249 (22.8)68 (24)No regular frequency

1167 (82.1)349 (88.6)Willingness to share HIVSTd with sexual partners

1306 (91.8)353 (89.6)Apply for HIVST regularly

39 (2.7)12 (3)Positive HIVST result

HIV confirmatory test

28 (71.8)7 (58.3)Positive

6 (28.2)5 (41.7)Negative or unknown

aUsed rush (poppers or alkyl nitrites), MDMA (3,4-methylenedioxymethamphetamine; ecstasy), ice, amphetamines, tramadol, or ketamine in the past
six months.
bCAI: condomless anal intercourse.
cSTI: sexually transmitted infection.
dHIVST: HIV self-testing.
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Differences Between IPs and Alters
Chi-square analysis showed that alters had a higher likelihood
of having engaged in CAI (184/394, 46.6% vs 580/1422,
40.78%; P=.04), a higher proportion of never having previously
tested for HIV (111/394, 28.2% vs 329/1422, 23.14%; P=.04),
and greater willingness to recommend or promote HIVST to
sexual partners (349/394, 88.6% vs 1167/1422, 82.07%; P=.002)
than IPs (Multimedia Appendix 2).

Multivariable logistic regression analysis showed that alters
had fewer sexual partners (adjusted odds ratio [aOR] 0.71, 95%
CI 0.57-0.90), a lower proportion with symptoms of sexually
transmitted infections (aOR 0.67, 95% CI 0.45-1.00), a greater
willingness to distribute the HIVST application link to partners
and friends (aOR 1.71, 95% CI 1.21-2.40), a marginally higher
proportion of never having previously tested for HIV (aOR
1.29, 95% CI 1.00-1.68), and a marginally lower proportion of

MSM seeking sexual partners through offline means (aOR 0.78,
95% CI 0.60-1.02; Multimedia Appendix 2).

HIVST Results and Linkage-to-Care
Overall, out of the 1816, 51 (2.81%) study participants had a
reactive HIVST result. Of these, 39 were IPs and 12 were alters.
The reactive HIV rates among the 2 groups showed no
significant differences (39/1422, 2.74% vs 12/394, 3%; P=.75).
Among those who recorded a reactive HIVST result, the
percentage of participants who sought HIV care and were
followed up was similar between IPs and alters (32/39, 82% vs
9/12, 75%; P=.70). The percentages of participants who had an
HIV-positive confirmatory test (28/32, 93% vs 7/9, 77%; P=.99),
and who initiated HIV ART (antiretroviral therapy; 27/28, 96%
vs 7/7, 100%; P=.99) were also similar between IPs and alters
(Table 2).

Table 2. The proportions of index participants and alters who accessed different HIV testing services.

P valueaAlters, n (%)Index participants, n (%)HIV care cascade

.7512 (3)39 (2.7)Reactive HIVSTb

.709 (75)32 (82)Follow-up

.997 (78)28 (88)Confirmatory testing

.997 (100)27 (96)Initiate ARTc

aFisher exact test.
bHIVST: HIV self-testing.
cART: antiretroviral therapy.

Discussion

Principal Findings
To the best of our knowledge, this study is the first to clarify
that the indirect secondary distribution of HIVST application
links through the WeChat social media app is feasible and
effective for expanding the coverage of HIV testing among the
MSM population in China. This new ISDHK model can reach
out to those MSM who have a limited HIV testing history and
a higher likelihood of having engaged in CAI. The ISDHK
model can expand the coverage of HIV testing among the social
networks of MSM. The rates of HIVST-positive reactive results,
HIV seropositivity, and the linkage-to-care ratio of MSM
recruited by ISDHK were similar to those directly recruited
from the MSM population. This finding indicates that ISDHK
could fill in the gaps in our knowledge of DSDHK theory and
practice.

Our study found that the ISDHK model increased the coverage
of HIVST distribution to MSM partners and friends on the
internet among MSM participants. However, DSDHK can
continue to expand the continued distribution of HIVST among
key populations through the social networks of participants and
increase the coverage of HIV testing. However, the direct
method faces the limitation of limited distribution. Most HIVST
kits can only be distributed to friends and sexual partners in
person. The influence of the DSDHK is relatively limited, and
it is difficult to influence some key groups. Instead of providing
the HIVST kit directly to MSM, we provided a social

media–based HIVST service link, which could be easily
forwarded via the social networks of MSM. We encouraged all
recruited MSM to share the HIVST service link to help their
partners receive HIVST kits. Through voluntary application
and mailing, HIVST kits can reach beyond the recruited
participants and expand the testing coverage to wider social
networks [22]. In addition, the indirect model has the advantage
of helping the participants avoid face-to-face interactions and
associated challenging encounters, such as partner violence
faced by the participants of DSDHK [23]. During the global
COVID-19 pandemic, both MSM and medical workers need to
maintain physical distancing, and facility-based HIV testing
services are restricted, making it more difficult for MSM to
obtain good facility-based HIV testing services [24]. In addition,
the ISDHK model can access a greater number of MSM from
29 different provinces and municipalities across China than
facility-based HIV tests; whereas facility-based HIV tests
provide more accurate testing and better consulting services, 1
facility-based testing center is usually only suitable for the
region around the city in which it is based [17]. Combining
direct and indirect secondary distribution models by giving
MSM multiple HIVST kits and application links may influence
more MSM to get tested for HIV. Hence, it is necessary to
integrate the ISDHK model into the HIV testing service to
improve the coverage of HIV testing.

To the best of our knowledge, this study is the first to find that
a higher proportion of MSM who received ISDHK had never
previously been tested for HIV and preferred to find sexual

J Med Internet Res 2021 | vol. 23 | iss. 10 |e28508 | p.980https://www.jmir.org/2021/10/e28508
(page number not for citation purposes)

Li et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


partners via offline means. MSM who received ISDHK were
more likely to have never previously been tested for HIV than
those who received DSDHK (111/394, 28.2% vs 329/1422,
23.14%). The results of this study are consistent with those of
Wu et al [18] obtained in Guangdong, China, through social
networks for DSDHK (IPs: 21% vs alters: 40%). The ISDHK
model may help MSM who have never been tested for HIV,
thus reducing HIV transmission. A meta-analysis and previous
studies have shown that MSM who find sexual partners via
offline means are generally older and have lower HIV test rates,
higher CAI incidence, and higher HIV prevalence [25-27].
Hence, providing HIV testing services and interventions to
MSM who seek male sexual partners offline is very important
for the prevention and control of HIV transmission in the overall
service of public health. The results of this study indicate that
ISDHK plays an essential role in expanding the coverage of
HIV testing and in interventions for high-risk sexual practices
(for HIV) among MSM. It is crucial to increase the coverage
and frequency of HIV testing for MSM seeking male sexual
partners offline and to further reduce high-risk sexual behavior.

This study also describes the HIV linkage-to-care characteristics
of the MSM received ISDHK. There is no statistically significant
difference in the HIV-linkage-to-care rates between MSM who
received secondary distribution and those directly recruited via
WeChat (27/28, 96% vs 7/7, 100%). These rates are higher than
the HIV-positive referral rates of a social network–based
DSDHK in Guangdong (12/15, 80%) [18] and a randomized
controlled trial study in Uganda, where a women’s facility-based
study delivered HIVST kits to their male partners (6/26, 23%)
[28]. A vast majority of MSM who were confirmed to be
positive began ART within 3 months. This may have been for
the following reasons: following a reactive HIVST result, using
the working platform of this project, the staff were able to
provide immediate web-based HIV testing consultation and
linkage-to-care services through WeChat and participants
suspected of being HIV-infected were recommended to
facility-based tests in order to provide them with free HIV
re-examination, confirmation, and ART. This study showed
that the ISDHK model operated via WeChat could increase the
rate of HIV testing and promote the completion of the first third
of the 90% global target and the second and third AIDS
prevention and control targets. Although this study and previous
similar studies in China have shown that ISDHK has obvious

advantages in improving the coverage of HIV testing and can
compensate for the limitations of traditional facilities-based
HIV testing, the current Chinese HIVST guidelines have no
relevant technical specifications or guidance on ISDHK [29].
The results of this study provide the data that support the
updating of the Chinese HIVST guidelines, with the aim of
increasing the geographic and societal distribution of HIVST.

Strengths and Limitations
There are 3 strengths of this study. This is the first national-wide
study carried out on the WeChat social media platform using
ISDHK among MSM in China. Second, it is the first study to
report the behavioral characteristics of alters among MSM.
Third, this study is the first to encourage participants to
distribute HIVST among their social media.

There are 3 limitations of this study. First, approximately one
fifth of the survey respondents did not return their HIV results
after receiving the self-test kit. Therefore, there may be reporting
bias, and the results of this study did not reflect the
characteristics of those who did not feedback their HIVST
results and this may lead to a lower HIV-positive rate. Further
research is needed to improve the feedback rate of the results
from those participating in the HIVST. Second, only 76.6%
(302/394) of participants reported 246 IPs’ information;
therefore, information about the complete secondary distribution
network is unknown. Third, each participant could obtain only
one HIVST kit for each application and pay a Chinese ¥ 50
deposit (approximately US $7), thus incentivizing the participant
to feed back their test results. However, poorer participants may
be discouraged or even prevented from applying for HIVST.
Therefore, there may be selection bias, and the requirement for
paying this deposit may have affected the representativeness of
the results.

Conclusions
The indirect secondary distribution model of distributing HIVST
application links via the WeChat social media platform is
feasible for the MSM population. It can increase the coverage
of HIV testing among MSM, especially among those who have
a history of not being tested for HIV. It is necessary to integrate
DSDHK with ISDHK to help increase the coverage of HIVST
among MSM and other key populations.
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Abstract

Background: Most older people after a hip fracture injury never return to their prefracture status, and some are admitted to
residential aged care facilities. Advancement of digital technology has helped in optimizing health care including self-management
and telerehabilitation.

Objective: This study aims to understand the perspectives of older patients with hip fracture and their family members and
residential aged caregivers on the feasibility of developing a model of care using a personalized digital health hub.

Methods: We conducted a mixed methods study in South Australia involving patients aged 50 years and older, their family
members, and residential aged caregivers. Quantitative data analysis included basic demographic characteristics, and access to
digital devices was analyzed using descriptive statistics. Spearman rank-order correlation was used to examine correlations
between the perceived role of a personalized digital health hub in improving health and the likelihood of subsequent use. Findings
from qualitative analysis were interpreted using constructs of capability, opportunity, and motivation to help understand the
factors influencing the likelihood of potential personalized digital health hub use.

Results: This study recruited 100 participants—55 patients, 13 family members, and 32 residential aged caregivers. The mean
age of the patients was 76.4 (SD 8.4, range 54-88) years, and 60% (33/55) of the patients were female. Approximately 50%
(34/68) of the patients and their family members had access to digital devices, despite less than one-third using computers as part
of their occupation. Approximately 72% (72/100) of the respondents thought that personalized digital health hub could improve
health outcomes in patients. However, a moderate negative correlation existed with increasing age and likelihood of personalized
digital health hub use (Spearman ρ=–0.50; P<.001), and the perceived role of the personalized digital health hub in improving
health had a strong positive correlation with the likelihood of personalized digital health hub use by self (Spearman ρ=0.71;
P<.001) and by society, including friends and family members (Spearman ρ=0.75; P<.001). Most patients (54/55, 98%) believed
they had a family member, friend, or caregiver who would be able to help them use a personalized digital health hub. Qualitative
analysis explored capability by understanding aspects of existing knowledge, including willingness to advance digital navigation
skills. Access could be improved through supporting opportunities, and factors influencing intrinsic motivation were considered
crucial for designing a personalized digital health hub–enabled model of care.

Conclusions: This study emphasized the complex relationship between capabilities, motivation, and opportunities for patients,
their family members, and formal caregivers as a patient networked unit. The next stage of research will continue to involve a
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cocreation approach followed by iterative processes and understand the factors influencing the development and successful
integration of complex digital health care interventions in real-world scenarios.

(J Med Internet Res 2021;23(10):e26886)   doi:10.2196/26886

KEYWORDS

digital health; mixed-methods; hip fractures; behavior change; patient education; model of care; mobile phone; patient networked
units

Introduction

Background
The population of South Australia is older than that of all the
mainland states and territories in Australia, except Tasmania.
According to the Australian Bureau of Statistics, the current
population of South Australia is approximately 1.7 million [1].
It is expected to increase to 1.85 million by 2026 and to 2
million by 2038 using current population projections. This
increase was reflected by a significant increase in the older
population. The number of retirees in the 65-79 years age group
is projected to increase by 40% by 2041, using 2016 as the
baseline. Moreover, the population aged 80 years and older is
projected to increase by 117% over the same period [1], which
will require an increased need for appropriate health and social
care [2]. Although there has been greater realization that the
skills, knowledge, and experience of older people could be better
used with regard to their health care, there remains a view that
they are a drain on society given their health problems and
service needs [3,4]. The United Nations Economic Commission
for Europe has suggested that altering this view is a key strategy
to improve the integration and participation of older people in
society [5].

Hip Fractures and Multimorbidity
Fragility fractures mostly occur in older people owing to
low-trauma falls, which often result from multimorbidity [6,7].
Multimorbidity is the presence of more than one chronic disease
in an individual and is influenced not only by health-related
characteristics but also by socioeconomic, cultural, and
environmental factors, as well as patient behavior [8]. Hip
fractures are among the most devastating fragility fractures, and
their management becomes challenging because of the required
involvement of several disciplines within health and social care.
This cohort not only represents healthy older people at one end
of the spectrum but also comprises people with frailty,
sarcopenia, osteoporosis, and dementia at the other end of the
spectrum. This makes management of an acute event such as a
hip fracture complex, with wide-ranging outcomes within the
health care systems involving multiple disciplines and service
providers [9-11]. It is made even more complex with the
crossover between different levels of care, ranging from acute
tertiary to primary and residential aged care [12,13]. Most
patients who are admitted to acute hospital care are unable to
return to their prefracture level of independence [14-16].
Although some patients return to independent living in their
own homes, a significant number are either newly admitted or
return to residential aged care [17]. Thus, we believe that
individual patient outcomes can only be improved by envisaging
a model of care that ensures a holistic and integrated approach

to health service delivery while empowering patients and their
caregivers.

Digital Health–Enabled Models of Care
Models of care (MoCs) are frameworks mutually agreed by key
stakeholders accountable for delivering evidence-informed
quality health care. Such frameworks must be functional,
outlining the optimal manner in which condition-specific care
should be made available and delivered to consumers while
addressing issues related to specific aspects of service provision
[18]. They go beyond clinical practice guidelines to incorporate
practical delivery issues of who, when, where, and how care is
best delivered and evaluated [18]. Thus, MoCs become complex
due to their multidisciplinary workforce links to secondary and
tertiary care services, the biopsychosocial needs of the patients,
and frequently changing organizational structures. Although
the mandate of primary care is to offer a generalist approach
for dealing with older adults with multimorbidity, the
coordination of community services is difficult. It is often left
to the patients and their caregivers to coordinate and navigate
through a range of services into which their individual social
circumstances and priorities also need to be factored [18].
Provision of accurate, timely, and adequate information by
educating patients plays a vital role in improving engagement
and participation in the recovery and rehabilitation processes
within the MoC. Health professionals often overlook patients’
health literacy during routine practice, incorrectly assuming
that the health information and instructions provided to patients
and their family members have been understood [19,20]. Patient
education, which also involves family members and residential
aged care staff, is crucial for empowerment and improving
health literacy [7,21-23].

Technological advancements have led to the evolution of clinical
decision support systems and a myriad of consumer mobile apps
to target different stakeholders, with the intention of optimizing
health care and self-management of chronic disease conditions
and maintaining a healthy lifestyle [12,13,24]. Nevertheless,
there remains a need to build on the knowledge exchange
process between health care providers and patients, along with
their family members and caregivers, acting as facilitators [13].
By targeting different multimorbidities, which correspond to
the internal capacity of individual older people, care can be
personalized. This aligns with the World Health Organization
(WHO) guidelines on community-level interventions to manage
declines in intrinsic capacity through an integrated care approach
for older people (WHO-Integrated Care for Older People)
[13,23]. The WHO describes digital health as a broad umbrella
term encompassing eHealth, mobile health, and emerging areas,
such as the use of advanced computing sciences in big data,
genomics, artificial intelligence, and machine learning [25].
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Commitment and strategic engagement of stakeholders,
including patients and the community, is required to improve
health care services across all stages, from inception to operation
or implementation [25]. Further advancement of these
technological solutions can bypass some of the care disparities
imposed by sociodemographic and geographic barriers and
support the move toward universal health coverage [26,27].

Objective
The aim of this study is to understand the perspectives of older
patients with hip fracture, their family members, and formal
caregivers in residential aged care facilities to inform the
development of a personalized digital health hub by
understanding their current access to digital devices and factors
affecting the likelihood of future use [8].

Methods

Setting and Study Design
We examined patients with hip fracture aged 50 years and older.
This mixed-methods study [28] was conducted at the Royal
Adelaide Hospital, a tertiary trauma care center in Adelaide,
South Australia. This is one of the busiest hospitals in Australia
for acute hip fractures, with local estimates suggesting
approximately 500 to 600 patients treated annually [29].

Digital Health Hub Initial Concept
In this study, a digital health hub scenario, which is currently
under development, was described to generate appropriate
responses from the study participants. This proposed web-based
health information portal, or a website, is intended for patients
who can access all relevant information about their hip fractures.
It includes details in multimedia formats of diagnosis and
treatment options, medications, wound management and
rehabilitation exercises, potential problems encountered during
the hospital admission and post discharge, information on how
to deal with difficulties, as well as how and when to attend
follow-up appointments or seek more help from the health care
team. It is interactive, enabling patients and their caregivers to
provide both targeted and patient-initiated information to their
health care provider, which is captured digitally. It also allows
users to selectively make information available to family
members or other people involved in their care (either formally
or informally).

Data Collection and Analysis
Participants in this study were recruited from a previous
prospective cohort study that focused on the delivery of fracture
liaison service, undertaken between January and December
2016. Patients were contacted consecutively, and those who
consented were invited to participate in the study. If participants
in the original study had caregivers participating on their behalf,
they were approached in a similar manner. Family members
were represented as informal caregivers, whereas formal
caregivers were caregivers of older people in residential aged
care facilities. The data for this study were collected over a
period of 6 months, from January 2017 to June 2017, using
face-to-face interactions or telephone calls on the basis of
individual preferences. A semistructured questionnaire
consisting of closed and open-ended questions was developed
and administered (Multimedia Appendix 1). Participants’
responses to each question were entered into a hard copy Word
(Microsoft Corporation) document by the research staff while
administering the survey questionnaire. These responses were
then compiled on an Excel (Microsoft Corporation) spreadsheet
and stored on a password-protected folder on the secured server
of SA Health.

Quantitative data analysis included basic demographic
characteristics, and access to computers and the internet (digital
devices) at home and in the workplace were analyzed using
descriptive statistics. Spearman rank-order correlation was used
to examine correlations between the perceived role of a
personalized digital health hub in improving health and the
likelihood of subsequent use of a personalized digital health
hub. Fisher exact test and odds ratios were calculated for
comparisons across respondent groups with respect to previous
access to computers at the workplace, gender differences, and
likelihood of potential personalized digital health hub use.

Qualitative data analysis included a series of open-ended
questions to identify potential barriers and facilitators for
accessing personalized digital health hub. Responses to the
open-ended questions were analyzed deductively and aligned
with the tenets of capability, opportunity, and motivation
[30,31]. These findings interpreted using constructs of
capability, opportunity, and motivation embedded within a
theoretical Behavior Change Wheel (BCW) framework and
helped to understand factors influencing the likelihood of
potential personalized digital health hub use. The use of this
framework to explore multidisciplinary stakeholder engagement
within hip fracture management has been described elsewhere
(Figure 1) [31,32].
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Figure 1. Constructs of capability, opportunity, and motivation embedded within a Behaviour Change Wheel Framework [27]. Sources of Behaviour
box and arrow in green; Intervention functions orange; Policy categories blue. Know: knowledge; Mem.: memory, attention and decision processes
(capability); Id: social or professional role and identity; Bel. Cap. and Cons: beliefs about capabilities and consequences; Opt. and Int.: Optimism and
intentions (motivation); Soc.: social influences; Env.: environmental context and resources (opportunity).

Ethics
This study was approved by the Human Research Ethics
Committee of the Central Adelaide Local Health Network (RAH
protocol number R20080704, HREC reference: 080704, ethics
approval amendment on 12/12/2016, CALHN reference number:
8977, SSA approval 23/1/2017).

Results

Quantitative Findings
Overall, 100 participants were recruited in the study (Table 1).
These included 55 patients, 13 family members as informal
caregivers, and 32 residential aged care workers. The age (in
years) of patients (mean 76.4, SD 8.4; range 54-88) was similar
to that of their family members (mean 77.2, SD 10.0), whereas
the residential aged caregivers were younger (mean 45.2, SD
11.6). Females represented 60% (33/55), 54% (7/13), and 86%
(28/32) of patients, family members or informal caregivers, and
residential aged formal caregivers, respectively. Around a
quarter to a third of the participants were from professional
occupations across all 3 groups. The residential care group
included 5 registered nurses and 2 enrolled nurses. Within the
patients’group, the common occupations were laborers, clerical
and administrative workers, homemakers, machinery operators,
and drivers.

With respect to digital access, approximately half of the patients
(28/55, 51%) and their families (6/13, 46%) had access to their
own computer devices through the internet. A quarter (13/55,

24%) of the patients used a computer as part of their occupation
in comparison to 31% (4/13) of family members, whereas more
than 91% (29/32) of the residential aged caregivers had
computer access.

Patients who reported using a computer as part of their work
were 8 times more likely to have access to a computer with
internet access at home compared with those who did not use
a computer at work (odds ratio [OR] 8.08, 95% CI 1.58-41.18;
Fisher exact test=0.0095; P=.05). The mean age of those with
access to a computer was 4.6 years less than that of those
without access (74.2 vs 78.8, P=.04).

Approximately 40% (25/68) of the patients and their family
members reported using basic operational tools such as email
and Google (or other search engines) in comparison to 100%
(32/32) of the residential caregivers who used these functions
(Table 1). Of these, more than 85% (46/53) of the patients found
it reasonably easy to very easy to operate these basic
functionalities through the internet. Skype or other video calling
programs were used by only a quarter of patients and their
family members, whereas 44% (14/32) of the residential
caregivers reported that they used these programs. Among the
patient group, men were 3 times more likely to report having
used email than women (OR 3.75, 95% CI 1.17-11.9; P=.02).
However, given the opportunity, 42% (23/55), 38% (5/13), and
56% (18/32) of the patients, their family members, and
residential aged caregivers, respectively, expressed their
willingness to learn or advance their skills in these areas. While
exploring this aspect further, all patients except 1 (54/55, 98%)
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also said they had a family member, friend, or caregiver who
would be able to help them use a digital health platform.

Approximately 72% (72/100) of the respondents thought that
personalized digital health hub could improve the health of
patients. Although a moderate negative correlation existed with
increasing age and likelihood of personalized digital health hub
use (Spearman ρ=–0.50; P<.001), the perceived role of the
digital health hub in improving health had a strong positive
correlation with the likelihood of personalized digital health
hub use by self (Spearman ρ=0.71; P<.001) and by society,
including friends and family members (Spearman ρ=0.75;
P<.001). Furthermore, those participants who thought that the
support content and services provided through personalized

digital health hub would improve their health were more likely
to use such a platform by themselves (OR 33.80, 95% CI
7.33-155.76; P<.001), and their friends and family members
(OR 27.23, 95% CI 8.06-91.95; P<.001).

In terms of intention to buy a computer, 65% (36/55) of the
patients said they would not be willing to purchase a computer
or other device to enable them to access a web-based portal. Of
the 35% (19/55) who would be willing to purchase a computer
or device, 13% (7/55) said they would be willing to spend up
to Aus $200 (US $144), 18% (10/55) said they would spend up
to Aus $500 (US $360), and 4% (2/55) said they would spend
up to Aus $1000 (US $720).

Table 1. Basic demographics and computer access characteristics.

Residential aged caregivers (n=32)Family members (n=13)Patients (n=55)Demographics and access to digital technology

45.2 (11.6)77.2 (10.0)76.4 (8.4)Age (years), mean (SD)

28 (86)7 (54)33 (60)Female, n (%)

Occupationa, n (%)

N/Ab1 (8)2 (4)Managers

7 (22)4 (30)13 (24)Professionals

N/A2 (14)6 (11)Technicians and trade workers

25 (78)N/A1 (2)Community and personal service workers

N/A1 (8)7 (13)Clerical and administrative workers

N/A1 (8)3 (5)Sales workers

N/A1 (8)5 (9)Machinery operators and drivers

N/A1 (8)8 (14)Laborers

N/A1 (8)5 (9)Homemaker

N/AN/A1 (2)Unemployed

N/A1 (8)4 (7)Did not respond

Access to digital technology

29 (91)4 (31)13 (24)Use of computer

32 (100)6 (46)28 (51)Own computer with internet access

0 (0)0 (0)4 (7)Device access but no internet

32 (100)5 (38)20 (36)cUse email

32 (100)5 (38)20 (36)Use Google or other search engines

14 (44)3 (23)13 (24)Use Skype or other video calling programs

18 (56)5 (38)23 (42)Willingness to learnd

aOccupation groups as defined by the Australian and New Zealand Standard Classification of Occupations.
bN/A: not applicable.
cMen versus women, odds ratio 3.75 (95% CI 1.17-11.9; P=.02).
dWillingness to learn how to use email or internet search engines such as Google or a video calling program such as Skype, if the respondents have not
used any of them before.

Qualitative Findings
The respondents answered the two open-ended questions within
the survey instrument to explore barriers (Q15) and facilitators
(Q16) influencing the likelihood of using a personalized digital
health hub to educate and empower patients, their family

members, and caregivers within residential aged care
(Multimedia Appendix 1). These factors were interpreted using
constructs of capability, opportunity, and motivation within a
BCW framework, and relevant quotes from the study
respondents (R) were also provided. Capability in this study
was defined as an individual’s psychological and physical
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capacity to engage with the potential personalized digital health
hub, which included having the necessary knowledge and skills.
Opportunity considered all the factors lying outside the
individual that make the behavior possible or prompt it, such
as the likelihood of engaging with the potential personalized
digital health hub. Motivation included processes that energize
and direct behavior, not just goals but also habitual processes,
emotional responses, and analytical decision-making. These
constructs influence each other, as they work dynamically, such
as access to opportunity can drive motivation, whereas enacting
behavior can alter capability, motivation, and opportunity [32].
There were 59 participants who responded to questions
corresponding to barriers with further breakdown of 38, 9, and
12 as patients, their family members, and residential aged
caregivers, respectively. In contrast, 40 participants responded
to questions corresponding to facilitators, representing 24, 3,
and 13 patients, their family members, and residential aged
caregivers, respectively.

Capability
Some patients recognized that possessing the necessary
knowledge and skills while accessing digital devices can help
explore relevant web-based health information, which could
enable a better understanding of their health condition.
Conversely, there were some family members and caregivers
who lacked confidence in using digital devices. There was no
one available to teach them and also felt inadequate about
understanding the patient’s medical condition. The patients’
comments reflect that the information gathered through such a
digital health platform would actually help improve their
decision-making during the recovery process:

Can't use the computer, no one to teach me to use it
at the moment. [R53]

Would have been very useful (internet), always
looking things up anyway. [R49]

Keeping up with computers and technology keeps me
sharp [informing decisions]. [R38]

Opportunity
Patients and their family members considered their personal
environment and the affordability of resources, such as digital
devices, as a major limiting factor. Residential aged caregivers
saw digital health platforms as an opportunity to provide general
health information, including healthy lifestyle, diet, and exercise.
Furthermore, it was suggested that a platform such as a
personalized digital health hub (or similar) would be more
efficient or easier than existing options and would provide a
potential solution with resources consisting of videos of
exercises such as yoga and tai chi. In addition, several patients
were of the opinion that a list of available services (eg, allied
health professionals, exercise classes, alternative therapies)
along with health management information could be well
received by the community:

Can't afford computer on aged pension. [R15]

Lots of people interested in general information about
their health as well ie healthy lifestyle, diet, exercise.
[R72]

Videos [exercises] would be very helpful, would like
information about how long hip replacements last
and how to take care of them, any information is good
information? Could include tai chi or yoga. [R24]

Knowing it’s there [digital platform] to fall back on,
list of things/services that are available. [R47]

Rehab exercises, suggestions and options, a list of
services. [R67]

Motivation
Being older was identified by both patients and their family
members as one of the main hurdles to using the potential
personalized digital health hub platform. Residential caregivers,
however, identified practical issues such as lack of time in their
existing role to use such a solution, which is currently not a part
of their job. Participants across all 3 categories identified their
existing capabilities as a limiting factor. However, they were
also positive about the potential capabilities of a digital solution,
such as the availability of information that would reduce the
need to visit a physician and access to trustworthy interventions.
These interventions include videos and information about health
and instructions from reputable sources such as physiotherapists
that they can follow in their own time as well as the potential
to more easily track their appointments with different health
care providers:

Hard for other elderly people. [R8]

Just not practical, responsible for more than one
person at a time so time using this would take away
from actually caring for people. [R83]

Access to information on demand, not have to visit
doctor, not missing phone calls and use on own time.
[R3]

Reputable sources would be good, videos of exercises
helpful, a realistic timeline for recovery would be
useful. [R43]

The residential aged care staff thought that a digital health
solution could potentially improve handover processes through
a better exchange of information between specialists and
caregivers. Most participants were optimistic about the range
of functions that a digital health platform could provide;
however, some had reservations such as preferring phone
conversations or maintaining conventional face-to-face
interactions with the physician. Emotionally, some consumers
were unhappy with the services provided through
technology-based solutions in comparison with face-to-face
interactions. One of the patients identified a potential lack of
reinforcement in terms of someone who could teach or handhold,
which could be a barrier to using a digital solution. Conversely,
some patients thought that it could help them achieve more
peace of mind and service satisfaction:

Would (digital platform) improve handover of
information between specialists and carers or the
patient, keep everyone on the same page more. [R88]

Prefer phone calls, more personal, know who you're
talking to. [R14]
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Good to be able to see exercises [over the internet],
peace of mind. [R6]

Discussion

Principal Findings
This study was considered as one of its kind due to the
involvement of combined perspectives from patients with hip
fragility fractures, their family members, and residential aged
caregivers. Older people with hip fractures often have low
intrinsic capacity, leading to depletion in physical function,
mental health impairment, and increased health care costs [33].
Therefore, it is crucial to address hip fractures among older
people, particularly those with multimorbidities, as a whole and
in an integrated manner, rather than managing individual issues
in isolation or silos, including improving health literacy by
connecting with family members and formal caregivers as
networked units [34]. This study explored the feasibility of a
potential personalized digital health hub model of care in
educating, empowering, and integrating health services,
including self-management, for older patients with hip fractures
in South Australia. Quantitative and qualitative methods were
used in synergy to maximize the interpretation of findings. The
BCW framework was applied through constructs of capability,
opportunity, and motivation. These constructs are embedded
within the BCW framework, which has been used in many
contemporary scenarios for developing complex health
interventions, including stroke rehabilitation [35] and multiple
lifestyle issues [36,37].

Quantitative findings suggested that patients and their family
members were of the same age, and almost half of them had
current access to digital devices with the internet, despite only
about a quarter of them using computers as part of their
occupation (Opportunity). Although significant gaps existed
with respect to operating emails, video calling, and exploring
search engines (Capability), many of them expressed their
willingness (motivation) to advance their skills through the
supporting environment. The latter can be strengthened as 98%
(54/55) of the patients said they had family members, friends,
or caregivers (Opportunity) who would be able to help them
use such a resource. Furthermore, the findings from our study
suggest that 72% (72/100) of the respondents thought that the
personalized digital health hub would be useful for improving
their health.

Findings from the qualitative analysis explored deeper meanings
of individual capability, opportunity, personal circumstances,
and motivational factors varying within each group. Capability
mainly focuses on knowledge, skills, and decision-making
processes, whereas opportunities could be in the form of
availability and access to digital devices and holistic care [10],
including healthy lifestyle, diet, and exercise [36]. Some
consumers may have better knowledge and skills to understand
health information and access web-based resources. These
people advocated for the personalized digital health hub being
available for communicating high-quality and trustworthy health
information resources, tracking appointments, and linking
relevant services through a single hub. On the other hand, some
preferred traditional face-to-face interactions and considered

declining individual capacities due to aging as a possible
challenge to cope with learning associated with the new
technology. For some, personal circumstances, including
affordability and access to computer systems, were important
aspects to be considered. Furthermore, the findings suggested
that motivation to engage with personalized digital health hub
could be adversely affected by increasing patient age and
contributing to additional workload for caregivers. However,
information available in different formats, such as video or
interactive, could improve patient engagement, help navigate
different service provisions, and improve workforce handover
processes delivered through an agreed model of care [18].

The sharing of information between patients and health care
professionals is one of the key pillars of therapeutic relationships
[38]. Increasingly, this information is being shared on the web,
as digital health platforms through which patients can access
education regarding medical conditions, information on
self-management, and communication of health information to
health professionals [39-41]. Clearly accessing and using some
of these platforms will challenge certain groups within
populations, such as the older adults. Ulrich and Vaccaro [42]
described the benefits to patients receiving health information
on the internet. These included improved health outcomes,
mainly due to fulfillment of expectations and changes in
behavior, which are facilitated by improved availability of
information and resources. They note that older people in
particular prefer audiovisual or pictorial explanations and
information [42]. Furthermore, most patients do not have the
capacity to distinguish nonbiased and reputable sources of
information from commercially biased promotional materials
[42]. The personalized digital health hub research program
described here presents an opportunity to standardize and ensure
the quality and evidence base of information received by patients
and caregivers. A contemporary example of a digital technology
used to improve access to first-line care for musculoskeletal
conditions is the painHEALTH initiative [43]. This platform
was codeveloped with consumers in response to the escalating
burden of pain management associated with musculoskeletal
conditions. The development of content was aligned to best
practice recommendations from musculoskeletal MoC [18,43]
and calls to action for improved care highlighted in the
Australian National Pain Strategy [44].

Not all people have access to the internet, and this is especially
true for people older than 65 years. However, according to the
Australian Bureau of Statistics and Household Use of
Information Technology survey for 2016-2017, the proportion
of users accessing the internet for health-related services or
research has more than doubled from 22% in 2014-2015 to 46%
in 2016-17. Among older people, 55% of those aged 65 or older
accessed the internet in a typical week, a 4% rise from the survey
conducted in 2014-2015 [45]. Internet use correlated positively
with educational attainment and household income and
negatively with rurality. However, the survey is likely to be an
overestimate of the proportion of older adults in the population
who regularly use the internet as it excluded people living in
nonprivate dwellings such as hotels, university residences,
students at boarding schools, patients in hospitals, inmates of
prisons, and residents of other institutions (eg, retirement homes
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and homes for persons with disabilities) [45]. The survey also
noted that 14% of Australian households did not have internet
access [45].

Caregivers, spouses, or family members can and should be
engaged to assist with the personalized digital health hub
platform in consultation with the patient. However, any
provision to replace in-person clinical interactions must include
a safety net for patients without access. Our study suggests that
46% (46/100) of the participants were willing to learn and
develop their skills. Usually, patients accessing public tertiary
care facilities are more likely to belong to the lowest
socioeconomic status grouping [46]; despite being economically
disadvantaged, more than one-third of these patients within our
study were willing to buy a computer or other smartphone
devices to access the potential personalized digital health hub
platform. The majority of them would spend between Aus
$200-$500 (US $144-$360), but very few of them could go up
to Aus $1000 (US $720). This emerging likelihood of using
potential digital health solutions was also supported by another
study [47], in which 63% of the participants expressed their
intentions as definitely or probably to be using a digital health
platform as a web-based interface. Such a platform could carry
out tasks such as making appointments, asking questions,
receiving treatment, information, and providing support for their
health and well-being. This study also emphasized the
importance of user-friendliness and quickly resolving issues
such as bugs in the initial releases [47].

Although digital health care may offer feasible and efficient
options for monitoring and securely interacting with patients,
an adequate level of engagement with the technology by all
stakeholders is critical. In a recent rollout of an Australian
opt-out digital health data management system (known as My
Health Record), although there was a 90% subscription rate by
patients, less than a quarter of health provider organizations
were using the system [48]. This was even though 60% ranked
clinical integration and improved patient experiences as their
top priorities [49]. This mismatch suggests that educating
practitioners to use digital systems is as important as patient
engagement and compliance [50,51]. Together, this could have
an incremental effect on patient outcomes and service delivery.

Limitations
This study has several limitations. One of them was a
convenience sample from a single hospital site. However, this
site is a major tertiary referral center that receives hip fracture
patients across South Australia. Similarly, because of time and
resource constraints, we were only able to recruit 100
participants in this study. We recommend that future studies
consider a large sample size and further build on the evidence
[52,53]. Another limitation is that patients with impaired
cognition and high multimorbidity risk were not included.
However, we attempted to engage residential aged caregivers

who received many of these patients. These caregivers certainly
act as facilitators, helping their patients, and are equally
important stakeholders in the care process. Our study
highlighted, from the perspective of caregivers, that personalized
digital health hub could improve the handover process between
specialist care and residential age care. [13]. We also
acknowledge that these data were collected in 2017; however,
we consider the findings from the study to be unique and still
relevant, on the basis of the existing literature and development
in the area of broader musculoskeletal care and digital health.
Nonetheless, studies demonstrate the need to substitute current
inefficiencies of siloed health care models with more
person-centered and integrated models in which the patients
and their caregivers are empowered as a team that works toward
a personalized health solution to illness [8,18,51]. We
acknowledge that when this study was conducted, the concept
of personalized digital health hub was very theoretical; however,
with inputs from other study components, we have been able
to advance it to the stage of a prototype to be tested in the
practice setting in the next stage of our research activity. Another
limitation offered by the design of this study was a weak
component of qualitative methodology, as the primary data
collection tool consisted of only 2 open-ended questions.
However, despite this limitation, we attempted to maximize the
relevance of findings by applying the analytical behavior change
framework. Similarly, in this process, the increased use of digital
technologies to support health care is inevitable, particularly in
the context of COVID-19, which has not only accelerated the
willingness of health care practitioners to adopt telehealth
options but also resulted in patients quickly adapting to and
embracing these recent changes [54-56].

Conclusions
Recovery from fragility fractures among older people requires
input from multiple specialties within medicine and allied health
domains depending on the presence of concurrent medical
conditions. Rather than approaching patients as isolated
individuals, we need to consider them in the context of a
network of caregivers and delivery of service as an integrated
holistic model of care. Findings from this study contributed to
understanding the capabilities, motivation and opportunities of
patients, family members and formal caregivers as a patient
networked unit rather than as siloed groups and provided a proof
of concept around a personalized digital health hub [8]. This
will provide greater cohesion and opportunities for success
while navigating through a complex recovery pathway with
multiple caregivers and is critical to the development of a
personalized digital health hub–enabled MoC. Future paths will
also incorporate perspectives from other relevant stakeholders
as part of the patient networked unit, evolving through iterative
processes and cocreation, to improve our understanding around
the successful development of complex health care interventions
and its drivers [13,57].
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Abstract

Background: Social networks are now essential tools for promoting research and researchers. However, there is no study
investigating the link between presence or not on professional social networks and scientific publication or citation for a given
researcher.

Objective: The objective of this study was to study the link between professional presence on social networks and scientific
publications/citations among anesthesia researchers.

Methods: We included all the French full professors and associate professors of anesthesia. We analyzed their presence on the
social networks Twitter (professional account with ≥1 tweet over the 6 previous months) and ResearchGate. We extracted their
bibliometric parameters for the 2016-2020 period via the Web of Science Core Collection (Clarivate Analytics) database in the
Science Citation Index-Expanded index.

Results: A total of 162 researchers were analyzed; 42 (25.9%) had an active Twitter account and 110 (67.9%) a ResearchGate
account. There was no difference between associate professors and full professors regarding active presence on Twitter (8/23
[35%] vs. 34/139 [24.5%], respectively; P=.31) or ResearchGate (15/23 [65%] vs. 95/139 [68.3%], respectively; P=.81). Researchers
with an active Twitter account (median [IQR]) had more scientific publications (45 [28-61] vs. 26 [12-41]; P<.001), a higher
h-index (12 [8-16] vs. 8 [5-11]; P<.001), a higher number of citations per publication (12.54 [9.65-21.8] vs. 10.63 [5.67-16.10];
P=.01), and a higher number of citations (563 [321-896] vs. 263 [105-484]; P<.001). Researchers with a ResearchGate account
(median [IQR]) had more scientific publications (33 [17-47] vs. 26 [9-43]; P=.03) and a higher h-index (9 [6-13] vs. 8 [3-11];
P=.03). There was no difference between researchers with a ResearchGate account and those without it concerning the number
of citations per publication and overall number of citations. In multivariate analysis including sex, academic status, and presence
on social networks, the presence on Twitter was associated with the number of publications (β=20.2; P<.001), the number of
citations (β=494.5; P<.001), and the h-index (β=4.5; P<.001).

Conclusions: Among French anesthesia researchers, an active presence on Twitter is associated with higher scientific publication
and citations.

(J Med Internet Res 2021;23(10):e29809)   doi:10.2196/29809
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Introduction

In a globalized world, social networks have now taken a major
place in the scientific field and are essential tools for promoting
research and researchers (including the recruitment or the
promotion of a researcher) [1-3]. Twitter is a microblogging
service that allows its users to blog through short messages (ie,
tweets). Each user can “retweet” a tweet from another user and
broadcast it to his/her own followers, thus allowing fast
dissemination of content. Because of its concise and synthetic
nature, and given the possibility to follow specific thematic
accounts, it is a social network used for professional purposes
by many researchers and physicians [4]. ResearchGate is a social
network reserved for researchers, used to promote their works
and to connect with people working in the same field of
research. It is thus a social network only dedicated to
professional use for the international scientific community.

Medical journals use Twitter to increase their visibility within
the scientific community. It is by far the most used social
network to share publications because more than 20% of
published articles receive at least one announcement on Twitter
(compared with less than 5% of notifications on other
nonprofessional social networks) [5]. It has been recently
described that, among a selection of authors publishing in
anesthesia journals, 24% have a Twitter account and 72% have
a ResearchGate account [6]. Moreover, among French
anesthesia, intensive care, and emergency medicine health care
workers, 46% use social media to obtain information about
medical actuality and 17% consult Twitter at least once a week
[7]. This professional social network use should increase with
the arrival of younger physicians because it was reported in a
single-center study that 35% of medical students used Twitter
for teaching purposes [8]. The link between social and usage
metrics (altmetrics) and traditional bibliometric indicators is
weak and variable, but Twitter’s altmetrics indicators seem to
perform well in predicting the actual citation rate [9,10]. Twitter
users tweet the articles they write and it is known that tweets
can predict highly cited articles within the first days of an article
publication [10-12]. Finally, recent randomized studies showed
that, for a given journal, articles that benefited from exposure
on Twitter were more cited than articles that were not tweeted
[13,14]. However, there is no study investigating the link
between presence or not on professional social networks and
scientific publication or citation for a given researcher.

The objective of this study was to study the link between
presence on social networks and scientific publication and
citation among anesthesia researchers.

Methods

Study Design and Population
We used publicly available data; as a retrospective analysis that
did not involve human participants (and in accordance with
French laws), this study was exempt from institutional ethics
board review [15].

We included all French physicians with an academic function
of teaching and research in anesthesia (full professors and

associate professors from the 48-01 subsection of the French
National Council of Universities, Directory of Members for the
year 2019).

Objectives
The main objective of this work was to compare the scientific
publication and citation of French anesthesia researchers
according to the presence or absence of an active Twitter
account. The secondary objectives were:

• to compare, in the same population, the scientific
publication and citation according to the presence or
absence on ResearchGate;

• to assess if the presence or absence from Twitter and
ResearchGate was associated with scientific publication
and citation of researchers.

Data Extraction
To limit the impact of profile variations on social networks and
publication citations in the bibliometric database, the entire data
collection was carried out manually over 10 consecutive days
in March 2021.

We analyzed the presence of included researchers on the social
networks Twitter (professional account, that is, at least one
follow of a profile related to anesthesia or intensive care
medicine) and ResearchGate. The screening for finding social
network accounts followed a step-by-step procedure:

• The first and last name were entered into the social network
search engine. On Twitter, the author was searched on the
account search tool and also on the “TOP” (most relevant
Tweets for a given search) and “LATEST” (the most
recently posted Tweets matching a given search) tabs;

• If no author was found after this first search, only the last
name was used in association with the following keywords:
“Dr”, “Pr”, “Anesthésie”, “Réanimation” (French
keywords), “Anesthesia”, and “Intensive care”;

• If no author was still found, the first and last name were
entered into the Google search engine with the keyword
“Twitter” or “ResearchGate”;

• If several accounts were found for a given name, all
accounts were manually analyzed in search of information
on the account, to identify whether or not it was the
researcher’s account (particularly through her/his hospital
and/or academic affiliation).

• When an account was found, the following data were
collected:
• For Twitter: existence of a professional Twitter profile

(an account was considered active if it has published
at least one professional tweet over the 6 months
preceding the data collection date). For each active
Twitter account, the recorded data were presence or
not of a photograph, information concerning profession
(academic or anesthetist), number of tweets, number
of followers, and date of creation of the account (to
determine the number of tweets and followers by month
spent on Twitter);

• For ResearchGate, existence of an active ResearchGate
profile (with a least one research work documented);
if there is an existing profile, the following data were
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collected: presence or not of a photograph, number of
followers, RG score (which is a measure of scientific
reputation on ResearchGate), and Total Research
Interest score (which is linked to the reading, citation,
and recommendation of the researcher’s work on
ResearchGate).

• Bibliometric parameters were extracted from the Web of
Science Core Collection (Clarivate Analytics) database in
the Science Citation Index-Expanded index. To limit the
risk of errors due to homonyms in other research disciplines,
we used a search algorithm focused on medical specialties
that correspond to the fields of activity of anesthetists in
France. Thus, the analysis focused on the publication of
reviews, original articles, and editorials in medical journals
over the period 2016-2020 on the advanced search tool of
Web of Science with the following search formula:

(SU=CRITICAL CARE MEDICINE OR
SU=ANESTHESIOLOGY OR SU=SURGERY OR
SU=EMERGENCY MEDICINE OR SU=ALLERGY OR
SU=CARDIAC & CARDIOVASCULAR SYSTEMS OR
SU=CLINICAL NEUROLOGY OR SU=ENDOCRINOLOGY
& METABOLISM OR SU=GASTROENTEROLOGY &
HEPATOLOGY OR SU=HEMATOLOGY OR
SU=IMMUNOLOGY OR SU=INFECTIOUS DISEASES OR
SU=MEDICAL INFORMATICS OR SU=MEDICINE,
GENERAL & INTERNAL OR SU=MEDICINE, RESEARCH
& EXPERIMENTAL OR SU=MULTIDISCIPLINARY
SCIENCES OR SU=NURSING OR SU=NUTRITION &
DIETETICS OR SU=OBSTETRICS & GYNECOLOGY OR
SU=PERIPHERAL VASCULAR DISEASE OR SU=PUBLIC,
ENVIRONMENTAL & OCCUPATIONAL HEALTH OR
S U = R E S P I R AT O RY  S Y S T E M  O R
SU=TRANSPLANTATION OR SU=TOXICOLOGY) AND
(PY=2016 OR PY=2017 OR PY=2018 OR PY=2019 OR
PY=2020) AND (DT=ARTICLE OR DT=REVIEW OR
DT=EDITORIAL MATERIAL) AND AU=“NAME OF THE
AUTHOR, surname of the author”

For each researcher, the following parameters were recorded:
number of publications, h-index, number of citations per
publication, and overall number of citations.

Statistical Analysis
The values are presented as n (%) for qualitative variables, and
as median (IQR) for quantitative variables. The quantitative
variables were compared using a Mann-Whitney U test. The
qualitative variables were analyzed using a Fisher test. The
Pearson correlation test was used to assess the strength of
association between 2 quantitative variables. A multivariate
analysis using a linear regression model was realized to identify
whether the presence or absence from Twitter and ResearchGate
was related to the number of citations, the h-index, and the
number of publications. The multivariate analysis included the
following variables: presence on Twitter, presence on
ResearchGate, sex, and academic status (full professor or
associate professor). All statistical tests were 2-sided and the
.05 probability level was used to establish statistical significance.
All statistics and graphs were produced using GraphPad PRISM
software (version 9.1.2; GraphPad Software).

Data Availability Statement
The raw data supporting the conclusions of this manuscript can
be made available on request by the authors to any qualified
researcher.

Results

Population Description
Of the 162 researchers analyzed (147 men and 15 women), 68
(42.0%) had a Twitter account, of which 42 (25.9%) were
considered active, and 110 (67.9%) had a ResearchGate account.
A total of 36 (22.2%) researchers had both an active Twitter
account and a ResearchGate account. The characteristics of the
Twitter and ResearchGate accounts identified are presented in
Table 1.

There was no difference between associate professor and full
professor regarding active presence on Twitter (8/23 (35%) vs.
34/139 (24.5%), respectively; P=.31) or on ResearchGate (15/23
(65%) vs. 95/139 (68.3%), respectively; P=.81).
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Table 1. Characteristics of the Twitter and ResearchGate accounts.

ValuesaCharacteristics

Active Twitter accounts (n=42)

25 (59.5)Specification of an anesthetist or academic function

30 (71.4)Photograph identifying the account owner

4.0 (1.5-11.0)Number of tweets/month

4.4 (1.2-8.6)Number of followers/month

ResearchGate accounts (n=110)

65 (59.1)Photograph identifying the account owner

39 (36-42)RG score

1415 (779-2244)Total Research Interest score

90 (50-168)Number of followers

aValues are presented as n (%) for qualitative variables and as median (IQR) for quantitative variables.

Scientific Publication and Citation According to the
Presence or Absence of an Active Twitter Account
Over the period 2016-2020, researchers with an active Twitter
account had more (median [IQR]) scientific publications (45

[28-61] vs. 26 [12-41]; P<.001; Figure 1A), a higher h-index
(12 [8-16] vs. 8 [5-11]; P<.001; Figure 1B), a higher number
of citations per publication (12.54 [9.65-21.8] vs. 10.63
[5.67-16.10]; P=.01; Figure 1C), and a higher number of
citations (563 [321-896] vs. 263 [105-484]; P<.001; Figure 1D).

Figure 1. Number of scientific publications (A), h-index (B), number of citations per publication (C), and number of citing articles (D) over the period
2016-2020 among researchers with an active Twitter account. Data are presented as as median with interquartile range. *, P<.05; ****, P<.0001.
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Among researchers with an active Twitter account, there was
a correlation between the number of tweets/month and the
number of followers/month (r=0.69; 95% CI 0.49-0.82; P<.001),
the number of publications (r=0.37; 95% CI 0.08-0.61; P=.02),
and the h-index (r=0.37; 95% CI 0.08-0.61; P=.02). There was
also a correlation between the number of followers/month and
the number of publications (r=0.43; 95% CI 0.14-0.64; P<.01)
and the h-index (r=0.47; 95% CI 0.20-0.68; P<.01). There was
no correlation between the number of tweets/month or the
number of followers/month and the number of citations per
publication or the overall number of citations.

Scientific Publication and Citation According to the
Presence or Absence of a ResearchGate Account
Over the period 2016-2020, researchers with a ResearchGate
account had more (median [IQR]) scientific publications (33
[17-47] vs. 26 [9-43]; P=.03; Figure 2A) and a higher h-index
(9 [6-13] vs. 8 [3-11]; P=.03; Figure 2B). There was no
difference (median [IQR]) between researchers with a
ResearchGate account and those without it concerning the
number of citations per publication (11.45 [7.19-21.8] vs. 11.98
[6.62-19.62]; P=.67; Figure 2C) and the overall number of
citations (367 [134-589] vs. 244 [85-502]; P=.17; Figure 2D).

Figure 2. Number of scientific publications (A), h-index (B), number of citations per publication (C), and number of citing articles (D) over the period
2016-2020 among researchers with a ResearchGate (RG) account. Data are presented as as median with interquartile range. *, P<.05.

Among researchers with a ResearchGate account, there was a
correlation between the number of followers and the number
of scientific publications (r=0.78; 95% CI 0.70-0.85; P<.001),
the h-index (r=0.72; 95% CI 0.62-0.80; P<.001), the number
of citations per publication (r=0.34; 95% CI 0.17-0.50; P<.001),

and the overall number of citations (r=0.65; 95% CI 0.53-0.75;
P<.001).

Multivariate Analysis
In multivariate analysis, the presence on Twitter (but not on
ResearchGate) was associated with the number of publications,
the number of citations, and the h-index (Table 2).
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Table 2. Multiple linear regression model to predict the number of citations, the h-index, and the number of publications.

h-indexNumber of citationsNumber of publicationsVariable

P value95% CIβP value95% CIβP value95% CIβ

.15–0.8 to 5.32.2.24–157.7 to 631.2236.8.15–4.3 to 27.911.8Sex

<.0012.4 to 6.64.5<.001224.8 to 764.1494.5<.0019.2 to 31.220.2Active presence on Twitter

.65–1.5 to 2.40.45.21–410.5 to 92.9–158.8.69–8.2 to 12.32.1Presence on ResearchGate

.36–1.5 to 4.01.3.30–165.9 to 534.2184.1.09–1.9 to 26.612.3Status

Discussion

Preliminary Findings
To our knowledge, we describe for the first time the participation
rates and professional use patterns of social networks among
all academics from a medical specialty of a given country. We
also explore for the first time the link between researchers’
medical publication activity and their presence on social
networks.

The 2 social networks analyzed in this work have different use
in professional life. Twitter, which is not a network designed
solely for professional use, allows subscribers to give their
opinion, to follow some influencers, and also to exchange
personal information. ResearchGate is reserved for researchers,
and is used to promote their work and to connect with people
working in the same field of research. Twitter is a network that
requires active and frequent participation to disseminate
information, whereas ResearchGate automatically imports
publications from authors (who only has to validate them) and
gives visibility to researchers with a high RG score, even if they
are not very active on the network, allowing a more passive
management of the account once it has been created. This may
partially explain why the rate of researchers with a ResearchGate
account is higher than that of researchers with an active Twitter
account. Another likely explanation is that as ResearchGate is
a social network specifically dedicated to research, it makes
more sense for a researcher to be present there than to have a
professional account on a mainstream network such as Twitter.
The rates of use of professional social networks (Twitter: 42%
(68/162) and ResearchGate: 67.9% (110/162)) are higher than
those recently described among ENT surgeons, neurosurgeons,
or pediatric orthopedists (Twitter: 2%-13% and ResearchGate:
23%-36%) [16-18]. The presence on Twitter of French
anesthesia researchers also appears to be greater than that of
nonacademic professionals from the same country working in
the same field (17%) [7]. Nevertheless, the fact that we only
included academic scientific authors in our analysis, versus
physicians without academic activity in these other works,
probably explains this difference. Thus, our rate of active Twitter
users among researchers is closer to those recently described
among health policy and health services researchers (30%) or
among researchers publishing in anesthesia journals (between
22% and 25%) [6,19]. Similarly, the rate of use of ResearchGate
appears similar to those described among academic researchers
publishing in medical journals (between 45% and 70%)
[6,20,21]. We can therefore assume that our data collection was
relatively exhaustive in the study population. It is interesting to
note that there was no difference in social networks between

full professors and associate professors. This result should be
interpreted with caution as there are few associate professors
in our cohort and therefore probably a great lack of statistical
power for this analysis. One explanation could be that, while
associate professors belong to a generation more aware of social
networks, full professors have had more time in their academic
career to discover and use social networks for professional
purposes. A significant proportion of Twitter and ResearchGate
users do not have a photograph or description (or both in some
cases) of their profession on their accounts. This may likely
reduce their visibility on these social networks.

Among anesthesia researchers, an active presence on Twitter
is associated with better bibliometric parameters, in terms of
both number of publications and citations. The same trend is
observed on ResearchGate. However, our study methodology
does not allow to establish a causal link between scientific
activity and presence on social networks. There are several
possible explanations for the link we have identified. It is
possible that very prolific researchers have the desire to
disseminate their numerous publications and are therefore more
inclined to use social networks. It is also possible that being on
a professional social network allows to widely disseminate
publications to the connected scientific community and thus
have a greater chance of being read and cited. By analogy with
the studies conducted on medical journals and showing the
effectiveness of Twitter in increasing citations, it may seem
logical that a researcher who posts his/her new publications on
Twitter would also have more citations at an individual level
[4,13,14]. It is also possible that sharing information on Twitter
creates links and networks between some researchers who would
be more likely to work together and thus increase their overall
research activity and citation of each other. However, all these
suggested explanations are only hypothetical and future studies
seem necessary to explore a possible causal link between
professional presence on social networks and scientific activity.

Limitations
Despite interesting results, our study has several limitations.
First, this work was limited to French anesthesia researchers on
a 5-year period. Given the academic organization of the medical
professions in France (which is centralized by the National
Council of Universities), it is easy to have exhaustive access to
the list of all academics in a given specialty. In other countries
with a more decentralized academic organization (in particular,
Anglo-Saxon countries), it is more complex to compile an
exhaustive list of all academics in a country. In addition, social
networks evolve very quickly (subscription/unsubscription, new
followers/loss of followers, etc.), so it was essential to use data
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collected over a short period. However, because of the manual
standardized procedure needed to detect all the accounts (which
is time-consuming), the number of researchers that could be
included was limited. Nevertheless, it seems necessary to
confirm our observations in the academics of other countries.
We chose the 2016-2020 period to analyze bibliometrics
parameters because it corresponds to the period where social
networks were started to be used in a massive way to promote
research in France. It did not seem relevant for us to go further
back in time, as the use of social networks was less common
and the population studied would have been too disparate (old
researchers who had retired or young researchers who had not
yet started their academic activity). Second, even a standardized
manual account search procedure has its flaws; some authors
may use a pseudonym, a diminutive, or misspell their name
when they register, etc. Third, some bibliometric parameters of
ResearchGate such as RG score and total Research Interest score
were not analyzed in our work. However, these scores are based
on the number of publications and citations of researchers and
have already been shown to be correlated with the h-index, the
number of citations, the number of publication, and the academic
level of registered researchers [9,18,22,23]. Thus, it appeared
futile to search for correlation between these scores and the

bibliometric parameters found on Web of Sciences. Moreover,
ResearchGate metric parameters are controversial to assess
research output of researchers, especially the RG score, which
is built from both activity related to asking and answering
questions on the website and not just from publication metrics
[24]. We therefore did not consider it relevant to include these
scores in our analysis. Fourth, we did not analyze other famous
social networks (eg, Instagram, Facebook), but because these
networks are mainly dedicated to recreational use and are rarely
used by physicians in a professional context, it did not seem
relevant for us to include them in a study dedicated to
professional impact of social networks. We also did not include
LinkedIn in our analysis. Although it is a professional social
network, it gives little access to profile data: no quantification
of the number of posts and no precise quantification of the
number of relationships beyond 500 relationships. It therefore
seemed difficult to have relevant markers for this network.

Conclusion
Among French anesthesia researchers, an active presence on
Twitter is associated with higher scientific publication and
citations. Future studies could explore a possible causal link
between these parameters.
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Related Article:
 
Correction of: https://www.jmir.org/2021/8/e26256
 

(J Med Internet Res 2021;23(10):e33519)   doi:10.2196/33519

Correction: Artificial Intelligence–Based Prediction of Lung
Cancer Risk Using Nonimaging Electronic Medical Records:
Deep Learning Approach

In “Artificial Intelligence–Based Prediction of Lung Cancer
Risk Using Nonimaging Electronic Medical Records: Deep
Learning Approach” (J Med Internet Res 2021;23(8):e26256),
two errors were noted.

Due to a system error, the name of one author, Marvin Chia-Han
Yeh, was replaced with the name of another author on the paper,
Hsuan-Chia Yang. As well, the formatting of the author name
"Yu-Chuan (Jack) Li" has been changed to "Yu-Chuan Jack Li"
in the corrected version of the paper.

In the originally published paper, the order of authors was listed
as follows:

Hsuan-Chia Yang, Yu-Hsiang Wang, Hsuan-Chia
Yang, Kuan-Jen Bai, Hsiao-Han Wang, Yu-Chuan
(Jack) Li.

This has been corrected to:

Marvin Chia-Han Yeh, Yu-Hsiang Wang, Hsuan-Chia
Yang, Kuan-Jen Bai, Hsiao-Han Wang, Yu-Chuan
Jack Li.

In the originally published paper, the ORCID of author
Hsuan-Chia Yang was incorrectly published as follows:

0000-0001-6710-4435

This has been corrected to:

0000-0001-9198-0697

The correction will appear in the online version of the paper on
the JMIR Publications website on October 15, 2021, together
with the publication of this correction notice. Because this was
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made after submission to PubMed, PubMed Central, and other
full-text repositories, the corrected article has also been

resubmitted to those repositories.
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Related Article:
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(J Med Internet Res 2021;23(10):e33140)   doi:10.2196/33140

In “Engagement in an Interactive App for Symptom
Self-Management during Treatment in Patients With Breast or
Prostate Cancer: Mixed Methods Study” (J Med Internet Res
2020;22(8):e7058), 5 errors were noted.

In the originally published article, the following sentence was
included in the Abstract under the “Results” section:

Among the patients treated for breast cancer, higher
age predicted a higher total number of free text
messages sent (P=.04).

This sentence has been corrected to:

Among the patients treated for breast cancer, higher
age predicted a lower total number of free text
messages sent (P=.04).

In the originally published article, the following sentence was
included in the Abstract under the “Conclusions” section:

The predictive ability of demographic variables
differed between patient groups, but higher age and
a higher educational level predicted higher usage of
specific app functions for both patient groups.

This sentence has been corrected to:

The predictive ability of demographic variables
differed between patient groups, but higher age and
a higher educational level predicted usage of specific
app functions for both patient groups.

In the originally published article, the following sentence was
included in the “Results” section under the paragraph “Patient
Characteristics as Predictors of App Usage”:

Higher age predicted a higher total number of free
text messages sent (P=.04).

This sentence has been corrected to:

Higher age predicted a lower total number of free
text messages sent (P=.04).

In the originally published article, the following sentence was
included in the “Discussion” section under the paragraph
“Principal Results”:

The only variable tested that predicted usage for both
groups was age; higher age predicted an increase of
the total number of free text messages sent in the
breast cancer group, while a higher age predicted
more self-care advice views in the prostate cancer
group.

This sentence has been corrected to:

The only variable tested that predicted usage for both
groups was age; higher age predicted a decrease of
the total number of free text messages sent in the
breast cancer group, while a higher age predicted
more self-care advice views in the prostate cancer
group.
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In the originally published article, the following sentence was
included in the “Conclusions” section:

The predictive ability of demographic variables
differed between patient groups, but higher age and
a higher educational level predicted higher usage of
specific app functions for both patient groups.

This sentence has been corrected to:

The predictive ability of demographic variables
differed between patient groups, but higher age and

a higher educational level predicted the usage of
specific app functions for both patient groups.

The correction will appear in the online version of the paper on
the JMIR Publications website on October 13, 2021, together
with the publication of this correction notice. Because this was
made after submission to PubMed, PubMed Central, and other
full-text repositories, the corrected article has also been
resubmitted to those repositories.
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In “Characterization of Anorexia Nervosa on Social Media:
Textual, Visual, Relational, Behavioral, and Demographical
Analysis” (J Med Internet Res 2021; 23(7):e25925), the authors
noted one error.

In the originally published paper, a reference was mistakenly
placed in the following sentence in the Introduction –
Background section:

EDs, such as AN, are strongly related to risk factors
including perfectionistic traits, parenting style [2],
and the existence of comorbid mood disorders such
as depression, of which 33%-50% of anorexia patients
experience.

To address this issue and to avoid a misinterpretation of the
conclusions of Reference 2, which analyses but does not state
that there is a strong relation between AN and parenting style,
the sentence has been corrected as follows:

EDs, such as AN, are related to risk factors including
perfectionistic traits [2], and the existence of
comorbid mood disorders such as depression, of
which 33%-50% of anorexia patients experience.

The correction will appear in the online version of the paper on
the JMIR Publications website on October 12, 2021, together
with the publication of this correction notice. Because this was
made after submission to PubMed, PubMed Central, and other
full-text repositories, the corrected article has also been
resubmitted to those repositories.
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Abstract

Background: Measuring public response during COVID-19 is an important way of ensuring the suitability and effectiveness
of epidemic response efforts. An analysis of social media provides an approximation of public sentiment during an emergency
like the current pandemic. The measures introduced across the globe to help curtail the spread of the coronavirus have led to the
development of a situation labeled as a “perfect storm,” triggering a wave of domestic violence. As people use social media to
communicate their experiences, analyzing public discourse and sentiment on social platforms offers a way to understand concerns
and issues related to domestic violence during the COVID-19 pandemic.

Objective: This study was based on an analysis of public discourse and sentiment related to domestic violence during the
stay-at-home periods of the COVID-19 pandemic in Australia in 2020. It aimed to understand the more personal self-reported
experiences, emotions, and reactions toward domestic violence that were not always classified or collected by official public
bodies during the pandemic.

Methods: We searched social media and news posts in Australia using key terms related to domestic violence and COVID-19
during 2020 via digital analytics tools to determine sentiments related to domestic violence during this period.

Results: The study showed that the use of sentiment and discourse analysis to assess social media data is useful in measuring
the public expression of feelings and sharing of resources in relation to the otherwise personal experience of domestic violence.
There were a total of 63,800 posts across social media and news media. Within these posts, our analysis found that domestic
violence was mentioned an average of 179 times a day. There were 30,100 tweets, 31,700 news reports, 1500 blog posts, 548
forum posts, and 7 comments (posted on news and blog websites). Negative or neutral sentiment centered on the sharp rise in
domestic violence during different lockdown periods of the 2020 pandemic, and neutral and positive sentiments centered on
praise for efforts that raised awareness of domestic violence as well as the positive actions of domestic violence charities and
support groups in their campaigns. There were calls for a positive and proactive handling (rather than a mishandling) of the
pandemic, and results indicated a high level of public discontent related to the rising rates of domestic violence and the lack of
services during the pandemic.

Conclusions: This study provided a timely understanding of public sentiment related to domestic violence during the COVID-19
lockdown periods in Australia using social media analysis. Social media represents an important avenue for the dissemination of
information; posts can be widely dispersed and easily accessed by a range of different communities who are often difficult to
reach. An improved understanding of these issues is important for future policy direction. Heightened awareness of this could
help agencies tailor and target messaging to maximize impact.
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KEYWORDS

COVID-19; domestic violence; social media; Twitter; sentiment analysis; discourse analysis; keyword analysis; pandemic;
sentiment; public health; public expression

Introduction

COVID-19 has affected millions of people across the globe [1].
While the rates of COVID-19 in Australia have been low
compared to the rest of the world, Australian people have
experienced distress due to the nature of the infection and
transmission routes, which have led to many societal and
lifestyle changes associated with government attempts to contain
the infection [2]. Social distancing regulations imposed to
contain the spread of the infection have affected the social,
psychological, and economic well-being of many Australians
[3-5].

Studies have found that women experienced higher levels of
psychological distress during the pandemic when compared to
men [6-9]. Younger women in Australia reported higher levels
of stress during 2020 compared to older women, with 1 in 4
women aged 25 to 31 years reporting being very or extremely
stressed [10]. Reasons for these higher levels have been
associated with caring roles and responsibilities [7], linked to
homeschooling efforts, job insecurity and financial burden [10],
and domestic violence [11,12].

Social media plays a significant role in the dissemination of
health information [13], particularly during times of public
health crisis [14], and can significantly bolster disaster
management communication [15]. Communication during the
COVID-19 pandemic has generated more reliance on online
platforms such as Twitter, Facebook, and Instagram [16]. Social
media can also accelerate the expression of feelings about public
events [13,17-19] and social media platforms such as Twitter,
blogs, and other platforms are ideal places to quickly receive
news and express opinions in times of crisis such as the current
pandemic [18,20-22]. As a real-time network, social media
offers users the ability to communicate using both public and
private messages. Since the beginning of the pandemic, people
have used social media sites to express their opinions and share
information about the COVID-19 pandemic and related issues.
It has been suggested that reliance on social media platforms
such as Twitter will continue to grow as long as social distancing
measures are used by governments to contain the spread of the
virus [23]. Numerous studies have already been conducted to
understand the public response to issues related to COVID-19
[18,19,24-26], and social media provides researchers with an
opportunity to study the role it plays in the current global health
crisis.

The measures introduced across the globe to help curtail the
spread of the coronavirus have led to the development of a
situation labelled as a “perfect storm” to trigger a wave of
domestic violence related to psychological and economic
pressures, as well as negative coping mechanisms such as
alcohol and other drug use [27,28]. In Australia, alcohol sales
rose more than 36% as social distancing measures were

implemented [29]. During this period of social isolation, reports
of an increase in domestic or intimate partner violence have
been heard internationally [27,30-33], reflected in a similar
increase in calls to domestic violence hotlines [34]. Similar
trends have been reported in previous pandemics [35,36]. In
addition, there have also been reports of homicides associated
with domestic violence since stay-at-home measures were
introduced [37,38]. The pandemic also meant there were fewer
opportunities for people experiencing domestic violence to seek
help [5,39]. Previously, Twitter hashtags have been examined
to determine the nature of domestic violence [18,40,41]. In this
paper, we present the findings of a sample of geotagged
Australian posts from across different social media platforms,
as well as an analysis of users’ public emotional responses to
domestic violence during the COVID-19 pandemic. The aim
of this study was to understand more personal, self-reported
experiences, emotions, and reactions toward domestic violence
in Australia that were not always classified or collected by
official public bodies during the pandemic.

Methods

Data Collection
An initial general Boolean search (Multimedia Appendix 1)
was conducted to obtain a broad overview of the main domestic
violence topics related to COVID-19. The research included an
analysis of social media and news posts via the media
monitoring software Meltwater [42] by using advanced Boolean
search terms, agreed upon by 5 researchers (KU, JD, SM, SV,
DJ), to collect an initial sample of posts related to domestic
violence from the Australian region and during the first 6 months
of the COVID-19 pandemic (January 1 to June 31, 2020). Posts
were collected from January 1 to gather all mentions of the
pandemic from the early stages of reports of COVID-19
(including the first reported case in Australia in late January
2020), and any pre-emptive discussion with regards to the effect
of localized lockdowns on domestic home situations in Australia.

Overall, the initial search found a total of 137,300 posts that
mentioned domestic violence in general across social media
and news media. Within these posts, domestic violence was
mentioned an average of 300 times a day. There were 90,200
tweets, with 40,300 news posts, 7000 blog posts, 250 forum
posts, and 50 comments. Within this exploratory search, we
found that with our simple Boolean, despite it being within the
range of the start of the COVID-19 pandemic, 35% of all posts
did not refer to the context of the pandemic. While this meant
there was a need to refine the Boolean with more
COVID-19–specific terms and hashtags, we managed to collect
specific colloquialisms, slang, and Australian-specific terms
linked with domestic violence as experienced in the region,
which we then added to a more specific Boolean search. These
included terms such as “DFV” (domestic family violence),
“DV” (domestic violence), and “VAW” (violence against
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women). Other terms specific to the Australian region included
“domestic abuse,” “family violence,” “intimate partner
violence,” “gender violence,” “spousal abuse,” or “spousal
violence”—which were found to be used online more often
within the Australian region, than, for example, in the United
Kingdom or the European Union.

Once an overview of the data was established, we conducted a
second, more focused Boolean search (Multimedia Appendix
1), which included keywords and hashtags found in the initial
data sample. Usage referred to English-language posts relating
to domestic violence from the Australian region and included
specific terms related to the first year of the COVID-19
pandemic (January 1 to December 31, 2020).

Data Analysis
While Meltwater, a standard media monitoring tool, was used
to collect social media and news posts, we were aware of the
difficulties of accurately assessing and classifying patterns of
discourse, sentiment, and emoji-related analysis within the
correct context or perspective of the topic under investigation
[43]. We then conducted additional discourse and emoji analysis
using InfraNodus, a text network analysis software [44,45], to
measure themes and patterns occurring in discussions around
domestic violence, and to analyze connections between
subtopics that linked different types of conversations and word
clusters together in order to identify similarities in behavior.
Analysis of the sentiment of text and emojis shared within posts
was based on the internal InfraNodus emoji sentiment lexicon
[46] and sentiment analysis lexicon [47].

While these embedded tools were useful for a broad overview
of sentiment, to obtain a better understanding of sentiment from
the specific context of domestic violence, we drew on previous
research [48] by creating a “manual sentiment framework”
(Multimedia Appendix 2). We set up our own framework with
definitions based on our analysis to “reannotate” a subsample
of posts using this more specific, carefully constructed,
qualitative framework. The sentiment of posts shared was
measured in terms of differences in attitudes toward dealing
with domestic violence within the context of the pandemic
(Multimedia Appendix 2). Posts were classified as positive
toward the handling of domestic violence issues if, for example,
they agreed with official or government policies and actions
around this topic. Posts were marked as negative if they
contained negative attitudes or arguments against official or
government policies and actions on domestic violence during
lockdowns or during the pandemic in general, or shared bad
experiences, or, for example, discouraged the following of
official guidelines and actions due to concerns over the
effectiveness of these measures. Posts were marked as neutral

if they contained only a general statement, with no expression
of sentiment or opinion.

Posts were then coded into predefined categories to create the
final data set. Intercoder reliability comparison queries were
assessed to ensure accuracy using the processes and scripts
demonstrated by Kummervold et al [49], with an accuracy
F-score of 0.76. Once we identified the key themes, we selected
individual posts for textual analysis, drawing out specific issues
for a qualitative interrogation of topics of concern. We draw on
Lewis et al [50] for our approach to analysis, treating empirical
materials not only as data that are freestanding but as an
“empirical trigger” to guide us in describing and analyzing
research topics. In addition, we employed constructivist
grounded theory [51] in the interpretation of empirical material,
following an iterative and reflexive process. Semantic discourse
and topic analysis were used to understand frequently used
keywords and topics of concern [52].

Ethics
Ethical issues related to internet research necessitate the need
for researchers to carefully consider relevant guidelines to
determine whether ethical approval and informed consent are
required [53]. The research team discussed the proposed study
with the Chair of Human Research Ethics Committee at the
University of New England, Australia, who assessed the request
and determined no formal ethics approval was required. While
this study was beyond the scope of the human ethics committee,
we adhered to the principles of ethics: beneficence,
nonmaleficence, autonomy, and justice [54]. The appropriateness
and benefit of conducting research during the pandemic was
considered against the prospect of the results of this research
benefiting a wider community [55]. We further considered the
mitigation of the risk of harm to participants. In the case of this
research, only publicly available tweets were included in the
data set. Social media usernames were removed from the data
samples, while within the manuscript, only summaries of tweets
were used. No direct or easily traceable quotes have been
included. All of these measures are in line with best practices
[48,49,56,57]. Data were collected from and analyzed via secure
encrypted servers via the Meltwater and InfraNodus platforms.
Data were subsequently managed on a secure,
password-protected drive only accessible by the research team.

Results

In the final data sample, overall, there were a total of 63,800
posts across social media and news media (Figure 1). Within
these posts, our analysis found that domestic violence was
mentioned an average of 179 times a day. There were 30,100
tweets, 31,700 news reports, 1500 blog posts, 548 forum posts,
and 7 comments (posted on news and blog websites).
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Figure 1. Social and mass media mentions of domestic violence in Australia (January 1, 2020, to December 22, 2020).

Demographics
Within the final data sample, it was found that only a smaller
sample of 10,200 (out of 30,100) tweets had demographics data.
This is indicative of the complexity of demographically and
geographically tagged data [58], which we discuss further in
the Limitations section. However, analysis of this smaller sample
found that those who identified as female comprised 57.2%
(n=5834) of the people posting about domestic violence in
Australia during the 2020 pandemic, while those who identified
as male accounted for 42.8% (n=4365). The age range of posters
was as follows: 18-24 years (n=2029, 19.9%), 25-34 years
(n=4386, 43%), 35-44 years (n=2519, 24.7%), and 45-54 years
(n=948, 9.3%). While the main family status of posters was
listed as parents (n=948, 91.1%), 6.3% (n=642) identified as
married, with the rest identifying as senior or single.

On Twitter, the majority of Twitter mentions of domestic
violence were retweets (n=17,600), followed by quoted
(commented on) tweets (n=7130) and replies (n=1180). This
conversation related to engagement among 11,800 Twitter users,
centering around 4250 original tweets during this period
(January 1 to December 22, 2020). Overall, based on the
follower count of each of the users engaging with tweets, the
potential reach and impressions of these conversations (possible
number of people who may have read these messages) was 177
million.

Sentiment by Source
While retweeted and reposted news stories (without any
additional commentary or human sentiment added) were
classified as neutral across networks, the overall sentiment
toward the topic of rates of domestic violence was negative at
38% (n=24,264), with just 7% (n=4469) of all posts across social
media holding positive keywords. Forum discussions held the
most negative sentiment at 50% (n=274), closely followed by
reported news items with additional commentary (n=14,265,
45%), tweets (n=12,040, 40%), and blog posts (n=405, 27%).

Key Drivers of Sentiment
We found that a mixed range of sentiment was used in how
domestic violence was discussed on social media and in news

articles, as well as expressed in peoples’ reactions to events as
they retweeted/reposted or quoted original posts and articles
discussing or describing worry or reactions to how domestic
violence was handled in Australia during the pandemic and the
various lockdowns.

The majority of negative-to-neutral sentiment (Multimedia
Appendix 2) centered on the sharp rise in domestic violence
during different lockdown periods of the 2020 pandemic, with
a focus on gender-based violence, sexism, and worries that a
financial crisis and stress on overall services was driving up
inequalities and creating a crisis of job insecurity and social
pressures that were in turn fueling domestic violence.
Neutral-to-positive sentiment centered on the praise of efforts
raising awareness of domestic violence, a focus on both violence
in immigrant families and stress on nonvisa versus visa holders,
help with family-based violence, as well as the positive actions
of domestic violence charities and support groups in their
campaigns to help isolated victims in both mainstream and
Aboriginal communities.

Further analysis of trending negative and ambiguous keywords
(posts or articles with a mix of negative and positive terms)
showed mixed sentiment, with calls for a positive and proactive
handling (rather than a mishandling) of the pandemic. There
were calls for a proactive and overdue review of family law,
the use of family courts, an easing of the pressure of
bankruptcies, and much better access to general practitioner
surgeries and help via hospitals to make sure that the knock-on
effects of issues that might lead to domestic and family violence
could be better handled. More negative sentiment used the term
“domestic violence” instead of family violence, with references
to an ongoing crisis of domestic violence during various
localized lockdowns around Australia, restrictions of access to
needed help from the police and emergency services who were
diverted elsewhere during the initial lockdowns, and an
increased amount of pharmacies and frontline health care
workers noticing more women with suspected domestic abuse
injuries, as well as worry about pressures on mental health.
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Emoji Analysis
The majority of negative emojis used on social media within
discussions regarding domestic violence (Figure 2) involved
symbols of anger, sadness, annoyance, and disbelief; reports of
increased callouts to emergency services (siren emojis); a call
for peace; and heartbreak at the rise in instances in family and
gender-based violence (older and younger female emojis). The
thinking and hand taking notes emojis were used to denote the
need to think seriously about taking measures to protect the
emotional and mental health well-being of those experiencing
domestic and family violence. The sun, stars, and moon emojis
conveyed the need to make services accessible to victims both
during the day and night. Negative-to-neutral emojis were
connected to the arrow and pointing finger emojis that were
related to pointing toward links to articles, images, or other
resources shared. The open-handed hug emoji was used to
denote a show of support to those experiencing domestic

violence. The sad or anxiety-face emoji was linked to worry
about a surge in domestic violence around Christmas time
(Christmas tree emoji), with offers of help, love, and support
shared via links and messages (heart emojis). As part of the
International Day of People with Disability, there was also a
request to raise awareness around the plight of people with
physical and visual disabilities (wheelchair and visibility cane
emojis). Positive emotion was also represented by variations of
different-colored heart emojis, as well as the clapping hands
emoji, which symbolized both praise of a new $25 million
United Nations emergency fund to tackle violence against
women during the pandemic, as well as a celebration of the
publication of a research paper that investigated risk and
protective factors for family violence both during and after the
COVID-19 lockdowns) [59]. While emojis were used across
social media platforms (eg, tweets, blogs, forums, and other
posts), which is to be expected, no emojis were found to be used
within original news media articles.

Figure 2. Collection of top emojis used in relation to tweets mentioning domestic violence and the discourse behind them.

Hashtag Analysis
On social media and in news articles, outside of the main
COVID-19 hashtags (#covid19 and #coronavirus or #lockdown),
among the top 20 corelated hashtags regarding the topic of
domestic violence in Australia were ones that focused
specifically on the Australian experience (#covid19au or
#covid19aus to represent COVID-19 Australia; #covid19vic or
#covidvic to represent the experience of COVID-19 in the state
of Victoria; #auspol to represent Australian politics; and
#springst to represent news and discussion of politics in the
Australian state of Victoria [the Victorian Parliament is located
on Spring Street]). There were also hashtags linked to
colloquialisms for domestic violence. These included #DV as
a shorthand for “domestic violence,” #DFV for “domestic family
violence,” as well as #VAW for “violence against women.” The
hashtag #thedrum was also used in relation to the Australian
topical media/news company “ABC The Drum,” which covered
a host of topical pieces discussing the rise in domestic violence
in Australia during the pandemic. More direct terms like
#DomesticViolence and #DomesticAbuse were also popular,
with #DomesticViolence being more prevalent (3700 mentions)
than #DomesticAbuse (610 mentions).

Negative-to-ambiguous hashtags centered around posts
discussing increased rates of stress, mental health, and femicides
or deaths linked to substantial increases in domestic violence
during lockdown, with specific mentions of New South Wales
(#NSW, #nswbudget), as well as the feminist hashtag #MeToo,
references to ongoing conversations in Australian politics
discussing a need for changes in family law to better protect
families experiencing trauma related to domestic family
violence. Various corelated hashtags were also linked to wider
campaigns focused on supporting victims, such as
#ifyoucouldseewhatisee, #SexNotGender, #StaySafeStayOpen,
#ChildPoverty, #GenderBasedViolence, #noexcuseforabuse,
#ListentoVoices, and #Indigenous. More positive and
ambiguous-to-positive hashtags used in campaigns included
#LGBTIQ, #trans, #StopDV20, #WAFV2020,
#16DaysOfActivism, and #justiceforall.

Discussion

Principal Findings
Government-regulated COVID-19 lockdowns occurred
throughout 2020 and 2021 in Australia and internationally.
Through the use of sentiment and discourse analysis, we
identified negative or neutral sentiment centered on the sharp
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rise in domestic violence during different lockdown periods in
Australia. Neutral-to-positive sentiment centered around praising
efforts to raise awareness of domestic violence, as well as the
positive actions of domestic violence charities and support
groups in their campaigns. We identified a high level of public
discontent related to the rising rates of domestic violence and
the lack of services during the pandemic.

Social media and news media are an important mechanism for
discussing and forwarding information about domestic violence
and available services [60]. They represent an important avenue
for dissemination of information that can be widely dispersed
and easily accessed by a range of different communities who
are often difficult to reach. Increasingly, Twitter has been
utilized to gain insights into public health outcomes,
perspectives, and behaviors during the COVID-19 pandemic
[61-64].

Our study examined public discussions and shared articles about
domestic violence during the initial period of COVID-19 in
Australia during 2020. The study contributed to our
understanding of public sentiment about domestic violence. It
indicated a high level of public discontent related to the rising
rates of the violence and the lack of services during the
pandemic. Previous studies are consistent with these findings
[19,60]. The high rate of negative posts and articles related to
domestic violence and COVID-19 supports recent reports and
publications that have identified the increasing problems related
to domestic violence during the COVID-19 pandemic
stay-at-home orders [5,32,39,65-68]. The high rate of negative
sentiments about domestic violence could have a negative
impact on women experiencing domestic violence as women
often feel blamed or blame themselves for the violence [69,70].
In this study, more negative sentiments were related to domestic
violence than family violence. This may be related to an
understanding of the term and indicates that family violence
may be understood as inclusive of children as well as women.
The language chosen for social media and news posts can offer
insight into issues of what type of violence has been most
prevalent and the emotional experiences and reactions to
violence.

Emojis are useful for expressing ideas and sentiments on social
media, and their use to communicate issues related to public
health are not new [16]. In this study, they represented and
symbolized the deeply emotional aspects of domestic violence
and the vulnerability experienced by women. In a study by
Al-Rawi et al [16], more negative emojis were used for women’s
concerns than those of men. Negative emojis in this study were
used to express anger, sadness, annoyance, and disbelief, while
open-handed hug emojis were used to offer support to people
who discussed their personal experiences of domestic violence
on social media. The sad or anxiety-face emoji was linked to
worry about a surge in domestic violence around Christmas
time (Christmas tree emoji), with offers of help, love, and
support shared via links on social media (heart emojis). As part
of the International Day of People with Disability, there was
also a request to raise awareness around the plight of people
with physical and visual disabilities (wheelchair and visibility
cane emojis).

Within data tagged with demographic markers on Twitter, the
majority of people posting and sharing articles about domestic
violence in Australia during the 2020 pandemic were female
(57.2%), which is not surprising given that women are more
likely to be the target of domestic violence [5,18,19,41]. The
age of the majority of users tweeting about domestic violence
on Twitter specifically were between 25-34 years (43%),
followed by those aged 35-44 years (24.7%). Younger women
are more likely to be caregivers of children and older relatives,
have the responsibility of managing the family budget, and have
the added responsibility of homeschooling during the pandemic
[11]. They also have greater access to and awareness of social
media and technology in general.

Key hashtag drivers of sentiment included words such as “DV,”
“MeToo,” “women,” “law” “family law,” “sexism,” “trauma,”
“homelessness,” “stress,” “aged care,” and “violence against
women.” Interestingly, ageist comments have been prevalent
on social media during the COVID-19 pandemic, with posts
implying that the lives of older adults are less valuable rising
as quickly as 1 day after each news update on increases in
COVID-19 infection and death rates or information related to
COVID-19 risk factors [71]. The study reported a daily average
of ageist tweets of 18% with the highest rate of almost 53% in
March 2020. The content of those tweets ranged from suggesting
that older people should be isolated to prevent the spread of
COVID-19 to death jokes and ridicule targeted at older people.

Social and news media present a unique opportunity to
investigate attitudes toward abuse and violence [60,64], and
online forums provide an opportunity to offer support, engage
in advocacy, and voice concerns or desires for social change
[72,73], while also providing a central point for discussion of
domestic violence prevention and promotion [60]. This
information provides a useful window into the perspectives of
persons expressing emotions related to domestic violence.
Identifying periods of increased activity on Twitter is a useful
way to identify changes in public opinion.

The rise in societal concerns evidenced by negative emotions
on social media needs to be monitored regularly by public health
professionals, who can release strategic information for
consumers, health professionals, and government bodies so that
urgent action can be taken during periods of high domestic
violence–related activity.

Limitations
The study was conducted during a pandemic when everyday
conditions deviated away from the norm, and use of social and
news media was more amplified than in nonpandemic times. It
should be noted that while the study was partially based on
geotagged posts from across social media posts and articles
from other (eg, news) media (in the Australian region), the
limitations of geotagged tweets and posts should be kept in
mind [74-76]. Drawing on the discussions of the reliability of
geotagged research [58], first, while our data sample was quite
large, it retained some bias, as users on social media are not
representative of the general Australian population. The
consequence is that the demographics indicated in this study
do not perfectly mirror the larger Australian population. Second,
not all users on social and other media platforms are required
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to allow access to their geotagged location, so, while access
was obtained for tens of thousands of geotagged posts, this is
still a relatively small proportion of the total of nongeotagged
posts across social and other media. However, despite these
limitations, our results within this limited data sample have
produced insights and metrics that align with existing qualitative
trends and research with regards to domestic violence rates and
policies within the COVID-19 pandemic [77,78]. Future research
will need to add to unstructured social media and news data
with analysis from interview or focus group data via traditional
qualitative or digital ethnographic methods [52]. Further,
domestic violence is a sensitive topic, and the way it is talked
about on social media or online news posts may not fully
represent all narratives. Hence, domestic violence posts on social
media during COVID-19 can only represent the opinions and
reactions of current geotagged social media users. In addition,
the study focused on posts that included specific search terms

and sentiment criteria; future studies would benefit from
expanding the search terms used and the social and general
media platforms included.

Conclusion
Social media and news media are important mechanisms for
discussing and sharing information about domestic violence
and available services. They represent an important avenue for
the dissemination of information; information can be widely
dispersed and easily accessed by a range of different
communities who are often difficult to reach. The study showed
that the use of sentiment and discourse analysis to assess social
media and news media data is useful in measuring the general
mood toward sensitive issues, the public expression of feelings,
and sharing of resources in relation to the otherwise personal
experience of domestic violence. Heightened awareness of this
could help agencies tailor and target messaging to maximize
impact.
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Abstract

Background: Computationally derived (“synthetic”) data can enable the creation and analysis of clinical, laboratory, and
diagnostic data as if they were the original electronic health record data. Synthetic data can support data sharing to answer critical
research questions to address the COVID-19 pandemic.

Objective: We aim to compare the results from analyses of synthetic data to those from original data and assess the strengths
and limitations of leveraging computationally derived data for research purposes.

Methods: We used the National COVID Cohort Collaborative’s instance of MDClone, a big data platform with data-synthesizing
capabilities (MDClone Ltd). We downloaded electronic health record data from 34 National COVID Cohort Collaborative
institutional partners and tested three use cases, including (1) exploring the distributions of key features of the COVID-19–positive
cohort; (2) training and testing predictive models for assessing the risk of admission among these patients; and (3) determining
geospatial and temporal COVID-19–related measures and outcomes, and constructing their epidemic curves. We compared the
results from synthetic data to those from original data using traditional statistics, machine learning approaches, and temporal and
spatial representations of the data.

Results: For each use case, the results of the synthetic data analyses successfully mimicked those of the original data such that
the distributions of the data were similar and the predictive models demonstrated comparable performance. Although the synthetic
and original data yielded overall nearly the same results, there were exceptions that included an odds ratio on either side of the
null in multivariable analyses (0.97 vs 1.01) and differences in the magnitude of epidemic curves constructed for zip codes with
low population counts.

Conclusions: This paper presents the results of each use case and outlines key considerations for the use of synthetic data,
examining their role in collaborative research for faster insights.

(J Med Internet Res 2021;23(10):e30697)   doi:10.2196/30697
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Introduction

COVID-19 presents data and knowledge sharing challenges [1].
Clinical data exist at individual institutions; however, these data
are rarely shared with external entities. Big data from multiple
institutions allow for more comprehensive analyses, particularly
for characterizing rare outcomes [2,3]. In response to this need,
the National COVID Cohort Collaborative (N3C), an open
science community, was formed to ingest and harmonize
COVID-19 data from institutions across the United States [4].
The N3C sought a solution to preserve the privacy and
confidentiality of these clinical data while enabling their broad
dissemination [5-7] and partnered with MDClone (Beer Sheva,
Israel) to computationally derive “synthetic” N3C data and
support the rapid advancement of population health insights
[8].

Since synthetic derivatives of data can enable privacy-preserving
data downloads and accelerate discovery, these data assets can
potentially be of great utility to the N3C and the broader
informatics community. Our synthetic data validation
workstream was established to assist the N3C community in
better understanding the utility of synthetic data for research
purposes. Our previous work demonstrated statistical
equivalency between original and computationally derived data
sets from a local instance of MDClone [9]. We also used
synthetic data sets exclusively to apply machine learning to
predict decompensation in heart failure [10]. Others have
demonstrated repeatedly generated synthetic data sets from
MDClone produced stable results that were similar to the
original data [11].

However, the performance of MDClone—the comparison of
original to synthetic data—has not been validated using data
comprising multiple sources such as those originating across
health systems. To that end, we tested three use cases, including
(1) exploring the distributions of key features of the
COVID-19–positive cohort; (2) training and testing predictive
models for assessing the risk of admission among these patients;
and (3) determining geospatial and temporal COVID-19–related
measures and outcomes, and constructing their epidemic curves.
We analyzed data for each use case using original and synthetic
data. We conducted analyses using traditional statistics, machine
learning approaches, and temporal and spatial representations
of the data. Here we present the results of these analyses and
describe the strengths and limitations of using synthetic data
for research.

Methods

Overview
The Clinical and Translational Science Award Program
developed N3C in response to a need for integrating,
harmonizing, and democratizing individual-level COVID-19
data [4]. The N3C established a secure data enclave to store
data and conduct collaborative analytics. The subsequent
analyses resulted from a synthetic data pilot designed to evaluate
the utility of computationally derived data for the N3C
community. Synthetic data generation represents an emerging
technology that can support population health research at scale.

As described in more detail elsewhere [9], MDClone uses a
computational derivation approach. Briefly, novel data whose
features are queried independently for each distinct use case are
produced in a multidimensional space that adheres to the
statistical properties of the original source data. MDClone
censors categorical values that are unique to few patients by
removing the value and replacing it with the word “censored”
in the computationally derived data set. Extreme numerical
values also do not appear in the synthetic data set. Together,
these approaches ensure that outliers in the original data set will
not be identifiable in the synthetic data derivative.

All analyses were conducted using original data and
computationally derived data, respectively, which allowed us
to compare the results of analyses and assess the strengths and
limitations of leveraging synthetic data for COVID-19 insights.
All statistical analyses on the original and synthetic data sets
were done outside of MDClone on the Palantir Foundry Analytic
Platform (Palantir Technologies).

Analyses were conducted using Python (3.6.10l Python Software
Foundation). We obtained institutional review board approval
from our institutions for these analyses, in addition to
completing data use agreements and requests with the National
Center for Advancing Translational Sciences at the National
Institutes of Health.

Use Case 1: Exploring the Distributions of Key
Features of the COVID-19–Positive Cohort
The goal of this use case was to evaluate whether synthetic data
had similar distributions of demographic and clinical
characteristics among the COVID-19–positive cohort as
compared to original data. Key characteristics (n=15) of the
COVID-19–positive cohort were extracted from MDClone to
compare distributions between the synthetic and the original
data. The 15 features included age, gender, race, patients’ state
of residence, institution, median household income, BMI,
number of days between testing positive and hospital admission
(if hospitalized), diagnosis of diabetes, dyspnea, chronic kidney
disease (CKD), fever, cough, and in-hospital mortality. We
calculated mean and SD for continuous variables, and counts
and proportions for categorical variables.

Use Case 2: Training and Testing Predictive Models
for Assessing the Risk of Admission Among
COVID-19–Positive Patients
The goal of this use case was to evaluate whether synthetic data
would perform similarly when training and testing predictive
machine learning models on synthetic data as compared to
training and testing the models on original data. We included
230,703 patients who tested positive for COVID-19. Features
for predictive modeling included 11 variables: age, gender, race,
median household income, BMI, minimum oxygen saturation,
diabetes, dyspnea, CKD, fever, and cough. These variables were
chosen because of initial data suggesting their significant impact
on COVID-19 outcomes.

We calculated odds ratios (ORs) and 95% CIs for admission
within 14 days of a COVID-19 diagnosis by univariate logistic
regression (LR) and multivariable LR using synthetic and
original data, respectively. We then developed two widely used
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machine learning models, random forest (RF) and LR, to predict
admission within 14 days of a COVID-19 diagnosis based on
the 11 features. We randomly split the cohort into training (80%)
and testing (20%) data. The models were trained on the 80%
subset of the data and then tested on the remaining 20%. We
used a variety of metrics, including accuracy, precision, recall,
F1-score, area under the receiver operating characteristic (ROC)
curve, and precision-recall curves to evaluate model
performance. Each model was trained and evaluated on the
synthetic data set, the results of which were then compared
against a model trained and evaluated on the original data.

Use Case 3: Determining Geospatial and Temporal
COVID-19–Related Measures and Outcomes, and
Constructing Their Epidemiologic Curves
The purpose of this analysis was to assess concordance of
geospatial and temporal relationships between the synthetic and
original data to make the data actionable and interpretable
according to geography and time. Our data sets (original:
n=1,854,968 tests; synthetic: n=1,854,950 tests) were
event-based with each row representing a patient’s first
COVID-19 test result. The data sets included the following
variables: source partner with which the patient was affiliated;
lab test result (negative/positive); lab test date and time
(reference time point for data generation); age at confirmed lab
test result; admission start date (days from reference if admission
occurred within ±7 days of COVID-19–positive test result);
admission length of stay (in days); death (yes/null) during
admission; patient’s state of residence; patient’s 5-digit zip
code; and median household income, percent of residents under
the poverty line, percent without health insurance, and total
population by zip code.

On both the synthetic and original data sets, we calculated the
aggregate count, 7-day midpoint moving average, and 7-day
slope (count – count 6 days prior) per day for positive tests. We
then plotted epidemic curves (Plotly version 4.14.1, Plotly
Technologies Inc) for positive tests with synthetic and original
data overlaid in the same figure. To test for significant

differences or equivalence between the synthetic and original
data epidemic curves, the paired two-sided t test (scipy version
1.5.3, stats.ttest_rel) and two-sided Wilcoxon signed rank test
(scipy version 1.5.3, stats.wilcoxon) were run for each metric
(count, 7-day moving average, and 7-day slope) treating the
counts for individual dates as pairs.

Next, we calculated the differences in the mean, SD, median,
IQR, and missingness of zip code–level social determinants of
health (SDOH) variables within the original data set. We then
compared these original data SDOH values for unique zip codes
in the original data that were censored versus uncensored in the
synthetic data. We defined censored zip codes as those present
within the original data set that could not be matched (n=11,222)
within the synthetic data set either due to not being present or
being labeled as censored within the synthetic data set. We
defined uncensored zip codes as present within both the
synthetic data and original data (n=5819).

Ethics
This study was reviewed and approved by the Washington
University in St. Louis’ and the University of Washington’s
institutional review boards.

Results

Use Case 1: Exploring the Distributions of Key
Features of the COVID-19–Positive Cohort
The MDClone synthetic data process generated 230,650
participants, compared to 230,703 in the original data.
Demographic and clinical variables comparing synthetic and
original data sets are displayed in Table 1. The mean age from
both data sources was the same (mean 41.6, SD 20.4 years;
Table 1). Approximately 47% of patients were male and 53%
were White in both data sources. The values of all means and
SDs (or counts and percentages) were the same or very similar
between original and synthetic data. Table 1 shows that the
distribution of demographic and clinical variables was similar
between original and synthetic populations.
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Table 1. Comparison of patient characteristics of available demographic and clinical variables: original vs synthetic data.

Synthetic data (n=230,650)Original data (n=230,703)

41.6 (20.4)41.6 (20.4)Age (years), mean (SD)

107,892 (46.8)108,194 (46.9)Gender (male), n (%)

Race, n (%)

121,564 (52.7)121,706 (52.8)White

40,824 (17.7)40,930 (17.7)Black

5117 (2.2)5203 (2.3)Asian

62,733 (27.2)62,864 (27.2)Other/unknown

Top 5 most prevalent states, n (%)

28,617 (12.4)29,875 (12.9)1

20,671 (9.0)21,191 (9.2)2

20,319 (9.0)21,045 (9.1)3

16,998 (7.4)18,006 (7.8)4

13,840 (6.0)14,391 (6.2)5

Top 5 most prevalent institutions, n (%)

32,743 (14.2)33,413 (14.5)1

23,986 (10.4)24,533 (10.6)2

15,065 (6.5)15,578 (6.8)3

11,255 (4.9)11,870 (5.1)4

10,850 (4.7)11,354 (4.9)5

56,662 (45,223, 71,029)56,738 (45,214, 71,250)Household income (US $), median (IQR)

30.3 (8.2)30.3 (8.4)BMI, mean (SD)

2.0 (3.2)2.1 (3.3)Admission start date (days from reference), mean (SD)

91.0 (9.7)90.9 (10.1)Minimum oxygen saturation, mean (SD)

31,929 (13.8)31,942 (13.8)Diabetes, n (%)

20,826 (9.0)20,867 (9.0)Dyspnea, n (%)

11,194 (4.9)11,225 (4.9)Chronic kidney disease, n (%)

30,200 (13.1)30,210 (13.1)Fever, n (%)

39,689 (17.2)39,703 (17.2)Cough, n (%)

1008 (0.4)1133 (0.5)Deceased, n (%)

Use Case 2: Training and Testing Predictive Models
for Assessing the Risk of Admission Among
COVID-19–Positive Patients
Features (n=11) used for prediction included age, gender, race,
median household income, BMI, minimum oxygen saturation,
diagnosis of diabetes, dyspnea, CKD, fever, and cough. Table

2 shows the OR for admission and for each of the 11 variables
by univariable LR yielded by original and synthetic data sources,
respectively. The comparison of ORs between original and
synthetic data sources show that the values for all 11 features
were the same or similar. For example, the OR for admission
by age from the original data was 1.04 (95% CI 1.04-1.04),
which was the same as that obtained from synthetic data.
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Table 2. Logistic regression for admission: original vs synthetic data.

Multivariable LR, OR (95% CI)Univariate LRa, ORb (95% CI)

Synthetic dataOriginal dataSynthetic dataOriginal data

1.00 (1.00-1.00)1.00 (1.00-1.00)1.04 (1.04-1.04)1.04 (1.04-1.04)Age

1.03 (0.93-1.15)1.11 (0.99-1.23)1.14 (1.10-1.17)1.20 (1.16-1.24)Male gender

0.93 (0.82-1.06)0.99 (0.87-1.12)2.09 (2.02-2.17)2.15 (2.07-2.22)Black race

1.00 (1.00-1.00)1.00 (1.00-1.00)1.00 (1.00-1.00)1.00 (1.00-1.00)Median household income

1.01 (1.00-1.02)0.97 (0.97-0.98)1.02 (1.01-1.02)1.02 (1.01-1.02)BMI

0.97 (0.97-0.98)0.97 (0.97-0.98)0.97 (0.96-0.97)0.97 (0.96-0.97)Minimum oxygen saturation

1.46 (1.30-1.63)1.45 (1.29-1.62)6.15 (5.95-6.36)6.14 (5.94-6.34)Diabetes

1.25 (1.11-1.41)1.23 (1.09-1.38)4.79 (4.61-4.97)4.79 (4.62-4.97)Dyspnea

1.26 (1.09-1.45)1.23 (1.07-1.42)7.17 (6.87-7.49)7.20 (6.89-7.52)Chronic kidney disease

1.45 (1.30-1.62)1.44 (1.29-1.61)2.62 (2.53-2.72)2.62 (2.52-2.71)Fever

1.45 (1.28-1.65)1.50 (1.32-1.70)1.38 (1.32-1.43)1.38 (1.33-1.43)Cough

aLR: logistic regression.
bOR: odds ratio.

The comparison of ORs between original and synthetic data
sources shows that the multivariable LR yielded the same or
similar results. For example, the OR for admission by Black
race from the original data was 0.99 (95% CI 0.87-1.12), which
was similar to that obtained from synthetic data (OR 0.93, 95%
CI 0.82-1.06). Of note, the ORs that corresponded to a one-unit
increase in BMI were on either side of the null (0.97 vs 1.01).

The machine learning models that were trained and tested on
original data and then trained and tested on synthetic data used
the same 11 features. Figure 1 shows the comparison of model
prediction performance using original and synthetic data,
respectively. We found the RF model achieved an under the
ROC curve of 0.814 (0.816 by LR) using original data, and
0.812 (0.815 by LR) using synthetic data (Figure 1 A and C).

Meanwhile, the RF model achieved an average precision of
0.298 (0.286 by LR) with original data and 0.308 (0.278 by LR)
with synthetic data (Figure 1 B and D).

Figure 2 shows additional metrics for the evaluation of model
performance. We observed the same or similar patterns by
accuracy, specificity, precision, sensitivity, and F1-score when
comparing models that were trained and tested on original data
as compared to those trained and tested on synthetic data.

Figure 3 shows the feature importance according to RF (Figure
3 A) and LR models (Figure 3 B) using original (magenta) and
synthetic (blue) data. Both the RF and LR models’demonstrated
that features such as age, income, and minimum oxygen
saturation were high-ranking informative features.
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Figure 1. Prediction performance for the two models by receiver operating characteristic curves (A, C) and precision-recall curves (B, D) by using
original and synthetic data. Results for the RF model are in the first row (A, B); the second row (C, D) is for LR. AUC: area under the curve; LR: logistic
regression; RF: random forest.

Figure 2. Model performance metrics from original (green) and synthetic (gold) data by accuracy, specificity, precision, sensitivity, and F1-score: RF
model (A) and LR model (B). LR: logistic regression; RF: random forest.
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Figure 3. Feature importance for the 11 variables in RF (a) and LR (b) models: original vs synthetic data. CKD: chronic kidney disease; LR: logistic
regression; RF: random forest.

Use Case 3: Determining the Zip Code–Level
Distributions of COVID-19–Related Outcomes and
Calculating Their Epidemiologic Curves
A graphical comparison of the epidemic curves for aggregate
positive tests (cases) between the synthetic and original data is
shown in Figure 4. Pairwise statistics for the epidemic curve
metrics are shown in Table 3; no significant differences were
found between the synthetic and original data epidemic curves
across all metrics (Wilcoxon signed rank test P value range
.50-.90; Student paired t test P value range .996-.998).

Compared to censored zip codes, uncensored zip codes had a
higher median household income, a lower percentage of
residents under the poverty line, a lower percentage of patients
without health insurance, a higher total population, and fewer
missing values for all four SDOH. Total population and data
missingness were the two greatest differences between
uncensored and censored zip codes. Uncensored zip codes had
a 74% higher median total population and had approximately
70% fewer missing SDOH values than censored zip codes (Table
4).

Figure 4. Original data (light blue) and synthetic data (light red), with their overlap (purple).
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Table 3. Epidemic curves aggregate cases’ paired statistical tests, comparing original to synthetic data.

t test P valuet statisticWilcoxon P valueWilcoxon resultDate rangeMetric

>.99–0.002.5026,288335Counts

>.99–0.006.7826,0053297-day moving average

>.99–0.002.9025,788.53297-day slope

Table 4. SDOH values for zip codes that were uncensored (n=5819) compared to censored (n=11,222) zip codes.

% missingIQRMedianSDMeanSDOHa and censored status

Median household income (US $)

3.2828,69257,35226,75563,536Uncensored

10.9827,06754,35826,54960,544Censored

–7.70 (70.1)+1625 (6.0)+2994 (5.5)+206 (0.8)+2992 (4.9)Difference (%)

Percent under poverty line

2.9210.4010.808.7412.89Uncensored

9.1211.5011.6010.1513.87Censored

–6.20 (68.0)–1.10 (9.6)–0.80 (6.9)–1.41 (13.9)–0.98 (7.1)Difference (%)

Percent without health insurance

2.846.507.505.098.52Uncensored

9.008.008.107.099.65Censored

–6.16 (68.4)–1.50 (18.8)–0.60 (7.4)–2.00 (28.2)–1.13 (11.7)Difference (%)

Total population

2.7323,17212,26316,12817,363Uncensored

8.6921,436704817,31714,540Censored

–5.96 (68.6)+1736 (8.1)+5215 (74.0)–1189 (6.9)+2823 (19.4)Difference (%)

aSDOH: social determinants of health.

Discussion

Principal Findings
Our main findings demonstrated that computationally derived
data had the same or similar statistical output as the original
data sets, with the caveat that zip codes with a lower population
had data suppressed/censored for privacy reasons more often
than zip codes with a higher population. In each use case, the
results of the analyses appear sufficiently similar between the
synthetic derivative and the original data across the various
methods used to assess similarity (means, medians, P>.05,
overlapping CI, etc) to draw the same conclusions with the
exception of one OR on either side of the null in multivariable
analyses (0.97 vs 1.01). In several instances, the results were
exactly the same and rarely were there statistically significant
differences between data sets.

Small sample sizes, missing values, and high dimensionality
can all adversely affect the data synthesis process and the
precision and interpretability of original data. Our geospatial
analysis shows that zip codes that are censored to protect patient
privacy have a lower population, which will likely make using
these computationally derived data to study rural populations
more challenging. Additionally, the lower original data quality

found within censored zip codes—seen in greater SDOH
missingness—as compared to uncensored may indicate broader
data quality issues in rural zip code data. Such issues may pose
a further challenge to data synthesis.

This was the first validation of computationally derived data
using the N3C data. Our study adds to the growing literature of
synthetic data validation in the following ways. First, our study
is the first assessment of N3C synthetic data utility and has been
conducted prior to the broad dissemination of N3C synthetic
data. Thus, our study provides insight to the validity of N3C
synthetic data prior to its dissemination for use by the broader
N3C community. Second, our results from use case 3 support
the temporal validity of these computationally derived data as
an alternative to date-shifting when privacy must be protected
yet temporality maintained.

For these descriptive and quantitative analyses, the synthetic
data appear to produce similar patterns and results compared to
the original data, except for in the context of high missingness.
We acknowledge that these use cases may not represent all
possible ways in which the synthetic data may be used by the
N3C community and thus validation should continue. In addition
to continuously validating these data for different use cases and
analytic methods, we seek to explore the performance of other
commercial systems in the N3C community and their approaches
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to synthetic data generation and the privacy-preserving aspects
of each approach.

We also suggest that the synthetic data can be used by
researchers for hypothesis generation to then be validated later
on original data. Another potential use case that could be
valuable to the N3C community, which we do not explicitly
test here, is the potential for synthetic data to be used for
software engineering projects that seek to develop digital health
tools for combating the COVID-19 pandemic. Computationally
derived data that are faithful to the original data could be used
to develop and test such tools.

Limitations
For these analyses, we compared the data statistically and did
not conduct privacy evaluations of the synthetic data that will
be a focus of future investigations. We used a P value threshold
of .05 to maintain simplicity of presenting results from multiple
use cases. We acknowledge that such thresholds would (and
should) vary by use case and specifically by the amount of error
a researcher is willing to tolerate given the context of the
research question. We also acknowledge that other statistical
tests such as equivalence testing could be suitable to assess the
equivalence of computationally derived data to original data.
However, the threshold for equivalence will yet again depend
on the use case.

Our geospatial and temporal analysis was limited in scope. Our
work is ongoing, and future analyses will assess validity of other
measures (eg, tests, admissions, deaths, or positivity) over
time—both in aggregate and at the zip code level—in greater
detail.

Conclusions
We conclude that the potential for leveraging synthetic data for
the conduct of COVID-19 research in N3C is substantial. We
expect that the use of synthetic data will accelerate the conduct
of data-driven research studies across the community, as it will
allow the N3C to overcome data sharing barriers and rapidly
create COVID-19 analytic insights [4]. Future directions for
this work include developing and validating additional clinical
risk prediction models, using a larger repertoire of analytic
methods, conducting geospatial and temporal analyses in greater
detail and at the zip code level, and evaluating additional
strengths and limitations of computationally derived data for
research [1].

Clinical Relevance Statement
Data synthesis platforms like MDClone are expected to enhance
the N3C community’s ability to use clinical data for faster
COVID-19 insights and reduce barriers to data access by
multiple stakeholders.
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Abstract

To combat the COVID-19 pandemic, many European countries have developed a public health strategy involving the use of
digital contact tracing (DCT) applications to improve timely tracking and contact tracing of COVID-19 cases. France’s independent
COVID-19 Control and Society Connection Council (CCL) was established by law in May 2020 to issue advice and
recommendations on the national epidemic digital systems. In this paper, we present the recommendations by the CCL, with the
objective to increase the uptake and utility of French DCT applications. As the country's most vulnerable population has been
subjected to greater virus exposure, a stronger impact of the lockdown, and less access to preventive and health care services, the
CCL is particularly aware of health inequalities. The French DCT app TousAntiCovid had been downloaded by 13.6 million
users (ie, 20% of the French population) in March 2021. To promote the use of DCT apps, the CCL has recommended that
communication about the app’s individual and collective objectives be increased. The CCL has also recommended the introduction
of clear, simple, accessible, incentivizing, noncoercive information within the digital tools. In addition, the CCL has recommended
improving public health policies to address the needs of the underprivileged. The CCL calls for promoting population empowerment
with the use of digital tools, improving public health culture for decision-makers dealing with health determinants, taking social
considerations into account, and incorporating community participation.

(J Med Internet Res 2021;23(10):e27301)   doi:10.2196/27301
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Introduction

To combat the first wave of the COVID-19 pandemic, many
European countries instituted a strict lockdown coupled with
reverse-transcription polymerase chain reaction (RT-PCR)
testing, which led to a relative decline in case fatality [1]. These
countries also developed a public health strategy involving the
use of digital contact tracing (DCT) applications to improve
timely tracking and contact tracing [2,3]. Despite these
measures, the second epidemic wave occurred in autumn 2020,
more rapidly and with a higher severity than expected, leading
to a second lockdown in many countries. France developed a
national “Test, Trace and Isolate” strategy, but did not achieve
its goal of less than 5000 confirmed COVID-19 cases per day
by December 15, 2020. As of that date, incidence had increased,
and a curfew went into effect first. Several weeks later, in facing
a third wave, a lockdown was reinstituted by many countries.

Recommendations for DCT Use in France

France’s independent COVID-19 Control and Society
Connection Council (CCL) was established by law in May 2020
in order to issue advice and recommendations on the national
epidemic digital systems. The CCL comprises 13 members,
including representatives from the parliament and civil society,
patient organizations, jurists, and academics from different
disciplines (see Multimedia Appendix 1 [4]). Considering the
characteristics of European DCT apps and their potential, we
present the CCL’s recommendations, with the objective to
increase the uptake and utility of French DCT apps. As the
country's most vulnerable population has been subjected to
greater virus exposure, a stronger impact of the lockdown, and
less access to preventive and health care services, the CCL is
particularly aware of prevailing health inequalities.

Findings

Several mobile apps for contact tracing and information on
public health policy have been developed in Europe (Table 1).
These apps should respond to scientifically valid and time-bound
ethical guidelines. Insufficient privacy protection could erode
trust in the government and public health services [5,6].
Unfortunately, adoption of these apps has been below
expectations [7]; although, adoption has been high in Finland
(45%), it has been limited elsewhere (24% in Ireland, 21% in
Switzerland, 19% in Germany, and 13% in Italy [8]; see Table
1). The French DCT StopCovid app was based on

Bluetooth-based exposure notification. Conceived as a silent
app (ie, without interactivity), it was replaced on October 22,
2020, by a conversational app renamed TousAntiCovid. Among
66 million inhabitants, only 1.5 million (2.3%) had downloaded
the StopCovid app and, as of March 2021, this number increased
to 13.6 million (ie, 20% of the French population). Moreover,
positive test declarations (n=183,377), such as notifications of
a contact (n=107,465) have been weak. The poor results of the
StopCovid app stemmed from the lack of attractiveness and
prevention information, a fear of insufficient privacy protection,
Bluetooth connection problems, and the incompatibility of apps
with older smartphones.

To promote the use of the apps, the CCL recommended
increasing the communication about the individual and collective
objectives of the TousAntiCovid app. The CCL also
recommended the introduction of clear, simple, accessible,
incentivizing, noncoercive information in the digital tool.
Indeed, the messages aimed at emphasizing risk are less
effective than those encouraging self- and collective efficacy
[9]. Moreover, to stimulate DCT uptake, apps should enhance
perceived benefits [10]. In addition, the CCL recommended
improving public health policies to address the needs of the
underprivileged population [11]. It bears mentioning that apps
are effective only if users are comfortable with digital tools;
technical problems are among the main reasons for failure to
download [12]. It is also worth noting that the COVID-19
pandemic has accelerated digital health uptake: 49% of the
French population used their first health digital tool during the
first lockdown [13], whereas 16% of French population never
connect to internet [14].

The CCL believes that the national “Test, Trace and Isolate”
strategy needed consistency—testing without effective tracing
and efficient isolation of positive cases makes little, if any,
sense. In Europe and France, apps have progressively
incorporated an isolation module (questions about needs during
isolation). Their development should be aimed at measuring
isolation prescription and adherence. Apps could help families
to stay connected and maintain links to resources that support
their physical and mental well-being [15]. Despite contrasting
strategies of lockdown, no dramatic difference in the magnitude
of the second epidemic wave seems to have been observed
among these countries (Table 1). For persons with positive test
results, the strategy adopted in most countries included a
mandatory 7-day isolation until newer variants of SARS-CoV-2
were discovered [16].
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Table 1. European data on COVID-19 mortality, government stringency responses, and digital contact tracing (DCT) applications as of December 15,
2020.

Uptake
rate (%)

TechnologyTechnologyData destruc-
tion apps da-

tab

DCT app nameGovernment re-
sponse stringen-

cy indexa [17]

Unstandardized
COVID-19 mor-
tality (per million
inhabitants)

PopulationEuropean
country

45Google/AppleBluetoothYesKoronavilkku44.9183.25,540,720Finland

—cGoogle/AppleBluetoothYesSmittestopp45.37164.05,792,202Denmark

21Google/Apple

DP3Td

BluetoothYesSwissCovid46.30643.88,654,622Switzerland

—Google/AppleBluetoothNoEstonia’s App48.15116.11,326,535Estonia

—OtherBluetooth
and location

YesSmittestopp52.7872.55,421,241Norway

—Google/AppleBluetoothYesNHSCovid1954.17948.767,886,011United King-
dom

—Google/AppleBluetooth Yes Coronamelder 56.48587.917,134,872Netherlands

—OtherLocationYesViruSafe57.41840.26,948,445Bulgaria

—Google/Apple

DP3T

BluetoothYesCoronoalert60.191557.811,589,623Belgium

19Google/AppleBluetoothYesCorona-Warn-App67.59268.283,783,942Germany

—OtherLocationYesCovTracer69.4467.91,207,359Cyprus

—Google/Apple BluetoothYesProteGO71.30615.937,846,611Poland

—Google/Apple

DP3T 

Bluetooth  YesRadarCOVID 71.301026.946,754,778Spain

24Google/AppleBluetoothYesCovid Tracker72.22430.64,937,786Ireland

—OtherBluetoothYesVirusRadar72.22749.19,660,351Hungary

19OtherBluetoothYesTousAntiCovid75.00887.265,273,511France

—Google/Apple
DP3T 

Bluetooth  Yes Stay away Covid77.78554.010,196,709Portugal

13Google/AppleBluetoothNoImmuni79.631075.260,461,826Italy

—Google/AppleBluetoothYesStopp Corona82.41e500.89,006,398Austria

aThe Government Stringency Index is a composite measure based on 9 response indicators, including school closures, workplace closures, and travel
bans, rescaled to a value ranging from 0 to 100 (100=strictest).
bData were extracted several days after their acquisition.
cNot available.
dDP3T: decentralized privacy-preserving proximity tracing.
eData as of December 8, 2020.

Discussion

There are several challenges in motivating populations to
download DCT apps, even though it is a promising tool.
Between European policies of isolation, which are either strict
and instituted by national regulations with severe fines or based
on incentives, the CCL recommends an intermediate position
with national guidelines accompanied by strong incentive
supports, ensuring good adherence from the population and
avoiding the weakening of the “testing and contact tracing”
facets of the national strategy. However, apps will not by
themselves resolve the problem of isolation nonadherence,
particularly among persons who are outside the health care

system. The CCL recommends adaptations of the informational
process for these persons. With regard to those for whom
pragmatic isolation is difficult, because of home overcrowding,
family composition, or work needs, the CCL recommends a
prosocial approach with community officers who ensure that
sufficient supplies (eg, essentials such as food, medication, and
childcare resources) are provided [18].

To conclude, the CCL calls for promoting empowerment of the
population with digital tools, improving public health culture
for decision-makers dealing with health determinants, taking
social considerations into account, and incorporating community
participation [19].
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Abstract

Background: Scotland—a country of 5.5 million people—has a rugged geography with many outlying islands, creating access
challenges for many citizens. The government has long sought to mitigate these through a range of measures including an ambitious
technology-enabled care program. A strategy to develop a nationwide video consultation service began in 2017. Our mixed
methods evaluation was commissioned in mid-2019 and extended to cover the pandemic response in 2020.

Objective: To draw lessons from a national evaluation of the introduction, spread, and scale-up of Scotland’s video consultation
services both before and during the pandemic.

Methods: Data sources comprised 223 interviews (with patients, staff, technology providers, and policymakers), 60 hours of
ethnographic observation (including in-person visits to remote settings), patient and staff satisfaction surveys (n=20,349),
professional and public engagement questionnaires (n=5400), uptake statistics, and local and national documents. Fieldwork
during the pandemic was of necessity conducted remotely. Data were analyzed thematically and theorized using the Planning
and Evaluating Remote Consultation Services (PERCS) framework which considers multiple influences interacting dynamically
and unfolding over time.

Results: By the time the pandemic hit, there had been considerable investment in material and technological infrastructure, staff
training, and professional and public engagement. Scotland was thus uniquely well placed to expand its video consultation services
at pace and scale. Within 4 months (March-June 2020), the number of video consultations increased from about 330 to 17,000
per week nationally. While not everything went smoothly, video was used for a much wider range of clinical problems, vastly
extending the prepandemic focus on outpatient monitoring of chronic stable conditions. The technology was generally considered
dependable and easy to use. In most cases (14,677/18,817, 78%), patients reported no technical problems during their
postconsultation survey. Health care organizations’ general innovativeness and digital maturity had a strong bearing on their
ability to introduce, routinize, and expand video consultation services.

Conclusions: The national-level groundwork before the pandemic allowed many services to rapidly extend the use of video
consultations during the pandemic, supported by a strong strategic vision, a well-resourced quality improvement model, dependable
technology, and multiple opportunities for staff to try out the video option. Scotland provides an important national case study
from which other countries may learn.
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Introduction

Background
The first documented video-mediated medical consultations in
health care were conducted in the 1950s via closed-circuit
television [1]. While telephone consultations have long been
offered in both primary and secondary care, until the COVID-19
pandemic only a tiny fraction of clinicians had ever conducted
a consultation by video and an even smaller fraction of patients
had received care this way [2-7]. The video consultation is thus
of academic interest as an example of a promising service-level
innovation that has taken decades to catch on. We initially
flagged the pandemic as an “opportunity in a crisis” for giving
video consulting the push it needed [8]. In this paper, we
consider how one country’s efforts fared.

Prepandemic research on the acceptability, effectiveness, and
cost-effectiveness of video consultations seemed to convey a
positive message but was potentially misleading. Numerous
research trials (generally small in size, parochial in setting, and
led by a local enthusiast), in which a digitally confident and
low-risk sample of patients selected from a much more diverse
clinic population was randomized to continuing their usual
outpatient care or trying the video option, usually showed that
the latter group did no worse clinically and were no less satisfied
than the former, and that costs (when measured) were similar
[9-14]. Almost all such studies were underpowered to test their
central hypothesis.

In published research trials of video consultations, the service
was usually available only as part of the trial and discontinued
thereafter, so the challenges of embedding it in business-as-usual
were never addressed. Any conclusion that video is effective,
acceptable, and safe was therefore naïve and premature. To
“work” in the real world, video consultations require new
infrastructure, new technologies, new clinical and support roles,
new organizational routines, new approaches to privacy and
information governance, new clinical techniques (eg, for remote
examinations and safeguarding conversations), and new payment
and reimbursement frameworks—not to mention measures to
improve the digital skills of staff and patients and mitigate
digital exclusion [15-20]. Given these complexities, it is small
wonder that efforts to rollout video consultation services even
following a successful trial or pilot study progressed slowly or
not at all [18,21].

Early in the pandemic, an overview pointed out that despite the
technical potential of remote forms of consulting to help address
infection control,“[m]ost countries … lack a regulatory
framework to authorize, integrate, and reimburse telemedicine
services, including in emergency and outbreak situations” [22]
(p1). But as it turned out, the global emergency gave
governments reason enough to cut red tape—that is, remove
regulatory blocks to rapid purchase and use of newly developed
technologies, especially bespoke software for supporting video

consultations [23]. During the first wave of the pandemic, most
countries saw a rapid reduction in face-to-face medical
consultations and an increase in remote ones in both primary
and secondary care [3,24]. Such shifts were part of a
system-wide response in what has been termed the world’s first
“digital pandemic,” which included technologies to support
outbreak monitoring and management, triaging and severity
assessment, ordering and documentation, secure messaging,
real-time data analytics, fast-track research trials, global
knowledge sharing, and living systematic reviews [25-27]. But
as Gkeredakis et al [28] (p2) have observed, while the pandemic
provided fertile soil for rapid growth of new technologies, “the
shifts in digital technology use to cope with the COVID-19
crisis are fast-paced, dramatic and not well understood,” and
successful embedding and use of novel solutions is “contingent
upon the openness, distributedness, recombinability,
re-programmability, and accessibility of digital technologies”.

In these early months of the pandemic, politicians, policymakers,
and the lay press across different countries and regions all
emphasized the role of new modalities such as video and
e-consultations in this unprecedented service change [29-33].
But despite this focus on the novel, the reality in most countries
was that most remote consultations—especially in primary
care—occurred using the old-fashioned telephone [34-38].

An important question for researchers is why, even in the context
of an unprecedented global emergency, establishing and
sustaining video consultations as business-as-usual in a
mainstream health service has proved such a stubborn challenge.
Rather than analyze failures, we have chosen to consider the
case of Scotland, UK, as—broadly speaking—a success both
before the pandemic (when steady incremental progress was
being made to introduce the video option region by region and
service by service) and during it (when a rapid and dramatic
increase in video consultations was achieved at pace and scale).

In telling Scotland’s story, we draw inspiration from a
theoretical approach called appreciative inquiry, a form of action
research or action evaluation which explicitly seeks to highlight,
learn from, and reinforce the positive—things that went right,
preconditions that helped, people who made a difference, and
so on—while also identifying and learning from less successful
aspects of the case [39]. Appreciative inquiry involves building
collaborative researcher–practitioner relationships,
systematically identifying “the best of what is,” using creativity
and experimentation to try to improve things further, and seeking
to extend and replicate positive mechanisms and outcomes
across the system.

The aim of this study was to draw lessons from an in-depth
study of one country that could inform video consultation
services and policy decisions more widely. In the remainder of
this paper, we first give a historical background to the Scottish
case. In the “Methods” section, we describe our aims, study
setup, research questions, theoretical framework (Planning and
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Evaluating Remote Consultation Services [PERCS]), data
sources, and methodological approach for our national
evaluation of video consultation services both pre- and
peripandemic. We then describe our findings, structured along
the 7 domains of the PERCS framework. Finally, we discuss
the Scottish case in the context of the wider literature,
highlighting learning points for other countries.

Scotland: A National Case Study of
Technology-Enabled Care
Scotland (population 5.5 million) is 1 of the 4 jurisdictions in
the United Kingdom with a land area only 40% smaller than
England (population 56 million). Much of it is mountainous
and rugged with lakes (known as lochs), rivers, and offshore
islands. Scotland thus shares some of the geographical
challenges of remote Scandinavian regions, with some journeys
involving a combination of land, water, and air. Scotland’s
health service is organized separately from those of England,
Wales, and Northern Ireland. Health and care services are mainly
delivered by 14 territorial health boards and are underpinned
by a strong public-sector ethos which emphasizes professionally
led quality improvement and reducing inequalities [40]. Scotland
resisted the purchaser–provider split, which has existed in
England and Wales since 1991 and created additional hurdles
for introducing new technologies [41].

There has long been a strategic intent in Scotland to support
and extend remote consulting options, including via video. This
was advocated from 2008 through Scotland’s eHealth Strategy
[42,43] and extended in a more recent Digital Health and Care
Strategy [44]. In all these documents, remote care is framed as
a means to improve citizens’ access to services and, ultimately,
to improve outcomes and potentially reduce inequalities. In
2014, the Scottish Government established the
Technology-Enabled Care (TEC) Programme to drive the
widespread adoption of technology to support self-management
of illness (eg, self-monitoring of long-term conditions) as well
as improve access to professional care, partly in response to the
perceived need for service transformation in the context of rising
demand for both health and social care. The TEC Programme
aims to support local deployment as well as strengthening
national technical and support infrastructure.

The video consulting workstream of the TEC Programme was
seen as enabling pooling of expertise and provision across the
country to ensure a high-quality patient experience. Initially,
this involved various pilot studies which used different video
technologies, including Cisco Jabber and Polycom devices,
before the TEC team decided in 2015 to introduce a more
bespoke product (Attend Anywhere), described below. Based
on the success of a pilot co-design and quality improvement
program in one health board (Highland) in 2017, the video
consulting service using the Attend Anywhere platform was
branded nationally as “Near Me” (a name chosen by a patient).
In November 2018 the TEC Programme launched a £1.6 million
(US $2.3 million) “scale-up challenge,” to support wider rollout
across all health boards. By February 2020, all 14 health boards
and the Golden Jubilee National Hospital (the main tertiary
referral center based in Glasgow) were enrolled in the program.

Even before the pandemic, the Near Me video service had been
adopted by about 180 services, spanning 35 different clinical
specialties, albeit at different levels of implementation. But
actual use of video within most of these services remained
relatively low, with many clinicians describing their use of it
as “ad hoc” rather than business-as-usual. Nevertheless, the
scale-up effort continued to progress and established a strong
national profile, steadily working through regulatory,
infrastructural, and operational challenges. The rationale for
scaling up Near Me was initially reducing patient travel and
improving access and service efficiency [45]. Video consulting
was generally—but not universally—seen as enhancing the
existing face-to-face services, rather than replacing them. But
in the context of the pandemic, emphasis shifted to infection
control and the maintenance of core services.

In March 2020, when the COVID-19 outbreak reached Scotland,
most routine and nonurgent care in both primary and secondary
care was halted. Space and staffing were repurposed to support
the pandemic response. Rollout of the Near Me video service
was accelerated via a 12-week scale-up plan, led by a rapidly
assembled national implementation team within the existing
TEC Programme. Staff were drafted in from across Healthcare
Improvement Scotland (a Special NHS Board in Scotland with
a remit to help implement health care priorities), the Scottish
Access Collaborative (a government program to sustainably
improve waiting times for non-emergency procedures), and the
Care Inspectorate (a regulatory body for social work and social
care services in Scotland). They prepared guidance and resources
for deployment of video consultations across a range of health
and care settings and built links with other key government
departments—for example, with the Primary Care Division
which covered general practice. National-level groundwork and
strategic planning over the previous 2 years to create technical
infrastructure, service readiness, and positive attitudes helped
services transform, at pace and scale, to a remote-first mode of
operating as the pandemic took hold.

Following this 12-week scale-up, an engagement exercise was
undertaken with various service teams to consolidate
implementation plans for the video service going forward. A
key element of this was the need to streamline and coordinate
activities that had been undertaken in the immediate response,
as well as leverage learning and resources developed. More
broadly, health boards were required to produce recovery plans
for clinical services during and beyond the pandemic, as part
of the Scottish Government Re-mobilise, Recover, Re-design
framework [46].

Evaluation and system learning were built into the Scottish
Government’s strategy both before and during the pandemic.
Below, we describe the methods and findings of a commissioned
evaluation.

Methods

Aim and Set Up of the Study
This commissioned evaluation aimed to highlight—at individual,
organizational, and system level—how clinical and nonclinical
staff adapted their practices and systems to accommodate and
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optimize the use of remote consultations both before and in
response to the pandemic, and to inform policy going forward.
As noted above, our research aim was to draw generalizable
learning from an in-depth analysis of this case.

The initial evaluation contract was awarded in July 2019 by
competitive tender following a public call for proposals. A
follow-up contract was awarded in June 2020 using COVID-19
emergency procurement regulations. Ethics approval was
obtained from London – Camberwell St Giles Research Ethics
Committee (ref 19/LO/0550) and the NHS Research Scotland
Permissions Coordinating Centre. A small advisory group was
set up within the Scottish government to oversee the project.
Progress of the second phase of the evaluation was also
monitored by an external advisory group with wide stakeholder
representation and a lay chair established to oversee a number
of rapid-response research studies on remote care occurring
during the pandemic. Fieldwork was conducted by JW and TG.

Research Questions
Our research questions were, in relation to this national case
study:

• What were the multiple interacting influences (clinical,
social, technical, organizational, regulatory, and so on) on
the uptake, implementation, scale-up, acceptability,
effectiveness, and appropriateness of video consultations?

• What was the impact of the COVID-19 pandemic on the
scale-up effort?

• What can we learn from this case about the kind of
knowledge, capabilities, and infrastructures needed to
support the introduction and use of video consultations in
different parts of a public-sector health service?

Study Design
This was a mixed methods naturalistic case study, using an “n
of 1” hermeneutic approach drawing on the theoretical work of
Flyvbjerg [47], Stake [48], Tsoukas [49], and Cooperrider et al
[39]. These authors emphasize the use of narrative methods and
rich description to produce a unique account of the case for its
own sake. They warn against imposing a rigid analytic
framework, producing abstracted models, or getting drawn into
disjunctive theorizing (dividing the data into formal themes and
categories which are then separately theorized, resulting in a
neat but reductive account) [50]. Rather, as Tsoukas explains,
the free-text narrative form is used to produce conjunctive
theorizing—that is, producing an account which weaves multiple
themes and influences together in a way that conveys the
complexity, historical emergence, and inherent messiness of
the case and draws attention to the interdependencies between
different aspects of it. Appreciative inquiry applies this
methodology to largely successful cases to gain insights
particularly—though not exclusively—from what went well
[39].

Theoretical Framework
Development and refinement of the PERCS framework (Figure
1) are described in detail elsewhere [51]. PERCS—which is
specific to remote consultations—is an adaptation of a previous
framework (nonadoption and abandonment by individuals, and
challenges to scale-up, spread and sustainability [NASSS]) of
technological innovation in health and care [52], which in turn
built earlier work on diffusion of innovations in health care [53].
The domains of the PERCS framework are explained in
Multimedia Appendix 1.

Figure 1. Planning and Evaluating Remote Consultation Services (PERCS) framework.

Data Collection Procedure
Data were collected in 2 phases, before and during the
COVID-19 pandemic. The periods and data sources for the 2
phases are presented in Table 1.
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Table 1. Data sources for the 2 phases of the evaluation.

TotalPhase 2 (in pandemic)Phase 1 (before the pandemic)Periods and data sources

12 monthsJuly to October 2020July 2019 to February 2020Period of data collection

108b8aNumber of health boards included

60 hoursNo ethnography possible due to the
pandemic

60 hours in 11 clinical sitesEthnographic observation

223 (36 were interviewed in
both phases)

83 conducted remotely (mostly by
video)

140, mostly conducted face to faceInterviews

Doctors (n=59), nurses (n=23),
allied health professionals
(n=35), managers (n=29), ad-
min/IT staff (n=24), pa-
tients/carers (n=21), national
stakeholders (n=29), health
support workers (n=3)

Doctors (n=30), nurses (n=5), allied
health professionals (n=13), man-
agers (n=11), admin/IT staff (n=7),
national stakeholders (n=17)

Doctors (n=29), nurses (n=18), al-
lied health professionals (n=22),
health support workers (n=3),

managers (n=18), admin/ITc staff
(n=17), patients/carers (n=21); na-
tional stakeholders (n=12)

Interview participant characteristics

N/AdRelating to pandemic response (eg,
remobilization and recovery plans)

National (eg, on technology-en-
abled care strategy) and local (eg,
protocols)

Documents

20,349Patients (n=18,915)Patients (n=679), staff (n=755)User experience surveys conducted online
after consultation

5400Patients/public (n=4197), staff
(n=1203)

N/APatient and public engagement survey

21 monthsJanuary to September 2020January to December 2019Uptake statistics for the Near Me service,
by health board and clinical specialty

aHealth Boards included Forth Valley, Highland, Golden Jubilee, Grampian, Greater Glasgow and Clyde, Lothian, Orkney, Western Isles.
bHealth Boards included Grampian, Greater Glasgow and Clyde, Dumfries and Galloway, Highland, Forth Valley, Fife, Orkney, Western Isles.
cIT: information technology.
dN/A: not applicable.

In sum, our data set comprised 223 interviews with patients,
staff, technology providers, and policymakers (further details
on participant characteristics are provided in Multimedia
Appendix 2); 60 hours of ethnographic observation (including
visits to remote settings); local and national documents; and
process data such as uptake statistics, patient and staff
satisfaction surveys; and patient enablement scores. Participants
for interviews were identified in 1 of 3 ways: direct contact (eg,
clinicians or managers recommended to us by the Scottish
Government or who were listed as having a strategic role);
indirect contact (“snowballing” from interviewees by asking
them to recommend someone else); and social media (via a
Twitter call).

Fieldwork before the pandemic occurred in person but during
the pandemic was of necessity conducted remotely. To aid
conjunctive theorizing, interviews were conversational in style
and lasted between 15 and 60 minutes. Local and national
stakeholders were invited to speak about their efforts to develop
and scale-up the service. Patients and health and care staff were
asked to talk about their experience of video consulting (or why
they had chosen not to use this medium). When interviewees
talked in the abstract about problems and challenges, we asked
them to describe specific examples of these. Qualitative data
collection was conducted within a subsample of health boards
purposefully selected to explore variation in geography (urban,
rural, islands) and progress in the implementation and uptake
of video consultations before and during the pandemic.

In addition to qualitative interviews and fieldwork, analysis was
informed by evaluation data captured nationally by the TEC
team in both phases of the study. A short online survey was
completed by patients and clinicians immediately after each
video consultation. In phase 1, the patient survey questions
focused on experience and perception of technology (eg,
usability, call quality). In phase 2, we added a 6-question
validated patient enablement instrument to assess perceived
quality and usefulness of the clinical aspects of the consultation
[54]. The online staff surveys captured their experience of, and
perceived satisfaction with, the consultation. In total, there were
19,594 patient responses and 755 clinician responses to the
surveys.

A public engagement exercise conducted by the TEC team
during the pandemic explored perspectives on the mainstreamed
use of video consultations during and beyond the pandemic.
This included online and paper questionnaires with members
of the public (n=4197) and care professionals (n=1203), which
were disseminated through a range of national and community
networks.

Data on the uptake and use of the Near Me service were captured
nationally during Phase 1 and Phase 2, spanning 12 months
(January-December 2019) and 9 months (January-September
2020), respectively. The activity data were captured through
the Attend Anywhere platform, as opposed to NHS systems, so
it was not possible to establish the proportion of video in relation
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to other appointment types (ie, face-to-face and telephone
appointments).

Data Management and Analysis
Data were pseudonymized by giving each participant a different
name. A spreadsheet containing real names and pseudonyms
was stored securely in accordance with General Data Protection
Regulations (GDPR). Interviews were anonymized and stored
securely and selective sections transcribed. Interviews were not
fully transcribed, partly for resource reasons and partly to avoid
loss of overview, because salient issues were often captured
succinctly in field notes. We returned to the audiotape to obtain
a verbatim record where needed. We organized and gained
initial familiarity with our qualitative data by organizing field
notes and interview notes into an Excel spreadsheet to identify
emerging themes. Each row represented an interviewee and
each column represented a thematic category. We then
considered each thematic category in turn, along with
interactions and interdependencies. Following this
familiarization phase, we undertook a more theoretically driven
analysis using the PERCS framework described above so as to
highlight how multiple influences interacted dynamically and
unfolded over time.

Quantitative data were used to illustrate and affirm the narrative
and inform ongoing data collection and analysis. Uptake and
use across different health boards and specialties (and how these
changed over time) were used to provide a national picture on
the pace and scale of rollout, and highlight areas of focus for
ongoing fieldwork and interviews (eg, to explore difference in
use across settings and specialties). Survey and questionnaire
data were analyzed using descriptive statistics in order to provide
a national-level account and explore perspectives across different
specialties and regions.

Results

Overview
Phase 1 (before the pandemic) of the evaluation generated over
300 pages of interview transcript, field notes, and document
excerpts as well as raw quantitative data on staff and patient
experience. At the time, our analysis (described in the official
report [55]) focused mainly on the question of effectiveness,
cost-effectiveness, and sustainability of the service in the context
of Scotland’s general policy priorities. Our formal evaluation
report of the pandemic period is also available online [56].

In the prepandemic phase, we were particularly struck by 3
things. The first was the focus on region-by-region quality
improvement. As described above, there had been
long-established strategic drivers for Near Me in Scotland, with
strong national policy support for such systems to reduce the
human, financial, and environmental burden of travel.
Commencing 2017, in one of Scotland’s largest geographic
regions (Highland), systematic efforts had been made to work
collaboratively with clinicians and patients to implement a video
consultation service. By 2019, this work was well underway in
Highland, led not by a technical expert but by a clinician
(pharmacist) who was well-regarded regionally and had
previously been trained in—and personally inspired by—the

system-wide approach to quality improvement promoted by the
US Institute of Medicine [57]. Building on these developments,
work commenced in one other health board (Grampian) to
mainstream Near Me, and small-scale implementation began
in the other health boards across Scotland. Thus, Near Me had,
from the outset, an “organic” (locally grown and locally owned)
ethos and a sense that it was being developed to improve access,
reduce inequalities, and help save the planet.

The second striking feature of the service in late 2019 was the
emergence of different service models reflecting Scotland’s
remote geography. At that time video consultations were rarely
used in primary care, as almost every citizen lived fairly close
to a local general practice and doctors in remote areas were
generally happy to do home visits to those unable to travel to
surgery. Video was largely a secondary and tertiary care service
taken up in particular by remote regions. We identified 3
different models of use:

• Hub-home, in which the clinician connects from the clinic
(hub) to the patient at home (or some other location via a
personal device);

• Dyadic hub-spoke, in which the clinician in a specialist
clinic (hub) connects to the patient in a remote health or
care site (“spoke”—typically, an unstaffed kiosk equipped
with a self-service video screen and connection);

• Triadic hub-spoke, in which the clinician in a specialist
clinic connects to the patient in a remote health or care site
with an additional staff member present.

Contemporary images of video consultations generally depict
some variant of the hub-home model (eg, doctor in clinic
connecting directly to patient at home). This was extremely rare
in our data set. Most video consultations in the prepandemic
phase were organizationally far more complex—involving a
triadic hub-spoke model in which a specialist in a secondary or
tertiary care center connected with a remote hospital, primary
care clinic, or care home and the patient received both technical
and clinical support from a staff member such as a nurse, general
practitioner (GP), or health care support worker. As we describe
below, this unusual and resource-intensive arrangement
produced challenges both at the time and—even more so—once
pandemic-related infection control measures were imposed.

The third striking aspect of the Scottish Near Me service was
its asymmetric development, driven in some places by particular
local enthusiasts and thwarted in other places by lack of them.
Often, a video service had been established serendipitously—for
example, as a specialist consultant who moved away sought to
keep some clinical contact with their patients—and maintained
through strong working relationships between key members of
staff. This patchwork nature of video consultation services had
advantages and disadvantages. On the one hand, it reflected the
Scottish Government’s enabling (rather than command and
control) approach, in which professionals could be creative and
locally adaptive. On the other hand, the lack of a centrally
mandated policy meant that despite Scotland’s relative success,
most services still offered few video appointments and many
offered none at all.

When we returned—using virtual methodologies—to explore
the response to the pandemic, our data confirmed a rapid
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expansion of the service (Figure 2). In 2019, just under 7000
Near Me consultations had been conducted nationally (134 per
week on average). In the months preceding the rapid scale-up
(January-February 2020), there were approximately 230 video
consultations per week. Between March and June 2020, the
number of video appointments increased 50-fold, from about

330 to 17,000 appointments per week nationally, and over 50
clinical specialties introduced video consultations for the first
time. Other forms of remote consulting were used (eg, telephone
and emailing or uploading of photographs). Unfortunately,
relative proportions of these different modes could not be
accurately captured for further analysis.

Figure 2. Growth of video consultations before and during the pandemic. The graph shows the total number of video consultations for general practice,
hospital, and other community services.

Although the pandemic saw a significant shift in the use of Near
Me at a national level, the extent of this change varied across
care settings. For instance, while many general practices
introduced the Near Me service model, most used it infrequently
and ad hoc, so that general practice as a whole accounted for
only 22.55% (81,822/362,828) of all video consultations in
Scotland. Among hospital and community specialties, the
services accounting for most video activity were psychiatry,
psychology and community mental health (36.41% of all
hospital and community care activity, 94,876/260,547),
physiotherapy (8.79%, 22,909/260,547), and pediatrics (7.81%,
20,354/260,547).

In the analysis below, we present findings from each domain
of the PERCS framework. Interview quotes are provided by
domain in Multimedia Appendix 3.

The Reason for Consulting
Prior to the pandemic, almost all new consultations in secondary
care were face to face, in order to establish a clinical
relationship, undertake a full physical examination, and conduct
baseline assessments (eg, a standardized severity score for
rheumatoid arthritis). Video consultations were used primarily
for routine follow-up of chronic, stable conditions, especially
to convey test results and affirm that the patient remained
asymptomatic (see quote Q1a in Multimedia Appendix 3).

Other services with high use of video consultations before the
pandemic included physiotherapy, speech and language therapy,
pediatrics (for nonacute conditions such as gait abnormality),
community mental health follow-up (eg, for patients with
depression), and postoperative follow-up. In many such
situations, clinicians saw value in “eyeballing” the patient (ie,

a visual overview, albeit via video) to assess their general health.
Some remote physical examinations were possible, especially
by experienced practitioners (Q1b in Multimedia Appendix 3).

During the pandemic, use of video was extended to embrace a
much wider range of clinical conditions and reasons for
consulting. This was driven by a concerted national effort to
maintain the provision of priority clinical specialties (eg,
oncology, maternity, mental health), as well as local teams
seeking to maintain some service provision across a range of
different specialties. Most of these required no formal physical
examination. Video was noted to be very useful in psychiatry,
psychology, counseling, respiratory medicine, and speech and
language therapy, where visual, nonverbal communication was
important and personal protective equipment might interfere
(Q1c in Multimedia Appendix 3). Some clinicians talked of the
need to feel a lesion as well as see it (eg, palpating regional
lymph nodes in cases of possible cancer), which precluded video
examination.

Some conditions for which a visual examination was crucial
were considered unsuitable for video consultations. For skin
lesions, for example, the variable quality of the video image
transmitted from a patient’s device was not always adequate to
make a confident diagnosis; instead, patients were often
encouraged to obtain and upload a high-quality still photograph
taken in good light. This approach also allowed the image to
be stored and, where necessary, sent on for a specialist opinion.
Most acute ophthalmology consultations required slit-lamp
examination or fundoscopy (use of high-intensity light and
magnification to see inside the eye) even when there was an
evident lesion on the eye (and especially when there was not).
While video was used for remote examinations by
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ophthalmologists, patients still needed to be physically
co-present with the optometrist in order to capture magnified
images of the eye through specialist equipment. In sexual health,
use of video and still images was limited by legal and regulatory
restrictions on transmission of intimate images (and by
practitioners’ discomfort about exchanging such images).

Both before and during the pandemic, video consultations were
widely viewed as clinically less appropriate for poorly defined
and less predictable conditions, rare conditions (ie, those with
which the clinician and system were unfamiliar), life-changing
diagnoses, planning of major interventions (eg, bone marrow
transplant), unstable or unpredictable psychiatric conditions
(eg, severe emotional trauma, psychosis), or when the patient
would need to attend in person anyway to have tests or collect
medication. The threshold for offering such patients a remote
consultation changed, however, as the risk–benefit balance was
dramatically altered by the pandemic. In the context of pandemic
restrictions, GPs considered telephone adequate for most
problems in known patients, as they felt they rarely needed to
rely on visual assessment or physical examination. But video
was sometimes considered crucial for visual assessment to
exclude rare but potentially serious acute problems such as
infection (Q1d in Multimedia Appendix 3).

Primary care is traditionally the “risk sink” of a health service:
most new problems are low risk and self-limiting, and
potentially serious symptoms or signs can be observed and
referred on as needed. During the pandemic, GPs talked of the
difficulty in managing risk without the option of bringing the
patient in for a face-to-face examination, especially because
secondary care colleagues did not always trust an assessment
made by telephone. One experienced GP felt they had picked
up a possible malignancy purely from the history, so referred
the patient on the basis of that, but the patient was “triaged” at
the secondary care end and the appointment refused (Q1e in
Multimedia Appendix 3).

The Patient
Our prepandemic evaluation identified numerous comorbidities
and preexisting conditions which affected patients’ ability to
use the video technology. These included temporary or
permanent confusion or other cognitive limitation, visual
impairment, or serious anxieties about the technology (including
body image concerns about being seen, or seeing themselves,
on video display). But more commonly, the barrier to using
video was the patient’s general level of debility (Q2a in
Multimedia Appendix 3).

Many patients with deafness and partial hearing loss found
remote consultations by telephone impossible, while those able
to lip-read or use the chat function often welcomed the option
of video. Professional interpreters using the British Sign
Language were available for some via remote triadic
consultations, depending on the availability of interpreters and
organizational structures in place to coordinate this. During the
pandemic, patients with hearing impairment—and staff—were
greatly handicapped by the requirement to use face coverings
in face-to-face settings, making a video consultation a more
attractive option (Q2b in Multimedia Appendix 3).

Interpreting services for patients who spoke limited English
were rarely available by video before the pandemic, due to
logistical challenges of bringing the interpreter into a 3-way
call. However, remote interpreting services gained impetus
during the pandemic, when resources were directed into meeting
the technical and logistical challenges (Multimedia Appendix
3, Q2c and 2d).

Before and during the pandemic, lack of familiarity and low
digital literacy explained some patients’ reluctance to use video
even in the absence of a relevant disability or co-existing
condition. While the pandemic provided impetus for upskilling,
it was difficult for clinicians or support staff to estimate a
patient’s likely capability prior to the consultation, and making
decisions based on age, gender, or social stereotypes felt
unprofessional (Q2e in Multimedia Appendix 3). Older patients
and those assumed to be unfamiliar with digital technology (eg,
those in manual and outdoor occupations) were often offered
telephone rather than video.

For patients able to use video technologies, their attitudes and
preferences toward video, telephone, and face-to-face
consultations before the pandemic typically centered on the
trade-offs between home and work commitments, travel and
transport access, the nature of the clinical problem, a desire (or
not) to establish or strengthen a personal relationship with the
clinician, and sheer convenience (Q2f and 2g in Multimedia
Appendix 3).

More prosaically, patients were not always aware of the video
option (some informants commented that this needed flagging
when the appointment is booked).

During the pandemic, concerns about infection risk became
over-riding for most, leading many people to try video
consulting for the first time. Findings from the public
engagement survey indicated a high level of support for
continuing remote consulting beyond the pandemic, partly
because people were now familiar with this medium and partly
due to on-going anxieties about risk of infection.

The Home and Family
Our prepandemic visits to Scotland highlighted the very remote
settings in which some people lived. Transport links were
sometimes few and unreliable (eg, ferry and plane cancellations
due to the weather), and staff as well as patients spent many
hours (and sometimes whole days) traveling to and from clinics.
Even before the pandemic, many people described how video
consultations had transformed their lives simply by saving travel
time. But connecting from home was far from an instant option
for some patients. Many homes in remote areas were small, of
basic construction, and had limited privacy. In some
communities (especially certain inner-city areas), there were
high levels of poverty and deprivation. In the public engagement
survey, respondents’ reported “very significant” barriers to
uptake including lack of access to an appropriate device
(23.04%, 924/4010), poor internet connectivity (29.92%,
1200/4011), restrictions on mobile data packages (17.07%,
685/4012), and lack of private space at home (19.61%,
786/4009).
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Requirements for physical distancing and managing risk of
infection during the pandemic required a shift from the triadic
hub-spoke model of video consulting to a hub-home model, for
which neither the patients nor the service were fully prepared.
Failed attempts at video consultations to patients affected by
digital poverty (eg, no smartphone, no webcam, limited data
package) were common and frustrating (Q3a in Multimedia
Appendix 3). Video consulting to home could also mean an
inadequate material space (not everyone had a desk or table for
example; some consulted from their cars, their bed, or even the
bathroom) and potential distractions (especially from children
either present in the room or unsupervised somewhere off
camera). Some interviewees expressed concerns about the
possibility of a patient’s abusive partner listening in.

Patients with low digital literacy or confidence sometimes
benefited from on-hand carer support for video consultations;
those lacking such support were often limited to telephone.
Carer support included setting up and troubleshooting the video
link, adjusting the camera angle to facilitate a remote physical
examination, preparing and overseeing a child’s appointment
(while enabling rather than interfering with the direct
clinician–child interaction), and assisting with translation or
communication (Q3b in Multimedia Appendix 3).

As we have shown previously, supporting a relative’s remote
clinical examination can be emotionally as well as technically
challenging, because it may involve complex negotiations
between carer and patient about the balance between assistance
and autonomy [58]. During the pandemic, shielding and physical
isolation measures limited the availability of carer support. The
quality of video consultations with care home residents also
depended on care workers’ varying technical knowledge and
skill.

The Clinical Relationship
An established clinical relationship, based on previous
face-to-face encounters, made clinicians and patients more
relaxed about video consultations and allowed clinicians to
tolerate the higher levels of uncertainty associated with this
medium. Prior to the pandemic, most clinicians liked to have
an initial face-to-face consultation to establish rapport and
confirm suitability of video for follow-up appointments. Initially,
the default in all services was for first assessments to be done
in person, but the pandemic required many new referrals to be
assessed via video. While these posed challenges (chiefly around
technical connectivity), many informants told stories of how
such interactions had gone surprisingly well.

Mental health specialties in particular considered video
important for communicating (Q3c in Multimedia Appendix
3). A recurring theme in our data was the importance of a
high-quality technical connection for establishing and building
deep therapeutic rapport.

Perceptions on how remote consulting altered the relationship
and interaction between patients and clinicians were nuanced
and highly contingent upon clinicians’ interaction styles,
perceived value of tactile information and facial expression,
and the clinical context of the encounter. Some emphasized the
therapeutic value of the in-person physical examination and

regretted the loss of such contact during the pandemic (Q3d in
Multimedia Appendix 3). Others saw video as a way of
circumventing the interpersonal barriers created by facemasks
(Q3e in Multimedia Appendix 3).

Video was occasionally advocated for more paternalistic
reasons. One medical consultant, for example, considered that
teenagers did not take telephone consultations seriously and
were likely to “pay attention” more if they were seen by video.

The Technology
Attend Anywhere, the technology used for Near Me across
Scotland, is an internet browser–based video technology that
can be accessed by a staff member on a work computer or a
member of the public using their own device. One defining
feature is its “inbound” workflow, which seeks to emulate how
patients physically attend their appointments. For example, a
single button on a website (or consistent weblink address on an
appointment letter) offers a one-stop “virtual front door” for
patients. On clicking that link, the patient enters a “virtual
waiting room” (potentially managed by a live receptionist),
before being invited into the clinician’s virtual consulting room.
Because Attend Anywhere does not require the downloading
of software or creation of user accounts, it is easier for patients
to use securely. The system has also been designed specifically
for health and care, with a strong information governance model
that was reviewed and endorsed nationally. This helped avoid
information governance restrictions which prevail in many
health care organizations.

In our prepandemic evaluation, the Attend Anywhere technology
was generally considered by staff and patients to be dependable
and to produce high-quality video and audio. In most cases
(503/662, 75.98%), patients reported no technical problems
during their postconsultation survey. Of those reporting technical
problems, the issues mainly related to internet connection and
audio–video quality (eg, moments of sound loss, lack of
synchronization between video and audio), as opposed to
complete technical failure or usability issues. Staff and patients
told us that ease of use was partly due to the well-designed
software, also partly because many services had invested in
high-quality peripherals such as screens and noise-cancelling
microphones. Additional data from postconsultation surveys
are provided in Multimedia Appendix 4.

During the pandemic, 2 problems occurred. First, the shift to
hub-home care models (see above) meant that the connection
came to depend heavily on patient connectivity and device (and
sometimes also on the home connections of homeworking
clinicians), leading to loss of video or audio connection or
awkward lag (Q4a in Multimedia Appendix 3). Second, the
software platform initially came under significant strain due to
an unprecedented increase in volume of consultations, resulting
in periods of poor service reliability. These problems were dealt
with promptly by the technology supplier by removing
bottlenecks from the underlying application and increasing
server capacity.

The video connection also depended on other technical systems,
particularly for accessing the virtual waiting area. For example,
text-messaging systems through the electronic booking systems
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to provide the patient with the URL were prone to error during
rapid rollout, sometimes sending incorrect links to patients.

When the video connection failed, telephone was used—fairly
unproblematically—as a backup.

Despite these challenges, patient survey responses remained
generally positive. Most (14,677/18,817, 78%) reported no
technical problems. Of the remainder, most problems were
similar to those encountered in the prepandemic evaluation (eg,
audio or video quality).

The functionality of Attend Anywhere was considered good by
most interviewees. Clinicians particularly liked the virtual
waiting room and the option for screensharing (Q4b in
Multimedia Appendix 3). This functionality, however, required
a reasonable screen size and was of limited use if the patient
was using a smartphone or small tablet device.

While Attend Anywhere was unfamiliar to most patients, the
“inbound” workflow with a single point of entry and virtual
waiting area made sense to patients because (they told us) using
the technology “felt like” going into a clinic and physically
sitting in a waiting room—a finding that others have also
observed [59]. There were occasional glitches such as when a
patient, offered several waiting rooms, selected the wrong one
(Q4c in Multimedia Appendix 3). In the larger services, an
actual live receptionist would meet and greet the patient on the
video call and transfer the patient to the correct virtual waiting
room.

A national policy decision to provide Attend Anywhere to all
NHS organizations, alongside financial investment in the model
in 2018, strengthened the organizational incentives to expand
use of the technology prior to the pandemic. At the start of the
pandemic, central procurement of Attend Anywhere was further
extended by 2 years. Significant challenges were faced in
resourcing laptops, video cameras, and audio equipment in the
face of national shortages and disrupted supply chains during
the pandemic. But because Attend Anywhere is an encrypted
browser-based technology, some staff could make use of
personal devices to run video consultations.

Staff
Staff attitudes toward video consulting varied considerably,
especially before the pandemic. Most clinicians we spoke to
who had used Near Me had positive things to say about it,
describing it as a significant way of improving patient access
and experience by reducing the need for travel, providing faster
and more direct access to specialists, and helping overcome
reluctance to visit clinical spaces. Some clinicians, who used
video never or rarely before the pandemic, depicted such
services as unprofessional or unsafe (Q5a in Multimedia
Appendix 3). But interviews during the pandemic found that
many had changed their perspective (Q5b in Multimedia
Appendix 3).

Many clinicians talked about still being on a learning curve
about when to offer the remote option and how to conduct such
consultations effectively, including adapting ways of interacting
with patients to take account of the physical and symbolic

differences of the virtual environment (Q5c in Multimedia
Appendix 3).

The shift to video was not universally welcomed. Some staff
felt its continued use beyond the pandemic was a retrograde
step because it was less professionally fulfilling (Q5d in
Multimedia Appendix 3).

Before the pandemic, the use of video consulting was almost
never spoken of in relation to staff well-being (with the
exception of saving travel time). During the pandemic, video
consultations were seen, on the one hand, as protecting
staff—especially vulnerable ones—from risk of infection. On
the other hand, they were described as more cognitively
demanding and tiring than face-to-face ones. In a few cases, the
clinician described becoming unwell during a video consultation
(Q5e in Multimedia Appendix 3).

The Organization
The general innovativeness and digital maturity of health care
organizations had a strong bearing on their ability to introduce,
routinize, expand, and evaluate their video consultation service.
In this regard, the nationwide effort by the Scottish Government
to strengthen digital infrastructure over the previous 10 years
was evident. Many, though not all, organizations had good
broadband connection, adequate hardware, and sufficient
numbers of trained staff to implement the technology. In many
specialties, the equipment had been installed but had not been
routinely used until pandemic pressures created an impetus.

Developments before the pandemic revealed the importance of
equipment setup and availability. This included dual screens,
high-quality cameras and noise-cancelling microphones and
speakers, as well as specialist equipment (eg, high-quality audio
headsets for speech and language therapists, high-magnification
cameras for dermatologists). Much work had gone into these
details alongside the rollout of Near Me in 2018-19. However,
during the early stages of the pandemic, demand for this kit
soon exceeded supply, especially because infection control
protocols prevented sharing between staff. Some ran short and
had to rely on the phone.

Video consulting relied on other technical systems, such as
electronic booking and secure asynchronous communication
channels with patients (eg, texting, email). Digital maturity, in
this regard, was the extent to which standardized processes had
been established for the smooth running and reconfiguration of
appointment schedules to accommodate different modalities.
The rechanneling of IT and outpatient resources during the
pandemic helped address these challenges, but staff in some
settings described various glitches, such as patients entering
incorrect virtual waiting areas, due to rapid restructuring of
administrative workflows and systems (Q6a in Multimedia
Appendix 3).

Prepandemic infrastructure strengthening through the TEC
Programme had mainly focused on outpatient hospital sites,
which were able to scale-up quickly as the pandemic hit. By
contrast, general practice services had had little interest in video
consultations before the pandemic and had to be rapidly set up
in early 2020. Because of shielding, and also because clinic
space was repurposed (eg, for seeing potentially infected
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patients), many general practice staff worked from home.
Despite input from mobile IT teams to install the necessary
equipment, this remote working did not always go smoothly
(Q6b in Multimedia Appendix 3).

A major challenge across all sites was establishing adequate
space and equipment for a video consultation. During the
pandemic, staff worked pragmatically and adaptively, with
technology to hand. Particularly for the larger city hospitals,
moves toward hot-desking and shared office space were not
conducive to the expansion of video services, because open-plan
working encroaches on privacy and may require the clinician
to wear a mask.

Some staff described logistical barriers to establishing and
running a remote consultation, notably requesting and obtaining
blood test results from the patient’s local primary care practice,
transmitting a prescription to the patient’s local pharmacy when
the patient was not there to collect it in person, providing
patients with printed information sheets, or obtaining written
consent (Q6c in Multimedia Appendix 3).

Many of these logistical issues required a redistribution of
resources across the system (eg, additional staff were needed
to run a more complex appointment system and virtual waiting
area). The expansion of video appointments also required new
ways of working and sharing data across departments and with
patients (eg, respiratory services purchased pulse oximeters for
patients to use at home). While these changes were initially
developed (and resourced) as an interim “workaround” measure,
there is both enthusiasm and concern for sustainability of these
practices.

Before the pandemic, efforts to introduce and use remote
services often stalled because of staff shortages (especially when
senior clinicians were replaced by a series of short-term locums)
or general lack of resources. Attempts by IT and service
managers to set up remote services and embed them in
business-as-usual were dependent on clinicians who were willing
to join the change effort, use the technology, and consider
working in a different way. Such individuals were relatively
rare (described by one interviewee as the “keenies” but perhaps
more formally classified as “innovators” or “early adopters”
[53]). The rechanneling of local resources during the pandemic,
alongside a lull in routine activity in some specialties, provided
clinicians with the opportunity to try out and adapt new ways
of working.

We found in our prepandemic evaluation that both dyadic and
(even more so) triadic hub-spoke models raised logistical
challenges and required various kinds of double-handling (eg,
appointments needed to be made, rooms booked, and staff
members made available, at both the hub and the spoke site).
In some remote sites, there was much redundancy (eg, staff
were allocated to a hub clinic for a whole morning but only 1
or 2 patients were seen); in others, a lone staff member had to
juggle multiple roles (Q6d in Multimedia Appendix 3).

Because much of this double-handled activity related to
outpatient consultations or cold surgery, it was stalled during
the pandemic. It is unclear how, as video consultation services
expand beyond the pandemic, this issue will be resolved.

All the organizations we studied were committed to a policy of
inclusion. Service teams were encouraged to ensure that new
remote models did not disadvantage people in relation to service
access and allowed patients to exercise choice where clinically
appropriate.

During the pandemic, patient choice was heavily constrained
by infection control protocols, a measure that created huge
challenges for ensuring equity of access. Some of our
respondents were keen that video should not be the default
option for everyone going forward (Q6e in Multimedia
Appendix 3).

The Wider System
The Scottish Government’s longstanding commitment to using
technologies to achieve high-quality, accessible, and equitable
care and contributing to a low-carbon future created an important
national-level context for the introduction and mainstreaming
of video consultations. While remote areas had limited or no
broadband access, this was improving as a result of a policy
push for connectivity. However, there was no strong tradition
of digital communication (some outlying islands, for example,
had only had broadband outside the largest town for a few years,
so not everyone owned, or was comfortable using, a
smartphone). When the pandemic hit, the Near Me service was
immediately mandated across the country, allowing rapid and
consistent implementation locally and regionally (Q7a in
Multimedia Appendix 3).

Also important was engagement of professional bodies such as
Royal Colleges, who endorsed the TEC Programme’s vision
and guidance documents from an early stage. Proactive
communication between government and professional bodies
ensured that frontline clinicians believed that the changes were
professionally endorsed and led rather than imposed by central
government. In addition, the TEC team worked with NHS
National Services Scotland (a public body that provides national
strategic support to NHS services) to review and monitor
network bandwidth capacity for the rapid expansion of video,
and sought data protection approvals at a national level to
provide confidence and continuity across local organizations.

There was a concerted effort at national and local level to
support collaborative learning and interorganizational support.
This included shared learning within specialties at national level
(supported by NHS Education Scotland) and board-level
collaboration between departments about local processes (Q7b
in Multimedia Appendix 3). As well as supporting knowledge
sharing across the 14 health boards, the Scottish TEC team
engaged with national and regional leads across England and
Wales to facilitate local rollout shortly prior, and during, the
pandemic. This included the sharing of training resources,
patient facing materials, and governance documentation. The
English and Welsh NHS Trusts were also hosted temporarily
on the Scottish Attend Anywhere platform to help them off the
ground until separate platforms could be established, at some
risk to their own system integrity.
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Discussion

Principal Findings
This is a mixed methods case study of the development and
pandemic-driven scale-up of video consultation services across
Scotland. Using the PERCS framework, we have mapped a
complex data set of qualitative and quantitative findings to
explain multiple interacting domains of influence. Before the
pandemic, a national program to extend a service that had been
successful in local pilots was already underway, driven by an
ethos of collaborative quality improvement, reducing
inequalities, and achieving cross-government low-carbon goals.
By the time the pandemic hit, there had been considerable
investment in material and technological infrastructure, staff
training, and professional and public engagement. Scotland was
thus uniquely well placed to expand its video consultation
services at pace and scale, resulting in a dramatic increase in
number of services using video. While not everything went
smoothly, video consultations became available as
business-as-usual for a much wider range of clinical problems,
vastly extending the prepandemic focus on outpatient monitoring
of chronic stable conditions.

Strengths and Limitations
The great strength of this study is that, somewhat
serendipitously, we had built a good working relationship with
the Scottish Government and many regional implementation
teams just before the pandemic hit, and were able to mobilize
quickly to undertake a second phase of the evaluation. This
meant that—perhaps uniquely in any country—we obtained
both pre- and peripandemic data of various kinds. We were also
undertaking other research on remote consultations across the
UK and developing the PERCS framework, which proved useful
for explaining and organizing multiple streams of data.

The limitations of this study are threefold. First, pandemic
restrictions meant that we could undertake no ethnographic
work in phase 2, and our data collection more generally was
affected by the unprecedented pressures on NHS staff (who, for
example, had had little time to reflect individually or collectively
on what was happening). This also raises potential sample biases
toward more technically literate participants (ie, to conduct
interviews by video), as well as those individuals with the time
available to speak with us. We sought to mitigate these issues
by offering phone as well as video interviews and adapting
interview schedules to meet individual circumstances. Second,
our positive and now longstanding working relationship with
national- and regional-level stakeholders may have led us to
view their change efforts in a positive light, though in other
large-scale evaluations we have had equally positive relations
with stakeholders but produced less positive reports [21]. Third,
the pace, scale, and scope of the evaluation did not allow us to
produce an economic component to explore the costs and
cost-effectiveness of the video option in different circumstances
and settings.

Comparison With Prior Work
Scotland’s story of scaling up video consultations resonates
with what we know of other countries that had a relatively

advanced infrastructure for telehealth—for example, Australia,
where a small (and possibly skewed) survey found that up to
60% of health professional respondents had consulted by video
during the pandemic, aided by a slackening of regulatory
restrictions and more flexible reimbursement [35]. In Norway,
the relative proportion of remote GP appointments increased
from approximately 3% (before the pandemic) to almost 60%
during the initial lockdown [60]. This move was encouraged
by the Norwegian Ministry of Health and Care services and
incentivized by temporary modifications to reimbursement
systems. Clinician surveys revealed that, while such shift raised
new possibilities for video consulting in the longer term,
important clinical, technical, and operational challenges remain
[60]. In New Zealand, the Royal College of General Practitioners
urged all members to switch to remote (video, phone, email)
consultations with a goal of reducing in-person visits by 70%
within 48 hours of the national lockdown [61]. This rapid
response was aided by a NZ $20 (US $13.8) million government
commitment to increase telehealth capacity, training webinars
through the National Telehealth Resource Center, and temporary
relaxation of electronic prescribing rules [62]. While nationwide
uptake of this service model is yet to be comprehensively
reviewed [63], preliminary research indicates longstanding
potential; pending further investments; and closer attention to
IT infrastructure, regulatory, and accessibility considerations
[64,65]. We suspect there will be useful comparisons between
New Zealand and Scotland, possibly using the PERCS
framework.

Basu et al [27] have sought to capture the different perspectives
of the International Medical Informatics Association Telehealth
Working Group, to broadly explore the role of telehealth in 10
different countries during the pandemic. The authors present 6
themes which align broadly with our Scottish case study,
namely, strategic (policy decisions and legal changes);
operational (increasing capacity and delivery by building skills
and resources at pace and scale); regulatory (including
pandemic-related unofficial workarounds with unregulated
products); changes in attitudes and uptake; public engagement;
and training and education. The authors use the World Health
Organization Health System model to emphasize the
sociotechnical nature of these changes. Other system-focused
frameworks such as i-PARIHS (integrated Promoting Action
on Research Implementation in Health Services) take a similar
though not identical approach [66].

In the language of system innovation, the pandemic was what
Van de Ven [67] would call an “environmental
shock”—something that generates uncertainty, puts
organizations under stress, and requires an urgent adaptive
response. A weak system is highly vulnerable to such shocks
but a resilient one that is able to adapt can sometimes use the
shock as an impetus to innovation and thereby become better
able to weather the next shock [68]. The litmus test for Scotland
is perhaps not the impressive expansion of video consulting
during the pandemic under emergency measures (unregulated
telehealth) but the extent to which the positive elements of this
expansion will be retained and mainstreamed once such
measures are rolled back (regulated telehealth) [27]. It is to
Scotland’s credit that both its technological and human
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infrastructure were sufficiently resilient to respond in ways that
could often be routinized within the existing system.

Gkeredakis et al [28] apply 3 perspectives to shed light on the
varied uses of digital technology, and associated tensions, during
the COVID-19 crisis: opportunity for accelerated innovation
and removal of barriers to experimentation; disruption to
organizational and occupational practices, generating new
dependencies and risks; and exposure of vulnerabilities in both
people and infrastructures that have previously gone unnoticed,
such as physical work spaces, IT networks, and key workers
[28]. Our findings illustrated each of these themes.

Conclusion
Scotland’s national-level groundwork before the pandemic
allowed many services to transform, at pace and scale, to a
video-first mode of operating. Key contributors included the
“burning platform” of the pandemic, national strategic vision,
a well-resourced quality improvement model based around
communities of practice and system learning, dependable
technology, and multiple opportunities for staff to try out the
video option.

We anticipate that sustaining video as the new normal will
depend on multiple issues such as digital infrastructure, human
and financial resources (distributed fairly across the system),
training (including digital literacy and teleconsulting skills),
workforce (including extent to which video can help compensate
for staff shortages), data security (including overcoming the
tendency for regulations to be overly restrictive), and research
into remote clinical examinations [25,69].

Evidence that remote care contributes significantly to greener
health services is currently limited (one study suggests that a
substantial reduction in carbon footprint could be made [70]),
but we and others are continuing to study this important factor.
Further research is also recommended into different service
models. We flagged, for example, that the triadic hub-spoke
model is somewhat labor intensive and unlikely to be scalable,
whereas hub-home is limited by patients’ digital and material
setup. Other models have also been described [71].

Scotland provides an important national case study from which
other countries may learn. We invite others to apply the PERCS
framework to their own case studies and propose refinements
to it.
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Abstract

Background: Many countries have experienced 2 predominant waves of COVID-19–related hospitalizations. Comparing the
clinical trajectories of patients hospitalized in separate waves of the pandemic enables further understanding of the evolving
epidemiology, pathophysiology, and health care dynamics of the COVID-19 pandemic.

Objective: In this retrospective cohort study, we analyzed electronic health record (EHR) data from patients with SARS-CoV-2
infections hospitalized in participating health care systems representing 315 hospitals across 6 countries. We compared
hospitalization rates, severe COVID-19 risk, and mean laboratory values between patients hospitalized during the first and second
waves of the pandemic.

Methods: Using a federated approach, each participating health care system extracted patient-level clinical data on their first
and second wave cohorts and submitted aggregated data to the central site. Data quality control steps were adopted at the central
site to correct for implausible values and harmonize units. Statistical analyses were performed by computing individual health
care system effect sizes and synthesizing these using random effect meta-analyses to account for heterogeneity. We focused the
laboratory analysis on C-reactive protein (CRP), ferritin, fibrinogen, procalcitonin, D-dimer, and creatinine based on their reported
associations with severe COVID-19.

Results: Data were available for 79,613 patients, of which 32,467 were hospitalized in the first wave and 47,146 in the second
wave. The prevalence of male patients and patients aged 50 to 69 years decreased significantly between the first and second
waves. Patients hospitalized in the second wave had a 9.9% reduction in the risk of severe COVID-19 compared to patients
hospitalized in the first wave (95% CI 8.5%-11.3%). Demographic subgroup analyses indicated that patients aged 26 to 49 years
and 50 to 69 years; male and female patients; and black patients had significantly lower risk for severe disease in the second wave
than in the first wave. At admission, the mean values of CRP were significantly lower in the second wave than in the first wave.
On the seventh hospital day, the mean values of CRP, ferritin, fibrinogen, and procalcitonin were significantly lower in the second

J Med Internet Res 2021 | vol. 23 | iss. 10 |e31400 | p.1058https://www.jmir.org/2021/10/e31400
(page number not for citation purposes)

Weber et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

mailto:tcai@hsph.harvard.edu
https://www.jmir.org/2021/11/e34625
http://www.w3.org/Style/XSL
http://www.renderx.com/


wave than in the first wave. In general, countries exhibited variable changes in laboratory testing rates from the first to the second
wave. At admission, there was a significantly higher testing rate for D-dimer in France, Germany, and Spain.

Conclusions: Patients hospitalized in the second wave were at significantly lower risk for severe COVID-19. This corresponded
to mean laboratory values in the second wave that were more likely to be in typical physiological ranges on the seventh hospital
day compared to the first wave. Our federated approach demonstrated the feasibility and power of harmonizing heterogeneous
EHR data from multiple international health care systems to rapidly conduct large-scale studies to characterize how COVID-19
clinical trajectories evolve.

(J Med Internet Res 2021;23(10):e31400)   doi:10.2196/31400

KEYWORDS

SARS-CoV-2; electronic health records; federated study; retrospective cohort study; meta-analysis; COVID-19; severe COVID-19;
laboratory trajectory

Introduction

From January 2020 to June 2021, the COVID-19 pandemic has
resulted in over 170 million confirmed cases of SARS-CoV-2
infection and 3.7 million confirmed deaths worldwide [1].
Similar to previous viral pandemics, the resurgence in
SARS-CoV-2 infections and subsequent hospitalizations since
the first documented outbreaks have been characterized by a
series of “waves.” To date, there have been reports of at least
two waves in numerous countries, including an initial one in
the Spring of 2020 and a resurgence of cases in the Summer
and Fall of 2020 [1-10]. A limited number of single-center
studies have reported differences in laboratory values,
demographic composition, and disease management between
patients with COVID-19 admitted in the first and second waves
[6,8,11,12]. Thus, there is substantial interest in comparing the
clinical trajectories of patients with SARS-CoV-2 who were
hospitalized across different waves of the pandemic to better
understand the rapidly evolving epidemiology, pathophysiology,
and health care dynamics of the COVID-19 pandemic. This
may further inform health care workers, policymakers, and
public health experts on how to anticipate potential additional
waves due to SARS-CoV-2 variants [13].

Single-center studies are limited in scope, power, and
generalizability, and there is a need for robust multicenter
analyses using multinational cohorts that compare first and
second wave patient characteristics. The goal of this study was
to use a federated electronic health record (EHR)-based approach

to examine international temporal trends in the clinical
trajectories of patients hospitalized with SARS-CoV-2 across
6 countries obtained from contributing health care systems in
the Consortium for Clinical Characterization of COVID-19 by
EHR (4CE) [14], an international research collaborative of more
than 300 hospitals across 7 countries that collects patient-level
EHR data to study the epidemiology and clinical course of
COVID-19. We collected data from 26 participating
international health care systems covering 79,613 hospitalized
patients with SARS-CoV-2 to study changes in (1)
hospitalization rates across calendar time; (2) risk of developing
severe COVID-19; and (3) mean laboratory values and
laboratory testing rates between the first and second waves. We
stratified severity risk analyses by country and demographic
subgroups.

Methods

Description of the Federated Approach: Participating
Health Care Systems, Local Data Collection, and
Central Data Aggregation
Our analyses were performed on EHR data collected from 315
hospitals (affiliated with 26 regional health care systems) across
the following 6 countries: Brazil, France, Germany, Italy, Spain,
and the United States [14,15]. In the United States, we grouped
the 170 Veterans Affairs (VA) hospitals into 5 regional health
care systems [16]. See Table 1 for details about participating
health care systems and Figure 1 for a map of participating
health care systems.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e31400 | p.1059https://www.jmir.org/2021/10/e31400
(page number not for citation purposes)

Weber et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://dx.doi.org/10.2196/31400
http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 1. Participating health care systems, metadata on the number of hospitals and beds, and hospitalization date used to define the first and second
wave cohorts.

Second wave
sample size,
n

First wave
sample size,
n

Second wave date
range

First wave date
range

Inpatient dis-
charges/year,
n

Beds, nHospitals,
n

CountryHealth care system

45849827August 11, 2020,
to November 06,
2020

January 29, 2020,
to August 10,
2020

1,375,53820,09839FranceAssistance Publique -
Hôpitaux de Paris

1543945May 01, 2020, to
February 15, 2021

February 28,
2020, to April 30,
2020

29,1039587ItalyAzienda Socio-Sanitaria
Territoriale della provincia
di Pavia

585685September 03,
2020, to February
22, 2021

March 23, 2020,
to September 02,
2020

40,7526731United
States

Beth Israel Deaconess
Medical Center

439331August 01, 2020,
to November 07,
2020

January 23, 2020,
to July 31, 2020

130,03326763FranceBordeaux University Hos-
pital

37302369July 21, 2020, to
February 28, 2021

March 01, 2020,
to July 20, 2020

45,03512561SpainHospital Universitario 12
de Octubre

3711533May 22, 2020, to
November 13,
2020

February 25,
2020, to May 21,
2020

45,00010801ItalyAzienda Socio-Sanitaria
Territoriale Papa Giovanni
XXIII Bergamo

58113May 09, 2020, to
November 16,
2020

February 29,
2020, to May 08
2020

86164261ItalyIstituto Clinico Scientifico
Maugeri Pavia Hospital

11938May 09, 2020, to
November 16,
2020

February 21,
2020, to May 08,
2020

24322001ItalyIstituto Clinico Scientifico
Maugeri

Milano Hospital

21111May 09, 2020, to
November 16,
2020

March 11, 2020,
to May 08, 2020

12961491ItalyIstituto Clinico Scientifico
Maugeri Lumezzane/Bres-
cia Hospitals

17352736August 01, 2020,
to February 28,
2021

March 11, 2020,
to July 31, 2020

163,521341810United
States

Mass General Brigham
(Partners Healthcare)

1482127May 26, 2020, to
November 15,
2020

March 12, 2020,
to May 25, 2020

55,66416008United
States

Medical University of
South Carolina

35672313August 01, 2020,
to December 31,
2020

March 05, 2020,
to July 31, 2020

103,279223410United
States

Northwestern University

304612August 02, 2020,
to November 13,
2020

February 25,
2020, to August
01, 2020

40,0009001ItalyPoliclinico di Milano

490186August 01, 2020,
to February 28,
2021

March 13, 2020,
to July 31, 2020

71,50016601GermanyMedical Center, University
of Freiburg

151425August 04, 2020,
to November 13,
2020

March 10, 2020,
to August 03,
2020

40,5267862United
States

University of California,
LA

352113July 08, 2020, to
November 06,
2020

March 18, 2020,
to July 07, 2020

45,7148813United
States

University of Kentucky

1619745August 01, 2020,
to February 28,
2021

March 09, 2020,
to July 31, 2020

49,00810003United
States

University of Michigan

49781August 04, 2020,
to January 23,
2021

March 18, 2020,
to August 03,
2020

50,74813521GermanyUniversity Medicine
Mannheim
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Second wave
sample size,
n

First wave
sample size,
n

Second wave date
range

First wave date
range

Inpatient dis-
charges/year,
n

Beds, nHospitals,
n

CountryHealth care system

1525458June 06, 2020, to
October 30, 2020

March 14, 2020,
to June 05, 2020

52,000309511United
States

University of North Caroli-
na at Chapel Hill

425171August 01, 2020,
to February 28,
2021

April 01, 2020, to
July 31, 2020

28,1674901BrazilUniversidade Estadual
Julio de Mesquita Filho

5021685August 01, 2020,
to February 28,
2021

March 13, 2020,
to July 31, 2020

369,300808539United
States

University of Pittsburgh

29841949August 01, 2020,
to February 04,
2021

March 01, 2020,
to July 31, 2020

151,075359449United
States

Veteran Affairs North At-
lantic

40711679August 01, 2020,
to February 04,
2021

March 01, 2020,
to July 31, 2020

156,315311529United
States

Veteran Affairs Southwest

46171544August 01, 2020,
to February 04,
2021

March 01, 2020,
to July 31, 2020

145,468268639United
States

Veteran Affairs Midwest

34951497August 01, 2020,
to February 04,
2021

March 01, 2020,
to July 31, 2020

113,260211024United
States

Veteran Affairs Continen-
tal

33611194August 01, 2020,
to February 04,
2021

March 01, 2020,
to July 31, 2020

114,569229629United
States

Veteran Affairs Pacific

47,14632,467N/AN/A3,427,91966,818315N/AaTotal

aN/A: not applicable.
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Figure 1. (A) World map with health care systems. (B) Schematic of the federated electronic health record (EHR)-based study involving health care
systems from 6 countries. 4CE: Consortium for Clinical Characterization of COVID-19 by EHR; ICD: International Classification of Diseases.

Similar to our previous 4CE studies, we distributed a SQL
database script to each of the contributing health care systems,
which they ran on their patient-level EHR data to generate
aggregate counts and statistics about their patient cohorts after
gaining institutional review board approval [14,15,17]. Health
care systems then uploaded their aggregate data via a central
4CE data upload tool. Aggregate data included hospital
admission summaries over calendar time; dates of positive
SARS-CoV-2 reverse transcription polymerase chain reaction
tests; demographic counts for age, sex, and race groups; and
daily trajectories of laboratory test values. Race data were only
reported in participating health care systems from the United
States and only included categories for black and white patients
given the considerable heterogeneity present in race coding
systems across health care system EHRs. A schematic of our
workflow is presented in Figure 1, and further details of
collected data are reported in Multimedia Appendix 1.

In order to ensure high-quality EHR data across health care
systems and countries, extensive data quality control was
performed. When sites uploaded the data using the 4CE data

upload tool, an initial online quality control verified that all
comma separated value (CSV) files were under the standard
format, which included verification of the file and column
names, column orders, data types, code values and ranges, and
the absence of duplicated records. This step was crucial in
ensuring proper downstream statistical analysis. At the central
site, additional quality control steps were completed on all
submitted data. These steps included cross-validating the
consistency of the total case counts, checking that there are no
negative values in patient counts, and verifying that no data
types were missing. We also checked for consistency between
the 3-digit International Classification of Diseases (ICD) codes
and the ICD dictionary. To assess the general consistency of
the laboratory data from each site with data observed from all
health care systems and to detect outliers, we plotted laboratory
values across time with all sites overlaid on each other. Using
these plots, we were also able to check if certain laboratory
values from specific health care systems were systematically
lower or higher than for other sites, which usually indicated
unit errors. If a health care system presented any quality control
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issues, the central site directly contacted its corresponding
informaticians to resolve them.

Cohort Identification
Our study included all patients hospitalized up to February 28,
2021, at participating 4CE health care systems with an admission
date between 7 days before to 14 days after the date of the first
positive SARS-CoV-2 reverse transcription polymerase chain
reaction test result. We chose this time window in an effort to
mitigate selection bias by identifying hospitalized patients who
may have tested positive for SARS-CoV-2 before or after being
admitted to a hospital. We further defined the first admission
date within this −7 to +14-day time window as the index date,
and “days since admission” and “hospital day” are referenced
to this index date. EHR data were available for 79,613 patients.

We partitioned patients into first- and second-wave cohorts
according to their index date. Although different regions had
slightly varying temporal trajectories in COVID-19–related
hospitalizations, our data indicated 2 predominant waves of
hospitalizations, which we used to partition patients as follows:
a first wave from January 1 to July 31, 2020, and a second wave
from August 1, 2020, to February 28, 2021. Relatively few
admissions occurred between July and August 2020 across all
health care systems. Table 1 defines health care system-specific
hospitalization date criteria for the first and second waves.

We further categorized patients as “ever-severe” using the
validated 4CE COVID-19 severity algorithm that allows us to
determine whether patients, at any time during their
hospitalization, progressed to severe disease, regardless of their
recovery from COVID-19 [18]. The algorithm leverages a set
of EHR data elements to define severe COVID-19 including
(1) laboratory tests for partial pressure of carbon dioxide or
partial pressure of oxygen; (2) ordered medications for sedatives
and anesthetics; (3) diagnosis codes for acute respiratory distress
syndrome or ventilator-associated pneumonia; and (4)
procedures such as endotracheal tube insertion and invasive
mechanical ventilation [18].

Statistical Analysis
Centralized random effect meta-analyses were performed to
summarize individual health care system effect sizes. To account
for heterogeneity between health care systems, we harmonized
effect sizes using DerSimonian and Laird random effect
meta-analysis [19]. Weights assigned to health care system
effect sizes during meta-analysis were kept constant between
corresponding first and second cohort analyses to facilitate
effective comparisons between waves. All statistical analyses
were performed using R software version 4.0.2 (R Foundation
for Statistical Computing).

We estimated the intensity rate of hospitalizations over time
within each participating health care system and averaged at
the country level. Within each health care system, the intensity
rate for a given calendar date was estimated as the proportion
of patients in the cohort who were hospitalized on that date. We

further summarized the prevalence of demographic subgroups
in the first and second waves. We excluded the VA health care
systems only when estimating the prevalence of demographic
subgroups in our cohort due to their unique demographic profiles
[20]. We report the prevalence of demographic subgroups
including the VA health care systems in Multimedia Appendix
2.

We then estimated the absolute risk of severe COVID-19 in the
first and second waves and the relative risk (RR) of severe
COVID-19 in the second wave compared with the first wave.
Within each health care system and over a set time period of
interest, the absolute risk was estimated as the proportion of
patients who ever developed severe disease among all patients
in the corresponding cohort. We stratified these analyses by
country and demographic subgroups. Analyses of absolute risk
and RR for severe COVID-19 included all participating health
care systems.

We then compared standardized mean laboratory test values
stratified by disease severity at days 0, 1, and 7 to investigate
changes in laboratory trajectories between the 2 waves. We
focused on the following 6 blood laboratory values associated
with worse outcomes and severe disease in patients with
COVID-19: C-reactive protein (CRP), ferritin, fibrinogen,
procalcitonin, D-dimer, and creatinine [21-28]. To facilitate
effective comparisons, we defined standardized laboratory
values as relative to each laboratory test’s harmonized value on
the index date in the first wave. We also summarized the
proportion of all and ever-severe patients having each laboratory
test at days 0 to 14 stratified by country to examine any changes
in clinical practice regarding laboratory testing.

Ethics Approval
All study sites were responsible for and obtained ethics approval,
as needed, from the appropriate ethics committee at their
institutions.

Data Sharing Statement
Deidentified aggregate data were provided by sites for this study.
The 4CE provides samples of deidentified data collected by the
consortium and some corresponding visualizations on the
consortium website [29].

Results

Characteristics of the Study Population and Trends
in Hospitalization
In the study population of 79,613 hospitalized patients with
SARS-CoV-2, 32,467 were hospitalized during the first wave
and 47,146 were hospitalized during the second wave. In this
cohort, the United States represented the country with the most
hospitalizations. As seen in Figure 2B, hospitalization rates
generally peaked in March-April of 2020 and again in the final
months of 2020 across all 6 countries.
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Figure 2. (A) Total hospitalizations in the cohort between the first and second waves. (B) The intensity rate of hospitalizations over time by country.

We report the prevalence of demographic subgroups in Figure
3. Overall, there was a higher prevalence of male and older age
patients in both waves. The prevalence of patients aged 50 to
69 years decreased significantly from the first wave (37.1%,
95% CI 35.0%-39.3%) to the second wave (32.3%, 95% CI
30.5%-34.2%). The prevalence of male patients also decreased
from the first wave (55.3%, 95% CI 53.1%-57.5%) to the second
wave (50.9%, 95% CI 49.1%-52.6%). There were no statistically
significant changes in the prevalence of other age or sex groups
for the entire cohort. At the country level, we observed that in
Spain, the prevalence of patients aged 26 to 49 years increased

significantly from 21.0% (95% CI 19.4%-22.7%) in the first
wave to 24.3% (95% CI 23.0%-25.7%) in the second wave,
while the prevalence of patients aged 70 to 79 years decreased
significantly from 16.8% (95% CI 15.4%-18.4%) in the first
wave to 14.1% (95% CI 13.0%-15.3%) in the second wave. In
the United States, the prevalence of white patients increased
(first wave: 46.3%, 95% CI 36.3%-56.6% vs second wave:
60.2%, 95% CI 48.1%-71.1%), while the prevalence of black
patients decreased (first wave: 29.7%, 95% CI 20.0%-41.8%
vs second wave: 19.4%, 95% CI 13.3%-27.5%), although both
results did not reach statistical significance.
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Figure 3. (A) Prevalence of demographic subgroups in the first and second waves for the entire cohort and estimated absolute risk for severe COVID-19
by demographic subgroup. (B) Country-level demographics of all patients by wave. Error bars indicate 95% CIs. *Significant difference by nonoverlapping
95% CIs.

Risk of Severe Disease in the First and Second Waves
We report the absolute risk and RR for severe COVID-19
stratified by country in Figure 4. The absolute risk of severe
disease was 0.40 (95% CI 0.34-0.48) in the first wave and 0.33
(95% CI 0.25-0.43) in the second wave. The absolute risk for
severe disease varied significantly across countries in both
waves (first wave vs second wave) as follows: Brazil, 30.1%
vs 8.7%; France, 66.7% vs 60.1%; Germany, 33.3% vs 25.8%;
Italy, 12.6% vs 6.5%; Spain, 38.3% vs 44.5%; United States,

49.4% vs 44.8%. The RR of severe disease in the second wave
compared to the first wave was more comparable across Brazil
(RR 0.29, 95% CI 0.20-0.42), France (RR 0.90, 95% CI
0.87-0.92), and the United States (RR 0.88, 95% CI 0.87-0.90).
The observed RR was 0.78 (95% CI 0.52-1.17) in Germany and
0.53 (95% CI 0.27-1.04) in Italy, but the reduction in risk was
not statistically significant. In contrast, patients in Spain (RR
1.16, 95% CI 1.09-1.24) had a slightly higher risk of severe
COVID-19 in the second wave than in the first wave.
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Figure 4. (A) Absolute risk for severe COVID-19 in the first and second waves. (B) Relative risk of severe COVID-19 in the second compared to the
first wave stratified by country. Error bars indicate 95% CIs.

We report the absolute risk and RR for severe COVID-19
stratified by demographic subgroups in Figure 3A and Table 2,
respectively. Across demographic subgroups in the second wave,
there were significant reductions in risk among patients aged
26 to 49 years and 50 to 69 years; male and female patients;

and black patients. RR effect sizes were generally comparable
between sexes and between races. The reduction in risk in the
second wave was slightly greater for younger age groups than
for older age groups.
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Table 2. Relative risk of severe disease in the second wave compared to the first wave stratified by demographic subgroups and by country.

United States, RR
(95% CI)

Spain, RR (95%
CI)

Italy, RR (95%
CI)

Germany, RR
(95% CI)

France, RR (95%
CI)

Brazil, RR (95%
CI)

All countries,

RRa (95% CI)

Demograph-
ic group

Age (years)

0.80 (0.59-1.09)N/AN/AN/A1.50 (1.08-2.09)cN/Ab0.75 (0.56-1.02)0-25

0.81 (0.69-0.94)c1.08 (0.90-1.29)0.24 (0.07-0.78)c1.1 (0.51-2.45)0.86 (0.57-1.31)0.31 (0.16-0.61)c0.77 (0.63-0.94)c26-49

0.88 (0.79-0.98)c1.12 (1.02-1.23)c0.50 (0.17-1.46)0.88 (0.56-1.39)0.95 (0.89-1.01)0.23 (0.12-0.43)c0.84 (0.72-0.97)c50-69

0.87 (0.76-0.99)c1.16 (1.03-1.32)c1.38 (0.97-1.97)0.84 (0.53-1.34)1.00 (0.95-1.06)0.26 (0.12-0.60)c0.91 (0.80-1.02)70-79

0.97 (0.83-1.15)1.49 (1.31-1.69)c1.13 (0.56-2.28)0.87 (0.37-1.96)0.93 (0.77-1.12)0.62 (0.11-3.34)1.01 (0.87-1.17)≥80

Sex

0.86 (0.76-0.98)c1.13 (1.02-1.25)c0.87 (0.49-1.53)0.59 (0.13-2.71)0.88 (0.84-0.92)c0.22 (0.12-0.42)c0.84 (0.73-0.96)cFemale

0.89 (0.81-

0.98)*c
1.18 (1.10-1.28)c0.61 (0.29-1.25)0.58 (0.25-1.34)0.93 (0.90-0.96)c0.32 (0.19-0.53)0.85 (0.76-0.95)cMale

Race

0.89 (0.81-0.98)cN/AN/AN/AN/AN/A0.89 (0.81-0.98)cBlack

0.91 (0.80-1.03)N/AN/AN/AN/AN/A0.91 (0.80-1.03)White

aRR: relative risk.
bN/A: not applicable; no patients reported in specific demographic subgroups for certain countries.
cStatistically significant.

Change in Mean Laboratory Values and Laboratory
Testing Rates
We report standardized mean laboratory values in the first and
the second waves at days 0, 1, and 7 since the index date of
admission for CRP, ferritin, fibrinogen, procalcitonin, D-dimer,
and creatinine in Figure 5. Among all patients, we observed
significantly lower mean CRP values throughout the first week
of hospitalization on days 0, 1, and 7 in the second wave than
in the first wave. All other mean laboratory values on day 0
were not significantly different between the first and second

waves. At day 7, we further observed that the mean values of
ferritin, fibrinogen, and procalcitonin were all significantly
lower in the second wave than in the first wave.

Among patients with severe disease, we observed similar results
with regard to comparing mean laboratory values between the
first and second waves. Mean CRP values during the first week
of hospitalization on days 0, 1, and 7 were significantly lower
in the second wave than in the first wave. Mean fibrinogen and
procalcitonin values were significantly lower on day 7 in the
second wave than in the first wave.
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Figure 5. Standardized mean laboratory values (A) and corresponding laboratory testing rates (B) among all patients and those with severe disease in
the first and second waves. Error bars indicate 95% CIs.

When comparing the overall laboratory testing rates during
hospitalization, as reported in Figure 5, we observed that overall
testing rates among all patients for procalcitonin were
significantly lower across hospitalization days in the second
wave than in the first wave. Overall procalcitonin testing rates
among patients with severe disease were similarly significantly
lower across hospitalization days in the second wave than in
the first wave. There were no other significant changes in overall
laboratory testing rates. We report laboratory testing rates within
each country in Figure 6; creatinine laboratory data were not
available from participating health care systems in Germany.
Laboratory testing rates among countries varied significantly
between the first and second waves. European countries
exhibited the most changes in testing rates at admission (day

0). In the second wave, there was a significant increase in the
D-dimer testing rate in France, Germany, and Spain, and in the
CRP, creatinine, and fibrinogen testing rates in Spain. In
Germany, there were significant decreases in the testing rates
for CRP, ferritin, and procalcitonin at admission. In Brazil, there
was a significant decrease in the testing rate for D-dimer at
admission. In contrast, the United States did not have any
significant changes in laboratory testing rates at admission. In
all countries, except Brazil and Spain, laboratory testing rates
in the second wave were generally lower during the second
week of hospitalization. In Spain, second hospital week testing
rates for CRP, fibrinogen, and creatinine were higher in the
second wave than in the first wave.
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Figure 6. Laboratory testing rates across hospitalization days in each country. Error bars indicate 95% CIs. Laboratory data for creatinine were
unavailable for health care systems in Germany. NA: Not Available.

Discussion

Principal Findings
In this large EHR-based study, we employed a federated
approach to rapidly aggregate and harmonize clinical data across
315 international hospitals from 6 countries that included 79,613
hospitalized patients with SARS-CoV-2 to offer insights on the
evolving clinical trajectory of COVID-19 across the first and
second waves. We found that patients hospitalized in the second
wave were at significantly lower risk for severe COVID-19,
corresponding to lower mean laboratory values for several
inflammatory markers during the first week of hospitalization
in the second wave than in the first wave.

In this study, we capitalized on the availability of real-world
EHR data from participating international health care systems
within the 4CE to capture pertinent clinical characteristics
effectively and accurately. Despite the high heterogeneity in
the health systems, we were able to rigorously perform quality
checks across all health care centers using a multidisciplinary
team approach that engages statisticians, informaticians, and

clinicians. Additionally, the multinational nature of our data
allowed us to identify country-level variations in temporal
trends, as well as distinguish different clinical phenotypes and
trajectories in the second wave compared with the first wave of
the pandemic.

Notably, our federated approach demonstrated several
advantages over methods where hospitals transfer patient-level
data to a central repository [30]. By keeping data local within
hospitals, we avoided privacy concerns and regulatory barriers
that often delay multisite research studies. By comparing the
results from different hospitals, rather than treating all the data
as a single combined data set, we could identify outliers that
suggested data quality problems. Finally, by having local data
experts at each site running the database queries, we could
leverage their help in addressing these data quality concerns
[31,32]. Although more sophisticated analyses, such as machine
learning models or robust multivariable models that can adjust
for multiple sources of various types of bias, are harder to
implement in a federated architecture than in a central
repository, this study demonstrated that our federated approach
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enabled us to obtain early clinical insights into the evolving
pandemic and helped us gain confidence in the data.

Our data demonstrated a near uniform peak in country-specific
hospitalizations in the first wave and a variable peak in
country-specific hospitalizations in the second wave, reflecting
country-specific patterns in the resurgence of COVID-19–related
hospitalizations that were consistent with international tracking
sites [1,9,10]. In all countries, except Brazil and the United
States, the second wave peak was characterized by a lower
intensity compared to the first wave peak, possibly reflecting
the effects of successful COVID-19 mitigation measures
implemented after the first wave [33,34].

Consistent with previous single-country studies, we observed
that patients hospitalized in the second wave had an overall
lower risk for severe COVID-19 than patients hospitalized in
the first wave [6,12,35,36]. On further stratifying our analyses
by country, we were able to observe that patients in Spain
instead had a significantly higher risk for severe disease in the
second wave, contrary to what we observed in France and the
United States. Although the reasons for the increased risk of
severe COVID-19 during Spain’s second wave are unclear and
likely complex, it is consistent with international tracking sites
that indicated increased mortality rates and health care resource
use in Spain’s second wave, and it reflects the importance of
being able to identify country-specific variations in our data
[37]. We further note that the data from Spain originated from
1 hospital and were likely subject to some forms of bias. Even
when stratifying by demographic subgroups, we observed
similar patterns indicating reduced risk for severe COVID-19
in the second wave, particularly among patients aged 26 to 49
and among black patients. However, while the risk of severe
disease for the entire population was lower in the second wave
for patients aged 26 to 49, country-specific results demonstrated
possible collider bias and small-sample bias in that the individual
estimates for Brazil, France, Germany, and Spain were not
statistically significant and were imprecise with wide CIs. This
is likely due in large part to the smaller sample size of this age
group in each country and reflects the need for multicenter
studies to improve power. While one might expect to see a less
severe disease later in the course of the pandemic due to changes
in patient populations over time, improved clinical care, and
greater utilization of health care resources compared to the
beginning of the pandemic, it is unclear why we did not observe
similar relationships for other patient groups. These possible
discrepancies are likely due to a variety of different factors, as
noted above, as well as sources of bias in our data. Further
investigation into these country-specific demographic
differences in the change in severe disease risk over the course
of the pandemic is warranted and is ongoing in the 4CE.

Our observations comparing laboratory values between the first
and second waves support our finding that patients hospitalized
during the second wave compared to the first wave had a lower
risk for severe disease. We found that mean laboratory values
in the second wave exhibited considerable improvement toward
typical physiological values compared to the first wave,
especially those of inflammatory markers. In particular, the
mean values of the positive acute phase reactant CRP were
lower across the first week of hospitalization in the second wave

than in the first wave, while the mean values of the positive
acute phase reactants ferritin, fibrinogen, and procalcitonin were
lower at day 7 [38]. This indicates that, on average, patients
hospitalized during the second wave may have had less overall
systemic inflammation at admission and had improved
inflammatory states during the first week of hospitalization in
comparison to patients admitted in the first wave [39-41].
Considering that there were no new major effective
pharmacologic therapies for patients with COVID-19 introduced
between the first and second waves, these general patterns may
be reflective of a less vulnerable patient population in the second
wave, as well as improved general clinical management
strategies of COVID-19 in the second wave [42-50]. Ongoing
4CE analyses are further investigating these findings.

We further observed variations in laboratory testing rates among
countries between the first and second waves. These changes
in laboratory testing rates at admission may be reflective of
greater understanding of COVID-19 pathophysiology and
clinical trajectories leading to changes in clinical protocols. For
example, there was a significant increase in the testing rate of
D-dimer at admission in France, Germany, and Spain in the
second wave. This particular change in clinical practice may
have been driven in part by the growing literature supporting
the association of high D-dimer values with worse outcomes in
COVID-19 and the possibility of using D-dimer to clinically
classify and evaluate the prognosis of COVID-19 patients
[51-55]. Further, although there were no significant changes in
laboratory testing at admission in the United States, we observed
that testing rates across hospitalization days were generally
higher than in other European countries regardless of wave.
Future investigations are warranted to infer why we observed
these patterns.

Study Limitations
We acknowledge several limitations for this EHR-based
observational cohort study. This study was limited to patients
who were admitted to a hospital, either because they experienced
more severe illness or because they had other possibly biasing
conditions; as with many EHR-based studies, we were unable
to ascertain the precise reasons for admission. Similar to other
EHR-based studies, we were not able to validate if patients were
hospitalized due to COVID-19 or happened to have a positive
test when admitted for an unrelated medical condition. Thus,
we could not completely mitigate selection bias or
misclassification bias in our cohort identification. Due to the
limited scope of the extracted aggregate data, we could not
effectively control for patient-level potentially confounding
variables such as comorbidities, medication use (both prior to
and during hospitalization), and other societal and environmental
factors, all of which can induce many types of biases [56]. Data
pertaining to certain countries, most notably Brazil and
Germany, may have been subject to small sample bias.
Furthermore, mean laboratory values at later days of
hospitalization were subject to censoring (transfer, discharge,
and death) and thus dropout bias, so we could not effectively
compare mean laboratory values within a single wave at
different timepoints. However, we believe that facilitating
comparisons at identical timepoints between different waves is
not subject to as much dropout bias. In an effort to provide

J Med Internet Res 2021 | vol. 23 | iss. 10 |e31400 | p.1070https://www.jmir.org/2021/10/e31400
(page number not for citation purposes)

Weber et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


information regarding the nature of censoring that existed in
the data, we report in Multimedia Appendix 3 the proportion
of patients who were alive and remained in the hospital across
hospitalization days for each country by wave. Further,
considering the aforementioned limitations, we took special
caution to make conclusions that were mostly descriptive in
nature. In the future, we hope to disaggregate EHR data to the
patient level in order to adjust for many of these biases, if
possible, under institutional review board approval.

Conclusions
For assessing the evolving epidemiology, pathophysiology, and
health care dynamics of the COVID-19 pandemic, we leveraged

EHR data in a large international cohort of hospitalized patients
with SARS-CoV-2 to rapidly characterize the clinical course
of patients admitted to hospital during the first 2 major waves
of the pandemic. We were able to characterize changes in
hospitalization rates, demographic characteristics, severity risk,
and mean laboratory values using data from 79,613 patients
across 315 health care systems in 6 countries. Our study’s
federated approach demonstrates the feasibility and power of
leveraging real-world EHR data from multiple countries to
support our understanding of evolving pandemics such as
COVID-19.
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Multimedia Appendix 2
Prevalence of demographic subgroups in the first and second waves for the entire cohort and by country, and estimated absolute
risk for severe COVID-19 by demographic subgroups inclusive of 5 Veterans Affairs health care systems. Error bars indicate
95% CIs. *Significant difference by nonoverlapping 95% CIs.
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CRP: C-reactive protein
EHR: electronic health record
ICD: International Classification of Diseases
RR: relative risk
VA: Veterans Affairs

Edited by C Basch; submitted 23.06.21; peer-reviewed by J Lee, M Dehghani, KM Kuo; comments to author 28.07.21; revised version
received 02.09.21; accepted 02.09.21; published 11.10.21.

Please cite as:
Weber GM, Zhang HG, L'Yi S, Bonzel CL, Hong C, Avillach P, Gutiérrez-Sacristán A, Palmer NP, Tan ALM, Wang X, Yuan W,
Gehlenborg N, Alloni A, Amendola DF, Bellasi A, Bellazzi R, Beraghi M, Bucalo M, Chiovato L, Cho K, Dagliati A, Estiri H, Follett
RW, García Barrio N, Hanauer DA, Henderson DW, Ho YL, Holmes JH, Hutch MR, Kavuluru R, Kirchoff K, Klann JG, Krishnamurthy
AK, Le TT, Liu M, Loh NHW, Lozano-Zahonero S, Luo Y, Maidlow S, Makoudjou A, Malovini A, Martins MR, Moal B, Morris M,
Mowery DL, Murphy SN, Neuraz A, Ngiam KY, Okoshi MP, Omenn GS, Patel LP, Pedrera Jiménez M, Prudente RA, Samayamuthu
MJ, Sanz Vidorreta FJ, Schriver ER, Schubert P, Serrano Balazote P, Tan BWL, Tanni SE, Tibollo V, Visweswaran S, Wagholikar
KB, Xia Z, Zöller D, The Consortium For Clinical Characterization Of COVID-19 By EHR (4CE), Kohane IS, Cai T, South AM, Brat
GA
International Changes in COVID-19 Clinical Trajectories Across 315 Hospitals and 6 Countries: Retrospective Cohort Study
J Med Internet Res 2021;23(10):e31400
URL: https://www.jmir.org/2021/10/e31400 
doi:10.2196/31400
PMID:34533459

©Griffin M Weber, Harrison G Zhang, Sehi L'Yi, Clara-Lea Bonzel, Chuan Hong, Paul Avillach, Alba Gutiérrez-Sacristán,
Nathan P Palmer, Amelia Li Min Tan, Xuan Wang, William Yuan, Nils Gehlenborg, Anna Alloni, Danilo F Amendola, Antonio
Bellasi, Riccardo Bellazzi, Michele Beraghi, Mauro Bucalo, Luca Chiovato, Kelly Cho, Arianna Dagliati, Hossein Estiri, Robert
W Follett, Noelia García Barrio, David A Hanauer, Darren W Henderson, Yuk-Lam Ho, John H Holmes, Meghan R Hutch,
Ramakanth Kavuluru, Katie Kirchoff, Jeffrey G Klann, Ashok K Krishnamurthy, Trang T Le, Molei Liu, Ne Hooi Will Loh,
Sara Lozano-Zahonero, Yuan Luo, Sarah Maidlow, Adeline Makoudjou, Alberto Malovini, Marcelo Roberto Martins, Bertrand
Moal, Michele Morris, Danielle L Mowery, Shawn N Murphy, Antoine Neuraz, Kee Yuan Ngiam, Marina P Okoshi, Gilbert S
Omenn, Lav P Patel, Miguel Pedrera Jiménez, Robson A Prudente, Malarkodi Jebathilagam Samayamuthu, Fernando J Sanz
Vidorreta, Emily R Schriver, Petra Schubert, Pablo Serrano Balazote, Byorn WL Tan, Suzana E Tanni, Valentina Tibollo, Shyam
Visweswaran, Kavishwar B Wagholikar, Zongqi Xia, Daniela Zöller, The Consortium For Clinical Characterization Of COVID-19
By EHR (4CE), Isaac S Kohane, Tianxi Cai, Andrew M South, Gabriel A Brat. Originally published in the Journal of Medical
Internet Research (https://www.jmir.org), 11.10.2021. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work, first published in the Journal of Medical Internet Research, is properly
cited. The complete bibliographic information, a link to the original publication on https://www.jmir.org/, as well as this copyright
and license information must be included.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e31400 | p.1075https://www.jmir.org/2021/10/e31400
(page number not for citation purposes)

Weber et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

https://www.jmir.org/2021/10/e31400
http://dx.doi.org/10.2196/31400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34533459&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Intervening on Trust in Science to Reduce Belief in COVID-19
Misinformation and Increase COVID-19 Preventive Behavioral
Intentions: Randomized Controlled Trial

Jon Agley1, MPH, PhD; Yunyu Xiao2, MPhil, PhD; Esi E Thompson3, PhD; Xiwei Chen4, MS; Lilian Golzarri-Arroyo4,
MS
1Prevention Insights, Department of Applied Health Science, School of Public Health Bloomington, Indiana University Bloomington, Bloomington,
IN, United States
2Department of Population Health Sciences, Weill Cornell Medicine, New York, NY, United States
3Indiana University Media School, Indiana University Bloomington, Bloomington, IN, United States
4Biostatistics Consulting Center, School of Public Health Bloomington, Indiana University Bloomington, Bloomington, IN, United States

Corresponding Author:
Jon Agley, MPH, PhD
Prevention Insights, Department of Applied Health Science
School of Public Health Bloomington
Indiana University Bloomington
809 E. 9th St.
Bloomington, IN, 47404
United States
Phone: 1 812 855 3123
Email: jagley@indiana.edu

Abstract

Background: Trust in science meaningfully contributes to our understanding of people’s belief in misinformation and their
intentions to take actions to prevent COVID-19. However, no experimental research has sought to intervene on this variable to
develop a scalable response to the COVID-19 infodemic.

Objective: Our study examined whether brief exposure to an infographic about the scientific process might increase trust in
science and thereby affect belief in misinformation and intention to take preventive actions for COVID-19.

Methods: This two-arm, parallel-group, randomized controlled trial aimed to recruit a US representative sample of 1000 adults
by age, race/ethnicity, and gender using the Prolific platform. Participants were randomly assigned to view either an intervention
infographic about the scientific process or a control infographic. The intervention infographic was designed through a separate
pilot study. Primary outcomes were trust in science, COVID-19 narrative belief profile, and COVID-19 preventive behavioral
intentions. We also collected 12 covariates and incorporated them into all analyses. All outcomes were collected using web-based
assessment.

Results: From January 22, 2021 to January 24, 2021, 1017 participants completed the study. The intervention slightly improved
trust in science (difference-in-difference 0.03, SE 0.01, t1000=2.16, P=.031). No direct intervention effect was observed on belief
profile membership, but there was some evidence of an indirect intervention effect mediated by trust in science (adjusted odds
ratio 1.06, SE 0.03, 95% CI 1.00-1.12, z=2.01, P=.045) on membership in the “scientific” profile compared with the others. No
direct nor indirect effects on preventive behaviors were observed.

Conclusions: Briefly viewing an infographic about science appeared to cause a small aggregate increase in trust in science,
which may have, in turn, reduced the believability of COVID-19 misinformation. The effect sizes were small but commensurate
with our 60-second, highly scalable intervention approach. Researchers should study the potential for truthful messaging about
how science works to serve as misinformation inoculation and test how best to do so.

Trial Registration: NCT04557241; https://clinicaltrials.gov/ct2/show/NCT04557241

International Registered Report Identifier (IRRID): RR2-10.2196/24383

(J Med Internet Res 2021;23(10):e32425)   doi:10.2196/32425
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Introduction

Background
The COVID-19 pandemic has been accompanied by a
substantive, pervasive outpouring of misinformation about the
disease [1] that can be described as an infodemic [2]. Concerns
about this infodemic were raised by members of the science
community almost immediately, and steps were taken to develop
a research agenda [3], as misinformation about COVID-19 has
taken many forms and been amplified across numerous types
of media [4-6]. Anecdotal stories about behaviors and
consequences associated with COVID-19 misinformation can
be readily identified (as we have done in small measure in our
prior work [7,8]), and some scholars have documented negative
outcomes of COVID-19 misinformation [9,10]. Though Greene
and Murphy [11] recently found “surprisingly little”
experimental research examining the effects of misinformation
on behavior, their study found that even brief, single exposures
to COVID-19 misinformation may nudge (have a small effect
on) some behavioral intentions. Loomba et al [12] similarly
found evidence for decreases in COVID-19 vaccination intention
due to exposure to misinformation.

Unfortunately, far from tapering more than a year into the
pandemic, the volume of misinformation has remained high;
representatives of multiple organizations, including the World
Health Organization and US Food and Drug Administration,
recently warned that misinformation poses a global concern and
may drive pandemic-related harms [13]. It is clearly incumbent
on researchers to develop a thorough understanding of
COVID-19 misinformation and to establish evidence-based
mitigation tools.

Belief in COVID-19 Misinformation Clusters Is
Associated With Trust in Science
In May 2020, in response to growing concern about the
COVID-19 infodemic, our team conducted one of the first
studies of COVID-19 misinformation believability and the
factors associated therewith [7]. We examined 5 brief narrative
statements ranging from clearly false (eg, 5G transmission of
COVID-19) to likely misinformed or improbable but not
impossible (eg, purposeful laboratory development as a weapon)
to a statement reflecting the scientific consensus at the time (eg,
zoonotic origin). Using latent profile analysis, we identified 4
belief profiles into which it was possible to classify participants.
Members of the largest profile (70.15% of the sample) reported
high believability for a statement about the zoonotic origin and
much lower believability for the misinformed statements.
Members of the other, smaller profiles did not disbelieve the
zoonotic statement, but tended to report higher believability for
misinformation. In other words, findings suggested the existence
of a large “scientific” or science-consistent group and multiple
smaller groups that found misinformation believable to various
degrees.

Then, we found that—controlling for race/ethnicity, gender,
age, and education level—trust in science and scientists, a scale
variable computed from 21 Likert-type questions of the Trust
in Science and Scientists Inventory [14], was strongly associated
with belief profile membership, with greater trust being
associated with considerably higher odds of belonging to the
“scientific profile.” The magnitude of adjusted odds for trust
substantially exceeded that of other variables hypothesized to
be associated with profile membership (political orientation and
religious commitment) that were simultaneously analyzed [7].

Based on our findings and research described subsequently, we
speculated that the strong association between COVID-19
narrative belief profile and trust in science might mean that (1)
if a brief, inexpensive intervention could increase trust in
science, it might possibly (2) affect individuals’ COVID-19
narrative belief profile membership. We also wondered whether
this effect, mediated by belief profile, might (3) influence
behavioral intentions to undertake COVID-19 preventive
behaviors. Much of our rationale for these ideas is laid out in
the published protocol for the present study [8]. Here, we present
a brief explanation outlining why we have focused on trust and
how this study fits among current COVID-19 misinformation
interventions.

Trust in Science May be an Effective Intervention
Target for Misinformation Prevention

Theoretical Basis for Focusing on Trust
Trust is highly complex [14]. Often, “we know by trusting what
others tell us” [15]. This is the case because there are many
things about which we cannot produce our own knowledge, but
there are often experts who do have that capability. Here, we
posit that beliefs about COVID-19 are linked to rational
epistemic trust, the idea that it is reasonable to believe statements
made by experts. This might be expressed by the principle, “If
[person] has good reasons to believe that [scientist] has good
reasons to believe [a finding], then [person] has good reasons
to believe that [finding]” [16].

Importantly, though, the prior formulation only pertains to
claims about research findings, which make assertions about
reality with varying degrees of certainty (eg, face mask use can
reduce community transmission of COVID-19 [17]).
Recommendations from scientists or experts, which may be
based on scientific claims, instead suggest what people can do
to achieve a specific outcome, and so they appeal to a different
form of trust. For example, the manuscript reporting that face
mask use could reduce community transmission also stated,
“face mask use should be as nearly universal as possible” [17].
However, one can be logically consistent and believe both that
face mask use can prevent community spread (eg, trust the
findings of the research study) and that face mask use should
not be universal (eg, not thinking that preventing community
spread is important or that it is less important than other interests
such as social identity [18]). An alternate formulation that
pertains to trusting recommendations might be, “If [person] has
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good reasons to believe [scientist] has good reasons to believe
that a certain action is in [person’s] interest, then [person] has
good reasons to believe that they should perform that action”
[19].

These concepts can help illustrate how the Trust in Science and
Scientists Inventory [14] might be associated with COVID-19
preventive behavioral intentions or belief in COVID-19
misinformation. For example, the item “when scientists change
their mind about a scientific idea, it diminishes my trust in their
work” might reflect the conditions in which a person trusts a
scientific finding, or the item “today’s scientists will sacrifice
the well-being of others to advance their research” could inform
our understanding of how a person perceives recommendations
from a scientist.

Evidentiary Basis for Focusing on Trust
In addition to our own identification of associations between
trust in science and belief in misinformation [7], studies
conducted early in the pandemic found that willingness to abide
by COVID-19 preventive guidelines was directly associated
with trust in science and risk perception [20-22], the former of
which also served as a mediator [22] or moderator [23] for other
characteristics such as political conservatism. Trust in science
has also been associated with intention to get vaccinated for
COVID-19 [21,24]. However, we have not located any prior
studies examining misinformation as a mediator in any such
relationships.

Extant Interventions to Reduce the Influence of
COVID-19 (and Related) Misinformation
One prominent approach to addressing misinformation is
debunking (eg, fact checking). Despite some initial concerns,
fact checking appears unlikely to backfire [25], and a recent
Dutch randomized controlled trial demonstrated that debunking
messaging can reduce endorsement of myths about vaccines
and influenza [26]. At the same time, fact checking still suffers
from scalability issues and a variety of other nuanced concerns
and effects [27]. For example, on its face, the time and effort
needed to prepare and disseminate a specific piece of
misinformation are typically less than the time and effort spent
debunking it. Thus, fact checking is likely a useful but not
sufficient response amid rapid proliferation of misinformation.
Other issues also add complexity to debunking, such as the
recent finding that social media users who reported correcting
others about COVID-19 online were also more likely to endorse
misperceptions about the disease [28].

A promising additional approach is prebunking (eg, inoculation)
to confer resistance to the potential influence of misinformation
before it is encountered [29-31]. Somewhat related are recent,
robust studies suggesting that the likelihood of sharing fake
news can be reduced by interventions to reduce inattention and
encourage a focus on accuracy [32,33]. Further, in one study,
active (online game) and passive (infographic) prebunking
interventions targeting misinformation and fake news improved
participants’ability to identify misinformation about COVID-19,
and the active condition also reduced willingness to share it
[34].

Study Aims and Hypotheses

Rationale
In our prior study of COVID-19 misinformation, around 70%
of respondents were classified as belonging to the “scientific
profile,” and classification therein was strongly associated with
trust in science. Such an association is also supported both by
theoretical and scientific literature. Separately, research on
COVID-19 misinformation has suggested the value of scalable,
universal prophylaxis that can support people in resisting the
influence of misinformation. Therefore, our current study
combines those ideas to examine an inoculation approach to
COVID-19 misinformation using trust in science as a scalable
intervention target.

In this preregistered, randomized controlled trial, we examined
the effects of a brief prophylactic intervention (viewing a single
infographic about the scientific process for at least 60 seconds).
The study had 3 aims with corresponding hypotheses, which
we copied verbatim from the study protocol [8] here for
narrative clarity.

Aim 1
We aim to assess the effect of a brief informational infographic
about the scientific process on trust in science. We hypothesize
that exposure to such an intervention will have a moderate,
positive effect on trust in science.

Aim 2
We aim to assess the effect of a brief informational infographic
about the scientific process on the likelihood of believing
scientifically implausible narratives about COVID-19. We
hypothesize that exposure to such an intervention will have a
small, negative effect on the likelihood of believing implausible
narratives, as evidenced by profile membership, and that this
will be partly mediated by trust in science.

Aim 3
We aim to assess the effect of a brief informational infographic
about the scientific process on behavioral intentions to engage
in recommended COVID-19 [nonpharmaceutical preventive
behaviors (NPBs)]. We hypothesize that exposure to such an
intervention will have a small, positive effect on behavioral
intentions to engage in recommended COVID-19 NPBs that
will be partly mediated by misinformation profile membership.

Methods

Study Design and Participants
This study of COVID-19 misinformation prophylaxis was a
single-stage, two-arm, parallel-group, randomized superiority
trial with a 1:1 allocation ratio. Participants were a US-based
nationally representative population sample by age, sex, race,
and ethnicity recruited using the online data collection platform
Prolific [35]. Participants were eligible for this study if they
were aged 18 years or older and were selected by Prolific to be
part of the nationally representative sample. Prior to
randomization, evidence-based quality control mechanisms to
manage virtual private network usage, automated responses,
dishonest respondents, and inattentive respondents were
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implemented [36], and participants were considered ineligible
if they failed any of these steps. Replacements were drawn in
a manner that preserved the representative nature of the sample.
All participants provided digitally signed informed consent
according to the protocol approved by the Indiana University
Institutional Review Board. This study was preregistered with
Clinicaltrials.gov (NCT04557241), and the protocol was
published in full before any data collection [8].

Randomization and Masking
After providing sociodemographic information and passing
quality control checks, participants were randomly assigned to
1 of 2 study arms: (1) a control group that viewed an infographic
about how hunting dogs point at targets (Figure 1) or (2) an
intervention group that viewed an infographic about purchasing
butter and margarine at the grocery store that was intended to
highlight how scientific recommendations change along with
newly available evidence (Figure 2). The same artist designed
both infographics.

Figure 1. Control infographic.

Figure 2. Intervention infographic.
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Enrollment was managed by Prolific, entirely independent of
the study team. Enrolled subjects accessed a link to Qualtrics
(QualtricsXM, Seattle, WA) to participate in the study. Eligible
participants were randomized to study arms using the
randomizer procedure in Qualtrics with a 1:1 allocation ratio,
ensuring no involvement by study personnel. To prevent
expectancy biases, study hypotheses and intentions were masked
to participants. The summary statement indicated only that “we
are interested in understanding how people perceive and think
about messages and images.”

Procedures
As prespecified [8], the intervention infographic (Figure 2) was
iteratively developed using a multistage pilot procedure prior
to study initiation. The results of that procedure, which included
a randomized pilot comparison between 5 potential infographics,
are described in a separate publication [37]. Participants who
entered the Qualtrics survey completed sociodemographic items
(see the Covariates section) and quality control checks, the latter
of which are described in detail in a separate methodological
paper [36].

Eligible participants who passed quality control checks were
randomized (no indication of this was provided to participants)
and then proceeded to the Trust in Science and Scientists
Inventory [14]. Then, the program proceeded to display either
the control or intervention infographic for the participant to
view for a minimum of 60 seconds. To ensure maximum
visibility of the infographic for participants on multiple
platforms, the Lightbox script [38] was integrated into Qualtrics
to allow participants to manually enlarge and reduce images.
Following the intervention, participants were asked about the
believability of 7 statements about COVID-19 and then were
asked about 7 behavioral intentions based on recommendations
by the US Centers for Disease Control and Prevention (CDC).
These measures were described in detail in the protocol [8], and
their use in this study is described in the Outcomes section.
Finally, participants completed the Trust in Science Inventory
a second time.

Outcomes
This study had 3 primary prespecified outcome measures
corresponding with 3 aims.

Aim One
Aim One investigated the effect of the intervention on
participants’ trust in science and scientists. That construct was
measured using the 21-item Trust in Science Inventory [14],
which produces a composite score ranging from 1 (low trust)
to 5 (high trust). Items in this inventory use Likert-type
responses to statements like, “When scientists change their mind
about a scientific idea, it diminishes my trust in their work,”
and “Scientists will protect each other even when they are
wrong.”

Aim Two
Aim Two investigated the effect of the intervention on
participants’ classification into misinformation believability
profiles [8]. To compute these profiles, participants were asked
how believable they found 7 different statements about

COVID-19, with responses ranging from 1 (extremely
unbelievable) to 7 (extremely believable). Four of these
statements were used in our prior research [7] and were derived
from an early list of COVID-19 misinformation [5]:

The rollout of 5G cellphone networks caused the
spread of COVID-19.

Bill Gates caused (or helped cause) the spread of
COVID-19 in order to expand his vaccination
programs.

COVID-19 was developed as a military weapon (by
China, the United States, or some other country).

The number of deaths from COVID-19 has been
exaggerated as a way to restrict liberties in the United
States.

A fifth statement referenced the explanation that is currently
considered most plausible by much of the scientific community
[39]:

SARS-Cov-2, the virus that causes COVID-19, likely
originated in animals [like bats] and then spread to
humans.

Finally, 2 additional misinformed statements about face masks
were added for this study [6,40,41]:

Wearing a face mask for COVID-19 prevention can
cause oxygen deficiency or carbon dioxide
intoxication.

Face masks are probably not helpful in reducing
COVID-19 spread in a community.

Statistical and logical classification of participants into latent
profiles based on the believability of misinformation was
demonstrated in our prior research [7]. However, the current
study occurred 8 months later than the original study and
included new statements about face masks. Thus, profiles were
computed based on the data from this study without
prespecifying the existence of any classes (see the Statistical
Analysis section). Then, all participants were assigned a numeric
variable corresponding with their latent profile membership.

Aim Three
Aim Three targeted the intervention’s effect on participants’
behavioral intentions to engage in the COVID-19 preventive
behaviors recommended by the CDC at the time of study
administration [8,42]. Questions were based on structured
measurement of intentions using the Theory of Planned Behavior
[43], with response options ranging from 1 (unlikely) to 7
(likely). We prespecified 6 intentions in the protocol:

Wash your hands often (or use a hand sanitizer that
contains at least 60% alcohol).

Avoid close contact (stay at least 6 feet from other
people).

Cover your mouth and nose with a mask when around
others.

Cover coughs and sneezes.

Clean and disinfect frequently touched surfaces daily.

Monitor your health daily.
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Intention to get vaccinated was not prespecified in the protocol
but was added as the seventh behavioral intention prior to
administration in response to availability of vaccination for
some US residents.

As planned, overall preventive behavioral intentions were
assessed using exploratory factor analysis (see the Statistical
Analysis section) to determine the number of factors present
and then by computing mean scores for each factor to serve as
outcomes. Intention to get vaccinated was analyzed as an
isolated outcome of interest in a separate study [44] but was
also included as a preventive behavior in this study’s factor
analysis.

Because they already had received at least one shot of the
vaccine, 49 participants were not asked to respond to the
question about intention to get vaccinated for COVID-19; data
for those individuals were imputed as a 7 (likely). Sensitivity
analyses were performed without imputing data for those 49
participants, which led to similar results and conclusions.
Therefore, imputed results were used in analyses throughout
the manuscript.

Covariates
Additional measures were added as covariates for analysis, as
prespecified, including political orientation and religious
commitment [7,45]; race, gender, age, and education level;
whether the participant had been diagnosed with (or believed
they had) COVID-19 [46]; perceived severity of contracting
COVID-19 and perceived ability to avoid contracting COVID-19
[47]; and normative belief about friends’and family’s avoidance
of crowded areas [48].

Due to evolving circumstances in the United States during this
study, a question about COVID-19 vaccination status was added
after the protocol was published. It read, “Vaccines to prevent
COVID-19 have been approved by the Food and Drug
Administration for use in the United States. The vaccines will
be available to different people at different times. Did you
already get a COVID-19 vaccine (at least one shot)?”

Statistical Analysis
We planned to recruit 1000 participants, which would allow
detection of small differences (Cohen d=0.18) with 80% power
and would be sufficient for both types of planned analysis, linear
mixed models (LMM) and path analyses [8].

Aim One
The primary outcome for Aim One, the effect of the infographic
intervention on trust in science, was analyzed using an LMM
controlling for all covariates (see the Outcomes section) with
a random intercept for the individual participant. The interaction
between study condition (intervention/control) and time
(pre/postintervention) was estimated using contrasts to obtain
the difference-in-difference using Kenward-Roger degrees of
freedom approximation.

Aim Two
For the first component of this aim, we examined believability
profiles for narrative statements about COVID-19 using latent
profile analysis. To select the number of classes, we reviewed

the Akaike information criterion (AIC), Bayesian information
criterion (BIC) and adjusted BIC, class size, entropy, and results
from the Vuong-Lo-Mendell-Rubin likelihood ratio test (LMR)
to examine improvements in model fit for k versus k-1 classes.

Next, we assigned a “profile” value to each participant based
on the profile to which they most closely belonged. That variable
was used as an outcome in the prespecified path analysis for
this aim, which investigated adjusted odds of being a member
of a less-scientific profile by examining the direct effect of the
intervention and the indirect effect of the intervention mediated
by trust in science, controlling for all other covariates. Finally,
we presented results in parallel, treating profile as a multinomial
variable (single model) and treating it as a dummy variable (one
model per identified profile).

To elucidate other potentially interesting connections between
the study variables, we conducted an exploratory, unplanned
multivariate logistic regression analysis using profile
membership as the outcome variable. All other variables served
as dependent predictors except pre-intervention trust in science
and having a professional diagnosis of COVID-19, which were
highly associated with postintervention trust and believing one
had been infected by COVID-19, respectively.

Aim Three
To determine the format of the outcome variable for this aim,
we first conducted exploratory factor analysis (maximum
likelihood with varimax rotation) to decide whether it was
appropriate to treat the behavioral intentions regarding
preventive behaviors as a monotonic scale [8]. Identification of
a solution was based on assessment of eigenvalues, parallel
analysis, factor loadings, and 2-dimensional spatial inspection.
The computed scale variable(s) were used as outcomes in the
prespecified path analyses for this aim, which computed the
direct effect of the intervention on intentions to perform
preventive behaviors and the indirect effect of the intervention
thereon mediated by misinformation belief profile, controlling
for all other covariates.

We computed exploratory path analyses to assess the influence
of trust in science on preventive behaviors, with a mediation
pathway through believability profile membership, with other
variables serving as covariates. These analyses were for
informative purposes only and were not used to generate any
causal inferences.

Role of the Funding Source
The funders of the study had no role in data collection, analysis,
interpretation, or writing of the report. As reported in the
protocol, grant reviewers made suggestions to improve study
rigor that were incorporated prior to study initiation. Grant
reviews were published alongside the protocol [8].

Results

Sample Characteristics
A representative panel of 1000 paid US respondents by gender,
age, and race/ethnicity was solicited from Prolific on January
22, 2021 [35]. In total, 1077 Prolific panel members accepted
the survey on the Prolific platform and accessed the Qualtrics
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study platform through January 24, 2021. The additional 77
cases included those who declined to participate after reading
the study information sheet (n=2); who were rejected for failing
a quality check (n=23); who exited the study (eg, closed their
internet browser) prior to the intervention, most often
immediately following a failed quality check (n=35); and who
successfully completed the study but for unknown reasons did
not request payment from Prolific (n=17). The latter 17 cases

were retained for analysis in the arm to which they were
randomly assigned, but random assignment beyond 1000
participants did not adhere to a 1:1 allocation ratio. The 3 cases
who did not provide complete data for trust in science were
excluded listwise from analyses except the latent profile
computation for Aim 2. Thus, the final sample included 511
individuals randomized to the intervention arm and 503
individuals randomized to the control arm (Figure 3; Table 1).

Figure 3. CONSORT flow diagram.
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Table 1. Sample characteristics by study arm.

Control (n=503)Intervention (n=511)Variable

Gender, n (%)

238 (47.3)251 (49.1)Male

261 (51.9)254 (49.7)Female

3 (0.6)3 (0.6)Nonbinary

1 (0.2)3 (0.6)Transgender

Race, n (%)

394 (78.3)388 (75.9)White

58 (11.5)74 (14.5)Black or African American

2 (0.4)3 (0.6)American Indian or Alaska Native

37 (7.4)35 (6.8)Asian

1 (0.2)0 (0.0)Native Hawaiian or Pacific Islander

11 (2.2)11 (2.2)Other

35 (7.0)28 (5.5)Hispanic or Latino/a (Yes), n (%)

COVID-19 diagnosis from a professional, n (%)

27 (5.4)15 (2.9)Yes

476 (94.5)496 (97.1)No/unsure

4.06 (3.35)4.15 (3.45)Religious commitment (1=low to 10=high), mean (SD)

4.15 (2.71)4.27 (2.78)Political orientation (1=liberal to 10=conservative), mean (SD)

5.50 (2.10)5.48 (2.14)Vaccination intentiona (1=unlikely to 7=likely), mean (SD)

6.41 (2.61)6.60 (2.72)Seriousness of contracting COVID-19 (1=not at all serious to 10=very serious), mean (SD)

3.27 (0.97)3.25 (0.98)Confidence avoiding COVID-19 (1=not very confident to 5=very confident), mean (SD)

5.72 (1.40)5.56 (1.51)Family/friends COVID-19 avoidance (1=strongly disagree to 7=strongly agree), mean (SD)

45.28 (16.19)45.50 (16.61)Age (years), mean (SD)

aData do not include imputed values of “7” for vaccinated individuals.

Aim One (Primary Outcome)
We hypothesized that exposure to the infographic intervention
would have a moderate, positive effect on trust in science. This
hypothesis was partly upheld. Our difference-in-difference

analysis suggested that, controlling for all covariates, viewing
the intervention infographic had a small, positive effect (0.03,
SE 0.01, t1000=2.16, P=.031) on trust in science (Table 2; Figure
4). Additional details from the model as well as parceled analytic
code are available in Multimedia Appendix 1.

Table 2. Contrast estimates for aim one.

PtdfSEEstimateContrast

>.9990.101048.170.030.00Control pre vs intervention pre

<.001–5.111000.000.01–0.04Control pre vs control post

<.001–8.231000.000.01–0.07Intervention pre vs intervention post

.90–0.691048.170.03–0.02Control post vs intervention post

.0312.161000.000.010.03Difference-in-difference (control pre-post) vs (intervention pre-post)
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Figure 4. Trust in science scores and 95% CIs.

Aim Two (Primary Outcome)

Computation of the Outcome Variable (Narrative
Believability Profiles)
Based on fit statistics (see Multimedia Appendix 1 for analytic
code), we selected a 3-class model for use in this study. The

primary metrics used to make this decision were the LMR test,
entropy, and correspondence with extant data and prior studies.
Table 3 and Figure 5 demonstrate the believability of narrative
statements across each of the 3 profiles.

Table 3. Standardized means for latent profiles of narrative believabilitya for aim two.

Profile Three (147/1017, 14.45%)Profile Two (42/1017, 4.13%)Profile One (828/1017, 81.42%)Statement

1.264.171.065G

2.753.541.14Gates/vaccine

3.864.381.49Masks—CO2 or O2 concerns

4.484.382.19Military weapon

5.514.391.39Restrict liberty

4.313.511.47Masks—not prevent spread

4.154.635.55Zoonotic

aBelievability scores ranged from 1 (Extremely unbelievable) to 7 (Extremely believable).
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Figure 5. Believability of narrative statements by latent profile. Believability scores range from 1 (Extremely unbelievable) to 7 (Extremely believable).

Profile One (828/1017, 81.42%), the largest class, was most
likely to believe the zoonotic narrative (mean 5.55) and found
most other narratives to be extremely unbelievable (mean
<1.50), with the exception of the military weapon narrative
(mean 2.19).

Profile Two (42/1017, 4.13%) was the smallest class and
considered all the narratives to be moderately plausible, within
a narrow band of believability scores (mean >3.50 and <4.65).

Profile Three (147/1017, 14.45%) reported differential
believability across narratives. Members reported that the 5G
theory (mean 1.26) and Bill Gates/vaccine narrative (mean 2.75)
were extremely or mostly unbelievable. The misinformed idea
that face masks can cause carbon dioxide intoxication or oxygen
deficiency was perceived to be somewhat more believable (mean
3.86), as were the scientifically implausible statements that

masks are not helpful in reducing COVID-19 spread (mean
4.31) or that COVID-19 was developed as a military weapon
(mean 4.48). Believability of the zoonotic narrative also fell
within this range (mean 4.15). For this profile, the most
believable narrative was that the number of deaths from
COVID-19 was exaggerated as a way to restrict liberties in the
United States (mean 5.51).

Impact of the Intervention on Profile Membership
We hypothesized that exposure to the intervention would have
a small, negative effect on the likelihood of belonging to a
profile that believed misinformed or implausible narratives and
that it would be partially mediated by trust in science. This
hypothesis was partly upheld, as there was no evidence of a
direct effect, but some evidence of a mediated effect (Table 4;
Figure 6).
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Table 4. Path analysis of the effects of the intervention on the believability profile.

AICaP valuezUpper CILower CISEOdds ratioDependent variables

416.88Multinomial analysis: Profile Twob

.92–0.101.640.280.350.96Direct effect

.051–1.951.000.840.040.92Indirect effect

.74–0.341.520.250.320.89Total effect

Multinomial analysis: Profile Threeb

.91–0.111.410.540.220.98Direct effect

.07–1.821.000.900.020.95Indirect effect

.75–0.321.350.520.210.93Total effect

Binomial analysis: Profile Onec

214.38.880.161.450.610.211.03Direct effect

.0452.011.121.000.031.06Indirect effect

.660.441.540.650.231.10Total effect

Binomial analysis: Profile Twoc

–147.42.990.011.700.310.351.00Direct effect

.07–1.841.000.860.040.93Indirect effect

.85–0.191.590.280.330.94Total effect

Binomial analysis: Profile Threec

146.461.000.001.430.560.221.00Direct effect

.12–1.561.010.930.020.97Indirect effect

.88–0.151.390.550.220.97Total effect

aAIC: Akaike information criterion.
bReference is Profile One.
cEach profile is a dummy variable.

Figure 6. Influence of the intervention on the likelihood of being classified in Profile One, adjusted for age, gender, race, vaccination status, political
orientation, perceived severity, perceived susceptibility, family behavior, prior diagnosis, prior infection, and pre-intervention trust. OR: odds ratio.

In the multinomial analysis, controlling for all covariates, the
direct effect of viewing the intervention on belonging to Profile
Two (versus Profile One) was nonsignificant (adjusted odds
ratio [AOR] 0.96, SE 0.35, 95% CI 0.28-1.64, z=–0.10, P=.92),
but there was some evidence of a marginal indirect effect

mediated by trust in science (AOR 0.92, SE 0.04, 95% CI
0.84-1.00, z=–1.95, P=.051). Results for Profile 3 (versus Profile
One) were similar, with a nonsignificant direct effect (AOR
0.98, SE 0.22, 95% CI 0.54-1.41, z=–0.11, P=.91) and limited
evidence of a marginal indirect effect mediated by trust in
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science (AOR 0.95, SE 0.02, 95% CI 0.90-1.00, z=–1.82,
P=.07).

To support disambiguation of the indirect effect, we also
conducted binomial path analyses using each profile as a dummy
variable. The direct effect of viewing the intervention on
belonging to Profile One was nonsignificant (AOR 1.03, SE
0.21, 95% CI 0.61-1.45, z=0.16, P=.88), but there was evidence
of a small indirect effect mediated by trust in science (AOR
1.06, SE 0.03, 95% CI 1.00-1.12, z=2.01, P=.045). Full output
from the model and analytic code are available in Multimedia
Appendix 1.

Aim Three (Primary Outcome)

Computation of the Outcome Variable (COVID-19
Preventive Behaviors)
Exploratory factor analysis did not clearly indicate whether the
7 preventive behaviors formed a monotonic or 2-factor scale.
Discrimination based on eigenvalues favored a 2-factor solution,

which cumulatively explained 46% of the variance (χ2
8=124.1,

P<.001), while parallel analysis favored a 1-factor solution,

which explained 37% of the variance (χ2
14=357.1, P<.001).

Conceptually, both approaches were logical.

In the 2-factor solution, handwashing, cleaning and disinfecting
surfaces daily, and monitoring one’s health daily cleanly loaded
on factor 1, while avoiding close contact, covering one’s mouth
and nose with a mask when around others, and getting
vaccinated for COVID-19 loaded on factor 2, with covering
coughs and sneezes loading weakly on both factors, but more
strongly (0.41) on factor 1. The 95% CIs for the Cronbach alpha
were 0.68-0.73 for factor 1 and 0.64-0.71 for factor 2. In the
1-factor solution, variable loadings ranged from 0.48 to 0.71,
and the 95% CIs for the Cronbach alpha was 0.74-0.79.

As prespecified [8], the factor analysis guided further analyses
for this aim. Given the conceptual complexity, we opted to
complete separate analyses for both 1-factor and 2-factor
preventive behavior solutions and to interpret them in tandem.

Impact of the Intervention on Behavioral Intentions
We hypothesized that exposure to the intervention would have
a small, positive effect on behavioral intentions that would be
partially mediated by believability profile membership (Figure
7). Controlling for all covariates, we found no evidence that the
intervention affected behavioral intentions to engage in
COVID-19 preventive behavior using either a 1-factor or
2-factor outcome (Tables 5, 6, and 7).

Figure 7. Hypothesized causal pathway of the intervention (not supported), adjusted for age, gender, race, vaccination status, political orientation,
perceived severity, perceived susceptibility, family behavior, prior diagnosis, prior infection, and pre-intervention trust.
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Table 5. Path analysis of effects of the intervention on preventive behaviors (1-factor solution).

AICaP valuezUpper CILower CISECoefficientMediators

Multinomial analysis: Profile Twob

3018.13.39–0.850.05–0.120.04–0.04Direct effect

.820.230.49–0.380.220.05Indirect effect

.950.060.46–0.430.230.01Total effect

Multinomial analysis: Profile Threeb

.39–0.850.05–0.120.04–0.04Direct effect

.820.240.33–0.260.150.04Indirect effect

1.000.000.30–0.300.160.00Total effect

Binomial analysis: Profile Onec

2814.37.39–0.860.05–0.120.04–0.04Direct effect

.730.350.31–0.220.130.05Indirect effect

.940.070.29–0.270.140.01Total effect

Binomial analysis: Profile Twoc

2528.63.48–0.700.06–0.120.05–0.03Direct effect

.920.100.31–0.280.150.01Indirect effect

.91–0.110.29–0.320.16–0.02Total effect

Binomial analysis: Profile Threec

2763.44.45–0.760.05–0.120.04–0.03Direct effect

.930.080.27–0.240.130.01Indirect effect

.87–0.170.25–0.290.14–0.02Total effect

aAIC: Akaike information criterion.
bReference is Profile One.
cEach profile is a dummy variable.
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Table 6. Multinomial path analysis of the effects of the intervention on preventive behaviors (2-factor solution), in which the reference is Profile One.

AICaP valuezUpper CILower CISECoefficientMediator

3376.55Factor 1bas the dependent variable: Profile Two

.53–0.620.07–0.130.05–0.03Direct effect

.820.230.28–0.220.130.03Indirect effect

.98–0.020.26–0.270.140.00Total effect

Factor 1b as the dependent variable: Profile
Three

.53–0.620.07–0.130.05–0.03Direct effect

.810.240.15–0.120.070.02Indirect effect

.86–0.180.15–0.180.09–0.02Total effect

3440.75Factor 2c as the dependent variable: Profile Two

.42–0.810.06–0.150.05–0.04Direct effect

.820.230.77–0.610.350.08Indirect effect

.920.110.73–0.660.350.04Total effect

Factor 2c as the dependent variable: Profile
Three

.42–0.810.06–0.150.05–0.04Direct effect

.810.240.57–0.440.260.06Indirect effect

.940.070.53–0.490.260.02Total effect

aAIC: Akaike information criterion.
bPreventive behaviors 1, 4, 5, and 6.
cPreventive behaviors 2, 3, and 7.
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Table 7. Binomial path analysis of the effects of the intervention on preventive behaviors (2-factor solution), in which each profile is a dummy variable.

AICaP valuezUpper CILower CISECoefficientMediator

Factor 1b as the dependent variable: Profile One

3172.83.53–0.620.07–0.130.05–0.03Direct effect

.730.350.15–0.100.060.02Indirect effect

.91–0.120.15–0.170.08–0.01Total effect

Factor 1b as the dependent variable: Profile Two

2820.14.57–0.570.07–0.130.05–0.03Direct effect

.920.090.19–0.170.090.01Indirect effect

.84–0.200.19–0.230.11–0.02Total effect

Factor 1b as the dependent variable: Profile Three

3100.05.56–0.580.07–0.130.05–0.03Direct effect

.930.080.12–0.110.060.00Indirect effect

.74–0.330.13–0.180.08–0.03Total effect

Factor 2c as the dependent variable: Profile One

3237.87.42–0.810.06–0.150.05–0.04Direct effect

.730.350.52–0.360.230.08Indirect effect

.880.150.49–0.420.230.04Total effect

Factor 2c as the dependent variable: Profile Two

3020.59.56–0.590.08–0.150.06–0.03Direct effect

.920.100.46–0.420.220.02Indirect effect

.96–0.050.44–0.470.23–0.01Total effect

Factor 2c as the dependent variable: Profile Three

3203.54.49–0.690.07–0.150.05–0.04Direct effect

.930.080.46–0.420.230.02Indirect effect

.94–0.080.44–0.480.23–0.02Total effect

aAIC: Akaike information criterion.
bPreventive behaviors 1, 4, 5, and 6.
cPreventive behaviors 2, 3, and 7.

Secondary Outcomes

Exploratory Multivariate Logistic Regression on Profile
Membership
Independent of the path analysis, we investigated what factors
were associated with classification in each of the 3 belief
profiles. Each 1-point movement toward political conservatism
on a 10-point scale was associated with 1.39 adjusted odds of

belonging to Profile Three versus Profile One (χ2
1=40.52, 95%

CI 1.25-1.53, P<.001), and each 1-point increase in perceived
severity of COVID-19 was associated with 0.82 adjusted odds

of belonging to Profile Three versus Profile One (χ2
1=19.04,

95% CI 0.75-0.90, P<.001). Each additional year of age was
associated with a slight decrease in adjusted odds (0.972) of

belonging to Profile Two versus Profile One (χ2
1=4.65, 95%

CI 0.95-1.00, P=.031).

Finally, each 1-point increase in trust in science was associated
with substantially lower adjusted odds of belonging to Profile
Three (0.21) or Profile Two (0.14) compared with Profile One

(Profile Three: χ2
1=55.57, 95% CI 0.14-0.31, P<.001; Profile

Two: χ2
1=39.20, 95% CI 0.08-0.26, P<.001). See Multimedia

Appendix 1 and Multimedia Appendix 2 for all outputs and
code.

Exploratory Path Analysis of the Association Between
Trust in Science and Preventive Behavioral Intentions
We computed exploratory path analyses to assess the influence
of trust in science on preventive behaviors, with a mediation
pathway through believability profile membership. In the
1-factor preventive behavior model treating believability Profile
One as a dummy variable, there was a significant direct effect
(0.46, SE 0.11, 95% CI 0.24-0.69, z=4.05, P<.001) of trust in
science on preventive behavior, as well as a significant indirect
effect mediated by believability profile (1.28, SE 0.36, 95% CI
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0.57-1.99, z=3.53, P<.001). Similar outcomes were observed
for the 2-factor model (see Multimedia Appendix 1 and
Multimedia Appendix 2). These specific findings were
correlational, not causal.

Discussion

This study provides preliminary evidence and a proof-of-concept
for using infographics that truthfully address underlying reasons
why a person might not trust science or scientists to (1) improve
trust in science and (2) provide inoculation against COVID-19
misinformation. However, observed effects were small, as
expected for a short, passive, and inexpensive intervention.
Much remains to be learned in this area of research. Here, we
discuss the main findings separately by study aim, provide
additional interpretation of exploratory analyses, and make
recommendations for future work.

Aim One

Principal Finding
This study found that viewing an infographic designed to
truthfully address underlying reasons why a person might not
trust science or scientists [37] once, for a minimum of 60
seconds, caused a small aggregate increase in participants’
overall trust in science.

Interpretation
The scale used in this study measured trust in science as a
composite from 21 questions to yield a score from 1 to 5. We
posit that the small difference-in-difference improvement
estimate (+0.03) is meaningful due to the simplicity of the
intervention and the ease with which such an intervention could
be deployed to large numbers of people. Especially given recent
research indicating that aggregate social trust in science may
affect variables like vaccine confidence beyond individual-level
trust [49], we believe this finding merits replication research.
At the same time, though trust in science is a worthy concept
to study in and of itself, we were particularly interested in the
degree to which changing trust might affect misinformation or
behavioral intentions. This aim simply established that it is
plausible that a brief, single exposure to an infographic can
improve trust in science.

Aim Two

Principal Finding
We found some evidence that viewing an infographic designed
to truthfully address underlying reasons why a person might
not trust science or scientists [37] once, for a minimum of 60
seconds, may have had a very small indirect effect on belief in
COVID-19 misinformation.

Interpretation
There is ongoing discussion among methodologists and
metascientists as to how to interpret mediation effects in terms
of causal attribution, especially when the direct and total effects
are nonsignificant. In general, we can think of a direct effect as
proposing that “X is regularly followed by Y,” while an indirect
effect suggests “Y if and only if A” [50]. Here, X is “viewing
the infographic about science,” and Y is “belonging to the

scientific latent belief profile,” while A is “an increase in trust
in science and scientists.” We did not find any evidence of a
direct effect or total effect—that is, viewing our intervention
infographic was not regularly followed by increased likelihood
of belonging to the scientific profile, nor was it sufficient for
establishing increased likelihood of belonging to that profile.
However, the mediation effect (in this case, OR 1.06) suggests
that viewing the intervention resulted in increased likelihood
of belonging to the scientific profile if and only if viewing the
intervention also increased trust in science to a sufficient degree.
In conjunction with the main finding from Aim One, this
supports the plausibility of the intervention functioning in this
manner.

Because this study used a randomized, controlled experimental
design and included numerous covariates, endogeneity bias was
not a substantive concern in interpretation [51,52]. Further, the
sample was drawn to be nationally representative of the US
population by age, sex, race, and ethnicity [35], attenuating but
not eliminating concerns about generalizability [53]. Given the
complexity of the topic, further investigation of this relationship
as well as experimental replication are both needed before
drawing any sort of definitive conclusion.

That noted, we encourage such research to be undertaken with
some urgency. This work has meaningful, practical application
if the findings hold true. While fact checking can reduce belief
in misinformation, it is not likely feasible to respond to the
amount and variability that is produced, even for a single topic
like COVID-19 [27]. Further, the type and nature of
misinformation can rapidly shift in unexpected ways. For
example, during revision of this manuscript, the Mississippi
State Department of Health issued a warning that 70% of recent
calls to their Poison Control Center were related to ingesting
livestock or animal formulations of ivermectin [54]. The
comparative advantage of the type of trust-mediated prophylaxis
proposed and tested here (versus debunking or fact checking)
is that it does not require addressing each new misinformed
claim. In that sense, such interventions affecting believability
of misinformation might work well alongside interventions to
reduce the likelihood of sharing it [32,33].

Aim 3

Principal Finding
Viewing an infographic designed to truthfully address
underlying reasons why a person might not trust science or
scientists [37] once, for a minimum of 60 seconds, did not
significantly affect behavioral intentions to engage in COVID-19
preventive behaviors.

Interpretation
We hypothesize, but cannot be certain, that this null finding
emerged because this specific infographic addressed a
component of rational epistemic trust (eg, why it makes sense
to trust scientific findings even when they change over time)
[16] but did not address recommendation trust (eg, did not offer
any reassurance that scientists make recommendations that are
in the best interests of others) [19]. Our exploratory analyses
did indicate a significant, strong association between trust in
science and COVID-19 preventive behavioral intentions,
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indicating the plausibility that a strategic effect targeting that
recommendation trust might affect such intentions. It is also
possible, of course, that behavioral intentions are sufficiently
complex and difficult to change that a single infographic
viewing, regardless of content, would not “move the needle”
[55].

Exploratory Findings
This study also identified potentially valuable information about
how beliefs about COVID-19 may cluster. In May 2020, we
identified a single latent profile that endorsed the zoonotic
narrative and generally found other narratives unbelievable and
3 profiles that believed misinformed narratives to varying
degrees but also believed the zoonotic narrative [7]. The present
study was conducted in a different information ecosystem
(around 8 months later) and included 2 additional narratives
about face masks.

Two major findings about profiles were consistent between our
studies: There was a single profile endorsing the zoonotic
narrative and generally disbelieving other narratives, and no
narrative profile rejected the zoonotic explanation. However,
there were only 2 nonscientific profiles in this study rather than
3, and interpretation of their meaning was clearer than in the
original study. The smallest profile (Profile Two) found all
narratives to be at least somewhat believable. In contrast, Profile
Three was comparatively less likely to endorse narratives that
were subjectively less political in the United States (eg, 5G,
Gates/vaccine) and more likely to believe other narratives (eg,
restrict liberty, masks don’t prevent spread). It is unclear whether
this difference was due to the addition of the face mask
narratives, a change in the information ecosystem, the use of a
nationally representative sample, or a different reason altogether.

Notably, in our unplanned regression analysis, trust in science
remained the most substantive predictor of profile membership,
as in May 2020. However, unlike our previous study, in which
political orientation was not associated with profile membership,
here we found that conservative political orientation was

associated with classification in Profile Three versus Profile
One, but not with classification in Profile Two. Along with the
profile analysis itself, this suggests the possibility of 2
“typologies” of misinformation belief, 1 that is apolitical and
may believe even scientifically impossible narratives (eg, finding
all narratives to be plausible) and 1 that is associated with
political orientation and that believes misinformation somewhat
selectively, applying an alternate decision heuristic in
determining what is plausible.

Limitations and Future Directions
This study investigated multiple outcomes and so there was
some increased risk of Type 1 error. For this reason, we
interpreted the outcomes cautiously and recommend replication
prior to any definitive determination about these findings. At
the same time, the primary outcomes were prespecified and
were assessed using a limited number of models. A limitation
specific to the third aim is that behavioral intentions are not
behaviors, so this study should not be interpreted to assess the
effect of the intervention on actual behavior. In addition, we
opted to limit the allowable content in the intervention. As we
note in our pilot study [37], we very purposefully used
messaging about science and scientists that we believed to be
truthful. Our intention specifically was not to “manipulate” trust
in science but rather to determine whether exposure to an easily
digested, truthful accounting had a causal effect.

There were numerous decisions made in the course of
developing the single image used as the intervention in this
study, as well as the structure of the intervention. Given this
proof-of-concept, there is much room to explore alternative
approaches, including, but not limited to, investigating whether
a brief video would be more efficacious than a static image, the
art style or amount of wording matters, embedding the image
as an ad in social media (eg, repeated natural exposures) over
a period of time affects the results, and comparison to real
negative messages about science would produce similar results
to this study, which used an active placebo about dogs.
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Abstract

Background: The COVID-19 pandemic has increased the importance of the deployment of digital detection surveillance systems
to support early warning and monitoring of infectious diseases. These opportunities create a “double-edge sword,” as the ethical
governance of such approaches often lags behind technological achievements.

Objective: The aim was to investigate ethical issues identified from utilizing artificial intelligence–augmented surveillance or
early warning systems to monitor and detect common or novel infectious disease outbreaks.

Methods: In a number of databases, we searched relevant articles that addressed ethical issues of using artificial intelligence,
digital surveillance systems, early warning systems, and/or big data analytics technology for detecting, monitoring, or tracing
infectious diseases according to PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines,
and further identified and analyzed them with a theoretical framework.

Results: This systematic review identified 29 articles presented in 6 major themes clustered under individual, organizational,
and societal levels, including awareness of implementing digital surveillance, digital integrity, trust, privacy and confidentiality,
civil rights, and governance. While these measures were understandable during a pandemic, the public had concerns about
receiving inadequate information; unclear governance frameworks; and lack of privacy protection, data integrity, and autonomy
when utilizing infectious disease digital surveillance. The barriers to engagement could widen existing health care disparities or
digital divides by underrepresenting vulnerable and at-risk populations, and patients’highly sensitive data, such as their movements
and contacts, could be exposed to outside sources, impinging significantly upon basic human and civil rights.

Conclusions: Our findings inform ethical considerations for service delivery models for medical practitioners and policymakers
involved in the use of digital surveillance for infectious disease spread, and provide a basis for a global governance structure.

Trial Registration: PROSPERO CRD42021259180; https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=259180

(J Med Internet Res 2021;23(10):e32328)   doi:10.2196/32328
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Introduction

In the wake of the global COVID-19 outbreak, there is growing
pressure to improve our existing practice in the prevention and
ongoing monitoring of emerging infectious diseases and the
adoption of targeted interventions for emerging infectious
diseases. Current infectious disease surveillance systems in
most countries are remarkably similar. Once a case is clinically
suspected and confirmed, there are multiple levels of reporting
[1]. Then, the accumulated information from local institutions
is aggregated, processed, and defined at the population level
before actions are subsequently disseminated through the system
from a “top-down” approach. The existing process carries an
inevitable time lag that can result in both reduced effectiveness
for responsive public health interventions [2] and opportunities
for doctors and patients to negotiate reporting, which can have
catastrophic results, as had been observed in the early
COVID-19 outbreak in China [3] and the Ebola outbreak in
West Africa [4]. The need for timely data collection or sharing,
processing, decision making, and reporting in infectious disease
surveillance has been identified as one of the main drivers for
introducing artificial intelligence (AI) technology.

With the establishment of electronic health records (EHRs), big
data have been acquired, making it possible to build
data-intensive infectious disease surveillance or early warning
systems, pre-empt emergency response, and strengthen infection
prevention and control. Machine learning (ML) technologies,
a multiplying form of AI, has shown considerable potential in
tracing the source and detecting potential outbreaks or novel
infectious diseases using patients’ EHRs. By utilizing real-time
digital data analysis, a fully automated system could be built to
transmit, through extraction, structured data and doctors’
medical records in text, while new technologies, such as named
entity recognition, would allow extraction of patient-related
features from the unstructured text into predefined categories
to support future infectious disease monitoring and surveillance
[5]. Examples of enhanced timeliness resulting from this
approach in COVID-19 case tracing have been reported in China
and several other Asian counties [3]. When AI is being
employed for infectious disease control (eg, using mobile phone
apps to trace COVID-19 cases), potentially infected patients,
their close contacts, and, at times, larger communities can be
tracked, tested, and, if necessary, quarantined to prevent further
outbreaks.

Nonetheless, the advantages of big data and ML in infectious
disease control need to be weighed against the considerable
ethical and legal concerns pertaining to the protections and
privacy of individuals and the public in respect to access, use,
and sharing of large data sets of patients’medical records. These
kinds of AI interventions raise complex contemporary ethical
questions regarding potential misuse of personal information
and informed consent that have the potential to infringe on one’s
human and civil rights. Furthermore, there is the heightened
risk of patients’ personal information being leaked to social
media when they have previously been assured of confidentiality

and privacy [6]. Reidentification of named patients is a major
concern when databases are hacked [7], and data custodians
may sell data for financial gain to pharmaceutical, insurance,
or software companies [8]. Furthermore, the routine use of big
data analytics (BDA) or the ethics and widespread moral
implications of ML continue to be vigorously debated around
the accuracy of reporting [9,10], and the consequences of
inaccuracies in the reporting of outbreaks are gaining
considerable attention [11]. These developments, often in rapid
response situations, have sparked issues between optimizing
population health outcomes informed by epidemiology and
public health, and societal or individual ethical rights and
protections that inform human rights and freedom of choice.

Notwithstanding these debates, BDA is critical for managing
communicable disease spread or outbreaks in today’s digital
world where consistency in the application of regulations or
rules of privacy, confidentiality, transparency, data handling,
and security safeguards for ML transmission required to protect
individuals’ rights is limited [12]. This study set out to examine
the ethical issues of using AI and identify an intersection or
balance between the protection of individuals’ human rights
and patients’autonomy, and common good for population-based
public health outcomes specific to infectious disease control
and prevention with the aim of investigating ethical issues
identified from utilizing AI-augmented surveillance or early
warning systems to monitor and detect common or novel
infectious disease outbreaks.

Methods

Search Strategy and Selection Criteria
We searched broad search engines with no time restriction.
CINAHL, PubMed, Science Direct, MEDLINE, Google Scholar,
and Scopus, as well as legal and sociological databases were
searched from database inception to December 8, 2020.
Additionally, relevant articles from the documents’bibliography
and from other articles that cited the documents were retrieved.
The following search terms and combination of terms were
utilized: ethic* OR “data security” OR “data privacy” OR
sensitiv* OR confidential* OR anonym* OR “personally
identifiable information” OR privacy or “human right*” AND
“electronic health records” OR ehr OR “Clinical decision
support system” OR cdss OR “Artificial Intelligence” OR ai
OR “augmented surveillance” OR surveillance OR “contact
tracing” OR “Machine Learning” OR ml OR “deep learning”
AND “Infectious Disease” OR “Communicable Diseases.” Prior
to the searches, the authors reviewed all search terms. In order
to identify all existing literature for this review, we considered
all peer-reviewed empirical research articles, review reports,
and grey reports. To enhance the rigor of the review, our
approach followed the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines (Multimedia
Appendix 1) [13].
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Inclusion and Exclusion Criteria
There were no language restrictions placed on the literature
search. To be included for further review, the collected articles
must have addressed the ethical issues of using AI, digital
surveillance systems, early warning systems, and/or BDA
technology for detecting, monitoring, or tracing specifically
infectious diseases.

Literature Selection
We selected literature for inclusion in 2 stages to ensure rigor.
In the first stage, 2 authors (IYZ and YXM) independently

screened the titles and abstracts of all citations for potentially
relevant articles. In the second stage, the same 2 authors
independently examined the full texts of these papers against
prespecified inclusion criteria. Any discrepancies were resolved
with input from a third author (EH). Of the 6714 titles and
abstracts reviewed, we excluded 6668 articles that did not meet
our eligibility criteria, resulting in 46 articles for full-text review.
Additionally, 17 articles were excluded because they (1) were
not related to digital surveillance systems, (2) did not focus on
infectious diseases, or (3) lacked focus on ethical concerns. In
all, 29 papers satisfied our eligibility criteria and were included
by consensus agreement (Figure 1).

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart of the literature review.

Data Extraction, Quality Assessment, and Data
Analysis
All authors read and reviewed the 29 articles in order to
summarize the approaches, methodologies, samples, and
findings. Two authors (IYZ and YXM) undertook literature
quality assessment, extracted data from the literature, included
them into a spreadsheet, and analyzed the data independently.
Discrepancies were resolved, and data were confirmed in several
rounds of discussions with other team members. We evaluated
study quality and methodological rigor for 5 empirical studies
by using the modified mixed-methods appraisal tool (MMAT)
[14], which was not applicable for the remaining discussion
papers. Lower quality scores did not result in exclusion of any
articles. However, the findings of articles with lower quality
scores were given less weight during data analysis.

We structured our identified ethical issues using a theoretical
framework developed by Asadi et al [15], in which key concepts
of prior BDA had been identified, defined, and examined using
stakeholder theory and discourse ethics [16]. Key themes from

our review were discussed and summarized, and the gaps in the
literature and methodologies were identified.

Results

Overview and Participant Demographics
Among the 29 included articles, 2 qualitative studies [17,18],
2 quantitative studies [19,20], 1 mixed methods study [21], and
24 discussion papers were identified (Table 1). All of the
selected articles were published between the years 2015 and
2021. The 5 empirical studies [17-21] adopted a combination
of focus groups, a Delphi approach, a database digital
ethnography, and surveys as research methods, and they were
all identified as high quality. Together they included 7331
participants. Of these 5 studies, 1 was conducted in South Korea
[21] and 4 in Australia [17,19-21]. Four studies [17-19,21]
reported gender ratios and 3 [17,19,21] demonstrated age ranges.
Research participants were the general public; policymakers;
and experts in infectious diseases, epidemiology, food safety,
health informatics systems, and health and technology law.
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Table 1. Summary of ethical issues identified from utilizing digital surveillance systems for infectious diseases.

Key and relevant
findings

Methodology
and methods

Context of

studies

Study aim1. Sampling
frame

2. Sample size

3. Age

4. Gender ratio
(F:M)

5. Sampling
method

JournalCountryArticle type, and

authors and year

Journal articles
(n=5)

Almost all jurors
supported data link-

Qualitative;
deliberative

BDA was per-
ceived as intru-

Examine the pub-
lic acceptability

1. People who
had previously

BMC Medical
Ethics

AustraliaDegeling et al
(2020) [17]

age for public healthgroup ses-sive and a threat
to privacy.

and ethical con-
cerns of commu-
nity juries on inte-

volunteered to
take part in re-
search and top-

research and suggest-
ed deidentification

sions; Delphi
study ap-
proachgration of big da-

ta analytics
ic-blinded so-
cial media ad-

practices. Three ju-
ries raised several

(BDA) into com-vertising on
Facebook

2. n=50

3. 18-34 y
(n=15); 35-54 y

conditions related to
system oversight and
security being met.
One concern was
about loss of privacy
and mistrust in gov-

municable dis-
ease control

(n=22); and >55
y (n=11)

4. 27:21

5. Random sam-
pling

ernments to run se-
cure and effective
systems.

Nonmaleficence is
the core morality

Qualitative;
database digi-

Korean mothers
uploaded

Examine how
Korean mothers

1. Comments
from January to

Social Science
& Medicine

KoreaKim et al (2021)
[18]

considered by Kore-
an mothers.

tal ethnogra-
phy; reflexive
thematic analy-
sis

COVID-19 pa-
tient information
on the boards of
online groups for
discussion.

understand
morality in the
context of
COVID-19 con-
tact-tracing
surveillance

May 2020 made
by Korean
mothers on 15
internet groups
called “mom
cafes”

2. n=3729

3. N/Aa

4. Female

5. Purposive
sampling

After the COVID-19
pandemic, partici-

Quantitative;
online survey

New technology
raised concerns
of privacy disclo-

Compare the val-
ue of core
surveillance sys-

1. The Aus-
tralian general
population

2. n=2008

3. Median 46 y
(18-89 y)

4. 1015:993

5. Purposive
sampling

BMJ OpenAustraliaDegeling et al
(2020) [19]

pants demonstrated
greater preference
for a high data secu-
rity surveillance sys-
tem for public
health.

sure and misuse
in the COVID-19
outbreak.

tem attributes to
the Australian
public before and
during the early
stages of the
COVID-19 pan-
demic
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Key and relevant
findings

Methodology
and methods

Context of

studies

Study aim1. Sampling
frame

2. Sample size

3. Age

4. Gender ratio
(F:M)

5. Sampling
method

JournalCountryArticle type, and

authors and year

Privacy, data stor-
age, and technical
functions are ethical
issues that hinder
contact-tracking
apps.

Quantitative;
online nation-
al survey

App-based con-
tact tracing for
curbing the trans-
mission of
COVID-19 needs
widespread adop-
tion.

Investigate the
ethical issues of
adopting the Aus-
tralian govern-
ment’s COVID
safe app

1. Aus-
tralians
(excluding
health care
profession-
als or peo-
ple who
had been
tested for
COVID-
19)

2. n=1500
3. ≥18 y
4. 1:1
5. Purposive

sampling

JMIR Public
Health Surveil-
lance

AustraliaThomas et al
(2020) [20]

Infectious disease
monitoring systems
raise issues such as
personal privacy,
forensic risks, poten-
tial unintended con-
sequences, and the
weakening of public
trust.

Mixed
method; on-
line survey;
framework
analysis

Early detection of
infectious disease
outbreaks in-
volves lack of so-
cial license or
ethical and legal
considerations.

Identify ethical
issues in the
adoption and ef-
fective implemen-
tation of a digital
surveillance tool

1. Australian-
based policy
makers and ex-
perts in infec-
tious diseases,
epidemiology,
food safety,
health informat-
ics systems, and
health and tech-
nology law

2. n=44

3. N/A

4. N/A

5. Purposive
sampling

Health Re-
search Policy
and Systems

AustraliaDegeling et al
(2019) [21]

Reports (n=24)

Contact-tracing apps
debate on protecting
public health with
safeguarding civil
rights.

Discussion pa-
per

Contact-tracing
apps were used in
COVID-19
surveillance but
were less under-
stood by people.

Balance protect-
ing public health
with safeguarding
civil rights regard-
ing contact-trac-
ing apps

N/ANature Machine
Intelligence

United
Kingdom

Sweeney (2020)
[22]

Informed public dis-
cussion, greater
transparency, and an
ethical framework
will be essential to
build public trust in
the use of new tech-
nology for communi-
cable disease con-
trol.

Discussion pa-
per

There is consider-
able public oppo-
sition to allowing
public health au-
thorities access to
personal health
data for infec-
tious disease
surveillance.

Highlight the ur-
gency of having
an ethical frame-
work to guide the
use of new tech-
nologies in com-
municable dis-
ease surveillance
and control

N/AAsian Bioethics
Review

AustraliaGilbert et al
(2019) [6]
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Key and relevant
findings

Methodology
and methods

Context of

studies

Study aim1. Sampling
frame

2. Sample size

3. Age

4. Gender ratio
(F:M)

5. Sampling
method

JournalCountryArticle type, and

authors and year

Addressing privacy
and security in digi-
tal development in-
volves careful con-
sideration of which
data are collected
and how data are ac-
quired, used, stored,
and shared.

Discussion pa-
per

AI-driven inter-
vention research
in global health
has less ad-
dressed ethical,
regulatory, or
practical consider-
ations.

Artificial intelli-
gence (AI) use in
low- and middle-
income countries

N/ALancetUnited
States

Schwalbe et al
(2020) [23]

Automation and algo-
rithmic reliance im-
pact freedom of
choice; BDA com-
plexity impacts in-
formed consent; re-
liance on profiling
impacts individual
and group identities
and justice/fair ac-
cess; and increased
surveillance and
population interven-
tion capabilities im-
pact behavioral
norms and practices.

Discussion pa-
per

There are many
ethical impacts
when applying
BDA in infec-
tious diseases.

Provide a moral
foundation for
the societal accep-
tance and respon-
sible develop-
ment of techno-
logical advance-
ment

N/APhilosophy &
Technology

United
Kingdom

Garattini et al
(2019) [2]

Privacy, liberty, re-
sponsibilities, data
management, public
trust and confidence,
equity, fairness, jus-
tice, and data consis-
tency need to be ad-
dressed in the de-
ployment of mobile
phone apps.

Discussion pa-
per

Mobile phone
contact-tracing
apps have raised
many ethical
questions in the
COVID-19 pan-
demic.

Outline ethical
considerations in
the deployment
of digital surveil-
lance systems for
public health re-
sponse

N/AJournal of Medi-
cal Ethics

United
Kingdom

Parker et al
(2020) [3]

One of the biggest
ethical challenges is
data privacy and se-
curity. Individuals’
rights to privacy and
anonymity through
advanced encryption
and secure server
storage processes,
informed consent,
the ability to dropout
and delete their own
data, and data co-
ownership, should
be priorities.

Discussion pa-
per

A cohesive soci-
etal effort with
citizens’ full sup-
port is needed in
pandemics.

Outline an evi-
dence-based
global digital citi-
zen science poli-
cy, which pro-
vides a theoreti-
cal and method-
ological basis for
ethically sourcing
big data from citi-
zens to tackle
pandemics such
as COVID-19

N/AJournal of Medi-
cal Internet Re-
search

CanadaKatapally (2020)
[24]
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Key and relevant
findings

Methodology
and methods

Context of

studies

Study aim1. Sampling
frame

2. Sample size

3. Age

4. Gender ratio
(F:M)

5. Sampling
method

JournalCountryArticle type, and

authors and year

Ethical or legal chal-
lenges might be so-
cioeconomic inequal-
ities in developing
counties; security
risks such as data se-
curity, confidentiali-
ty, integrity, and da-
ta availability of pa-
tients and contacts in
COVID-19; the pri-
vacy issues of pa-
tients, which may
lead to mental health
problems; consent
and voluntariness;
and discrimination.

Literature re-
view

Contact-tracing
technologies have
limitations when
used in the
COVID-19 pan-
demic.

Analyze the po-
tential opportuni-
ties and chal-
lenges of integrat-
ing emerging
technologies, in-
cluding 5G tech-
nology, AI, and
big data, into
COVID-19 con-
tact tracking

N/ADiabetes &
Metabolic Syn-
drome: Clinical
Research & Re-
views

EswatiniMbunge (2020)
[25]

The main ethical
dilemma is how to
ensure data protec-
tion and proper
ethics while obtain-
ing the benefits of
public health
surveillance, and
how to ensure the
ethical use of collect-
ed data and protect
individual privacy.

Case reportOpt-in, data in-
tegrity, and ethi-
cal concerns need
to be addressed
when using the
new system for
the COVID-19
pandemic.

Describe Aaro-
gya Setu, a first-
of-its-kind partic-
ipatory disease
surveillance initia-
tive in India and
its ethical consid-
erations

N/AJMIR Public
Health and
Surveillance

IndiaGarg et al (2020)
[26]

The model devel-
oped in this study
might help to make
aware the ethical as-
pects already in the
development pro-
cess, and possibly
address them.

Discussion pa-
per

Usage of digital
surveillance in
epidemiology has
different kinds of
challenges.

Highlight the eth-
ical issues that
should be consid-
ered when inte-
grating digital
epidemiology
with current prac-
tice and develop
an ethical assess-
ment model for
digital disease
detection (DDD)
technologies

N/ALife Sciences,
Society and
Policy

Switzer-
land

Denecke (2017)
[27]
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Key and relevant
findings

Methodology
and methods

Context of

studies

Study aim1. Sampling
frame

2. Sample size

3. Age

4. Gender ratio
(F:M)

5. Sampling
method

JournalCountryArticle type, and

authors and year

Some of the ethical
challenges of shar-
ing data across vari-
ous early warning
tools to support risk
assessment are own-
ership of personal
data, transparency
and clarity of public
health data sharing,
strong transparent
disclosure, data pri-
vacy and security,
and the balance be-
tween data sharing,
personal data protec-
tion, stakeholder
needs, and public
good.

Commentary
report

Digital surveil-
lance has created
ethical, political,
and legal chal-
lenges in infec-
tious disease con-
trol.

Outline 3 major
ethical and gover-
nance challenges
for digital epi-
demiology in the
21st century

N/ALife Sciences,
Society and
Policy

United
Kingdom

Kostkova (2018)
[28]

The ethical chal-
lenges of DDD can
be divided under 3
heads: context sensi-
tivity (privacy and
contextual integrity,
transparency, and
global justice);
nexus of ethics and
methodology (risk of
harm, use of re-
sources, trust, trans-
parency, accountabil-
ity); and legitimacy
requirements (shared
code of practice,
mechanism for quick
response to inaccura-
cies, addressing
harms caused by
DDD activities,
common good).

Discussion pa-
per

DDD has many
ethical challenges
in infectious dis-
ease pandemics.

Identify key ethi-
cal challenges as-
sociated with
DDD activities
and outline a
framework for
addressing them

N/APLoS Computa-
tional Biology

Switzer-
land

Vayena et al
(2015) [29]
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Key and relevant
findings

Methodology
and methods

Context of

studies

Study aim1. Sampling
frame

2. Sample size

3. Age

4. Gender ratio
(F:M)

5. Sampling
method

JournalCountryArticle type, and

authors and year

Ethical obstacles are
privacy in relation to
the principles of au-
tonomy and non-
maleficence; and a
balance between
costs, risks, and ben-
efits for participants
and communities in
relation to the princi-
ples of beneficence
and justice, such as
stigmatized commu-
nity, data withhold-
ing, and whether and
how to communicate
information on
hotspots to the gener-
al population.

Discussion pa-
per

Mapping the
movements of
potentially infect-
ed persons has
ethical chal-
lenges.

Mitigate the ethi-
cal concerns of
movement map-
ping of potential-
ly infected per-
sons

N/AEmerging Infec-
tious Diseases

BelgiumDe Jong et al
(2019) [30]

The ethical issues of
digital contact trac-
ing are human rights
and data protection,
inequalities, data
quality limitations,
false reporting risks,
and centralization of
large amounts of
personal data.

Rapid evi-
dence review

The UK govern-
ment asked for
more information
to decide the use
of technology in
the COVID-19
pandemic.

Examine societal,
political, legal
and ethical per-
spectives on
symptom track-
ing, contact trac-
ing, and immuni-
ty

N/APatternsUnited
Kingdom

Kind (2020) [31]

Privacy controver-
sies might unveil or
infer embarrassing
personal details, un-
wanted privacy inva-
sion, public disdain,
uneven scope, and
granularity of disclo-
sures by municipal
and local govern-
ments.

Discussion pa-
per

South Korea ex-
tensively used
digital tools for
tracing COVID-
19 patients.

Identify ethical
concerns over
privacy involving
the information
technolo-
gy–based tracing
strategy in re-
sponse to
COVID-19

N/AJAMAKoreaPark et al (2020)
[32]

The ethical issues
include sensitively
and specifically
identifying infec-
tious individuals, us-
er uptake and adher-
ence, notification,
integration with lo-
cal health policy,
and ability to evalu-
ate effectiveness
transparently.

Discussion pa-
per

Contact tracing
was used to assist
people in receiv-
ing warnings
about COVID-
19.

Minimize the in-
vasion of privacy
by using digital
contact tracing

N/AUniversity of
Oxford

United
Kingdom

Fraser et al
(2020) [33]
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Key and relevant
findings

Methodology
and methods

Context of

studies

Study aim1. Sampling
frame

2. Sample size

3. Age

4. Gender ratio
(F:M)

5. Sampling
method

JournalCountryArticle type, and

authors and year

Privacy is a central
feature of conversa-
tions around mobile
contact-tracking
apps. Some privacy
trade-offs can be en-
dured for public
health.

Discussion pa-
per

The Singaporean
government re-
leased a mobile
phone app to as-
sist in tracking
down exposures
to COVID-19 pa-
tients, but there
were privacy im-
plications.

Discuss ways of
ameliorating pri-
vacy concerns
without decreas-
ing the usefulness
of contact-tracing
apps

N/AArXiv PreprintSinga-
pore

Cho et al (2020)
[34]

Digital tracking apps
will introduce new
psychological, so-
cial, economic, and
political risks.

Discussion pa-
per

Digital tracing
technologies for
COVID-19 con-
trol were reported
to have ethical
risks.

Identify factors
that pose a risk
for fair group
composition

N/AEthics and Infor-
mation Technol-
ogy

Nether-
lands

Klenk et al
(2020) [35]

Privacy protection
should rely on math-
ematical proof, and
mitigation strategies
should be considered
only when neces-
sary. We should fo-
cus on privacy and
ensure security.

Discussion pa-
per

A contact-tracing
app was devel-
oped to assist
with COVID-19
control, and
record location or
close contact da-
ta.

Propose 8 ques-
tions to assess
privacy in con-
tact-tracing apps.

N/AComputational
Privacy Group
Blog

United
Kingdom

De Montjoye et
al (2020) [36]

The privacy gover-
nance framework is
incomplete in ensur-
ing the effective and
protective use of
personal information
in response to epi-
demics.

Discussion pa-
per

Data surveillance
has become a key
component of
pandemic re-
sponse plans.

Highlight the per-
sonal privacy in
electronic public
health surveil-
lance systems

N/AUniversity of
New Brunswick
Law Journal

CanadaBernier et al
(2015) [37]

Best practices
should be identified
to protect privacy
and public trust.

Discussion pa-
per

The COVID-19
emergency has
used much more
digital tools than
previous out-
breaks globally.

Identify ethical
issues when us-
ing digital
surveillance sys-
tems in COVID-
19

N/ANature
Medicine

Switzer-
land

Ienca et al (2020)
[38]

Users may be uncom-
fortable with applica-
tions that track real-
time locations.

Discussion pa-
per

Smartphone-
based contact
tracing has been
used in the
COVID-19 pan-
demic to limit
disease transmis-
sion.

Develop an effec-
tive contact-trac-
ing smartphone
app that respects
user privacy by
not collecting lo-
cation informa-
tion or other per-
sonal data

N/AJMIR mHealth
and uHealth

United
States

Yasaka et al
(2020) [39]

J Med Internet Res 2021 | vol. 23 | iss. 10 |e32328 | p.1105https://www.jmir.org/2021/10/e32328
(page number not for citation purposes)

Zhao et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Key and relevant
findings

Methodology
and methods

Context of

studies

Study aim1. Sampling
frame

2. Sample size

3. Age

4. Gender ratio
(F:M)

5. Sampling
method

JournalCountryArticle type, and

authors and year

In a pandemic crisis,
the balance between
privacy and public
health tends to tilt
toward the latter.
However, a strong
legal framework
should be estab-
lished around any
such data-driven
policy, taking into
account the transi-
tion to “postepidem-
ic” life.

Discussion pa-
per

Technological so-
lutions to miti-
gate the COVID-
19 crisis have
been implement-
ed in China and
South Korea.

Discuss the ethics
of technological
solutions to miti-
gate COVID-19

N/AIstituto Affari
Internazionali

ItalyBarbieri et al
(2020) [40]

Ethical issues of pri-
vacy protection,
transparency, and
reidentification risks
of anonymous infor-
mation.

Discussion pa-
per

The COVID-19
pandemic has
been controlled
by large-scale
adoption of con-
tact tracing.

Improve the priva-
cy and anonymity
standards of mo-
bile contact trac-
ing

N/AarXivUnited
States

Chan et al (2020)
[41]

The ultimate success
of tracking technolo-
gy will depend on
confidence and mutu-
al respect. The ulti-
mate test of any
tracking technology
will be the strength
of the relationship
between the public
and the government.

Discussion pa-
per

The Australian
public is seeking
a way to manage
the COVID-19
pandemic.

Discuss the ac-
ceptability of a
coronavirus trac-
ing app by Aus-
tralians and how
to implement
tracing technolo-
gy successfully

N/AThe GuardianAustraliaPeter (2020) [42]

aN/A: not applicable.

Ethical Issues
Textbox 1 shows the key ethical issues identified in the review
summarized and clustered under individual, organizational, and
societal levels with key themes presented under the

corresponding concepts. Six domains, namely awareness of
implementing digital infectious disease surveillance, digital
integrity, trust, privacy and confidentiality, civil rights, and
governance were highlighted.
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Textbox 1. Ethical issues in utilizing artificial intelligence–augmented infectious disease surveillance systems based on the ethical framework of Asadi
et al [15].

Individual level

Data ownership

• Digital infectious disease surveillance systems challenge data ownerships rights

• Impacts of data ownership rights on public participation in digital infectious disease surveillance

Data control

• Inappropriate reidentification, sharing, or processing of personal information of infectious disease patients

Awareness

• Lack of understanding of data collection, access, processing, sharing, and storage of infectious disease surveillance systems

• Lack of and inability to give consent when enrolled into infectious disease surveillance systems

Trust

• Data governance, security, and data set bias undermines public trust

• Public mistrust in the necessity and effectiveness of contact-tracing technology for infectious diseases

• Public mistrust in governments’ strategies in using digital infectious disease surveillance

Privacy

• Concerns of privacy risks and allowance to infectious disease control

• Privacy risks on contact tracing for infectious diseases and social networks

• Disclosure of infectious disease information leads to business depletion, privacy invasion, and public disdain

• Necessity of infectious disease data anonymization and risk of reidentification

• Privacy and appropriate authority oversight on artificial intelligence (AI)-augmented infectious disease surveillance systems

Self-determination

• Autonomy/personal liberty to participate in and use AI-augmented infectious disease surveillance systems

Fear

• Fears of privacy violation, institutional control/penalties, and discriminatory/stigmatized effects when using AI-augmented infectious disease
surveillance systems

Organizational level

Data quality

• Data accuracy, validity, veracity, and integrity of AI-augmented infectious disease surveillance systems

• Consequences of low data quality in AI-augmented infectious disease surveillance systems

Data sourcing

• Vulnerable populations/key demographics underrepresented in data sourcing could lead to invalid infectious disease control

Data sharing/disclosure

• Data sharing/disclosure for unethical purpose when using AI-augmented infectious disease surveillance systems

• Data disclosure needs clear standards and safeguards when using AI-augmented infectious disease surveillance systems

Algorithmic decision making

• Reliability, validity, and consequences of algorithmic decision making for infectious disease outbreaks

• Vulnerability of machine learning processes for infectious disease surveillance

Presentation

• Needs for transparent and clear presentation of algorithms, data processing, and hotspots of infectious diseases
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Ethical capability

• Lack of ethical training on data collection and disciplinary measures on poor data quality for infectious disease surveillance

Ethical culture

• Consideration of cultural contexts in data collection, processing, and decision making for infectious disease surveillance

Ethical governance

• Transparency of digital infectious disease surveillance systems

• Lack of common technical or ethical standards for data usage in infectious disease surveillance

• Lack of an ethical governance framework to regulate algorithms, data collection, use, and management for infectious disease surveillance

Societal level

Power

• Imbalanced power relations among decision makers, researchers, and citizens when using AI-augmented infectious disease surveillance systems

• Unequal allocation and distribution of resources and benefits when using AI-augmented infectious disease surveillance systems

Social awareness

• Social awareness in purpose, risks and benefits, and consequences when setting up infectious disease surveillance programs

Surveillance

• Ethical surveillance with full public engagement and incentives when using AI-augmented infectious disease surveillance systems

• Ensure infectious disease surveillance systems protect civil liberties and rights

Principles and guidelines

• Lack of legislation and guidelines for infectious disease outbreaks and protection of data security, individual privacy, and discrimination

Authority

• The possibility of data misuse by authorities/agencies without legal authorization

Climate

• Digital infectious disease surveillance in a social environment leads to social stigma, discrimination, rumors, and prejudice

Awareness of Implementing Digital Infectious Disease
Surveillance
The informants reported insufficient understanding at every
stage of data collection and distribution of digital infectious
disease surveillance systems. They felt they were not informed
of their rights to refuse or their ability to withdraw consent.
Irresponsible decision making was identified by infectious
disease patients in relation to insufficient information provided
about contact tracing technology. At the societal level, digital
infectious disease surveillance based on BDA was poorly
accepted by the general public due to their uncertainty about its
purpose and the risks posed from the potential mitigation of
data sharing. Consequently, they wanted more information about
the digital infectious disease surveillance systems and wanted
their associated ethical concerns and consequences addressed.
They also expected organizations to make public and transparent
the algorithms and data processes used, and use plain language
when explaining infectious disease surveillance. Simultaneously,
both the general public and field experts emphasized that
governments or institutions should convey the importance of

infectious disease outbreak control to communities without
violating ethical principles.

Data Integrity
Data integrity weaknesses were identified as common in BDA.
Unreliable or invalidated data sourcing or algorithms were seen
to lead to inaccurate identification of outbreaks or infected
individuals, false predication of an event’s trajectory or the
likelihood of reoccurrence, and inaccurate notifications. The
outcomes, such as inadequate data integrity, were further seen
to continuously intensify economic losses to trade, tourism, and
health services, causing unnecessary panic and the loss of public
trust in health authorities. Some organizations and experts also
worried that digital infectious disease surveillance systems
would widen existing health care disparities or digital divides
by underrepresenting vulnerable and at-risk populations such
as older adults, children, and people in economically
underresourced areas; for instance, data of COVID-19 hotspots
influenced the allocation and distribution of resources [25]. It
was recommended that digital infectious disease surveillance
applications should consider ethical requirements and the rights
of people from diverse regions and communities.
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Trust
Some people questioned the necessity and effectiveness of using
contact-tracing technologies in an AI-assumed situation. They
mistrusted the AI-augmented systems’ capacity to send correct
notifications to infected individuals to instruct them to
quarantine during an infectious disease outbreak in a timely
manner. Emerging technology risks, such as data breaches or
data set biases and government strategies of mandatory
application of digital contact tracing, could further undermine
public trust. Individuals and relevant experts called for an open
debate or scrutiny, transparent procedures for data usage, and
public consultation plans and privacy regulations.

Privacy and Confidentiality
Digital infectious disease surveillance was identified to pose
considerable risks to an individual’s rights to privacy and
confidentiality. Contact tracing that linked a potential infectious
disease with patients’movements, locations, or social networks
was seen as a considerable threat to further disclosure of
sensitive information. For example, personal social interactions
and contact history, especially in the case of sexually transmitted
infections or HIV, could be revealed. Individuals were
concerned that third parties or malicious users might access
large health data sets for profit and/or abuse. Disclosure of
private information was seen to lead to business depletion,
privacy invasion, and public discrimination and stigmatization.
Data anonymity, robust encryption processes, and deidentified
aggregate data were contended to be crucial to all data privacy
and security procedures in compliance with data protection
regulations.

Civil Rights
Data ownership rights for public health surveillance were
regarded as a major ethical challenge. Some reported that
authorities or institutions limited their rights to decide the
adoption of digital infectious disease contact tracing or
surveillance systems. Personal liberties were also impacted by
movement mapping, cross-border sharing of personal health
information, and frequent security checks using QR codes for
filling in personal information. Countries using centralized
contact-tracing apps and privacy-by-design apps were seen to
have the potential to impose restrictions on civil liberties, which,
in turn, impacted ethical engagement in digital health. Data
co-ownership and strengthening of transparency were seen as
helpful to encourage individuals to participate in data
visualization, analysis, and knowledge translation, and balance
the power dynamics among decision makers, researchers, and
citizens.

Governance
Technical and ethical standards, as well as legislation and
guidelines for infectious disease outbreaks, data security,
protection of individual privacy, and avoidance of discrimination
were considered poorly developed and incomplete. Technology
companies were recommended to establish a mechanism to deal
with inaccurate epidemic reporting and dissemination of
misinformation, and were expected to develop rapid ethical
assessment, training, and disciplinary measures for data
collection or sharing. Governance institutions or bodies, such

as national health commissions, medical councils, and company
boards, were further recommended to provide appropriate
oversight on the performance of algorithms and data usage.
Some literature argued that an independent privacy audit was
needed to secure a transparent approach for the public [33,36].
Both individuals and relevant experts also supported data sharing
protocols to specify the scope and granularity of disclosure. An
example provided was that personal names should not be
publicly available, and personal information should only be
gathered and shared within a period of time regulated by law
and clearly justified based on population health needs.

Discussion

Challenges of Using AI Surveillance Systems for
Infectious Diseases
The emergence of AI surveillance systems for infectious
diseases promises tangible global public health benefits, but
these are accompanied by significant ethical, political, and legal
challenges, which span over a wide spectrum on 3 levels. Six
main themes were generated from this systematic review,
ranging from people’s awareness and knowledge of digital
infectious disease surveillance systems and personal privacy
on the individual level to organizational issues of maintaining
data integrity and security, and the lens was extended upward
to the societal level, involving public trust, civil rights, and the
need for a governance framework with ethical oversights. Some
of the challenges are inherent to public health practice and only
heightened by the use of digital tools, and others, such as public
trust and awareness of digital surveillance, algorithmic decision
making, and data security, are specific to AI approaches and
largely unprecedented. It is vital to consider these challenges
to enhance individuals’ rights, privacy, public responsibilities,
and optimal population health outcomes so that digital
surveillance can tackle pandemics ethically.

Strengths and Limitations
Studies and position papers on the ethical implications of AI
surveillance for infectious diseases have gained momentum
since 2019 in response to the outbreak of the COVID-19
pandemic; the dearth of studies prior to this makes it challenging
to reveal any time trends. Furthermore, most articles included
in the review were discussion papers, limiting the ability to
evaluate generalizability, transferability, and rigor or multiple
stakeholders’perspectives on the use of AI-augmented infectious
disease surveillance. The 5 empirical studies had restricted
sampling approaches both in terms of size and stakeholder
representation (health professionals and community groups),
with 4 of the studies being conducted in Australia alone. Few
papers involved vulnerable or diverse populations, and none
involved specific cultural or socioeconomic groups, further
limiting the scope of the review. Furthermore, articles
acknowledged the inherent strengths and weaknesses of the
public health system operating at the location of the study.

Retributions Versus Common Good for Public Health
and Long-term Impacts
The tensions between human and civil right discourses and the
need for rapid public health responses are exacerbated with the
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use of BDA/AI in the context of a pandemic [2]. There are
medicolegal and moral retributions and concerns arising from
utilizing available epidemiological information through a highly
effective and responsive infectious disease surveillance method
that could protect local and, potentially, global communities
from serious infectious disease outbreaks [3,18]. Conversely,
routine collection and linkage of detailed personal information
pose considerable risks for the violation of individual and civil
freedoms of choice and privacy [19].

As of July 21, 2021, there have been 191 million confirmed
cases and 4.11 million deaths globally from COVID-19 [43].
Given that sound public health interventions are predicated upon
promoting and protecting the health of communities, timely,
cost-effective, and socioculturally informed primary care
interventions, advocacy, and empowerment with long-term
impact evaluations are required. There are strong reasons to
develop an ethical governance framework to support
AI-augmented infectious disease surveillance to achieve these
outcomes. The question of how to balance what is needed for
the “good of public health outcomes” and human rights in
pandemic crisis situations is highlighted in the literature
reviewed [33,37].

Trust Building and Privacy Protection
Detection and notification of infectious disease outbreaks
requires prompt accurate disease diagnosis and follow-up of
infected individuals and their close contacts. An early
AI-augmented warning system has exponential potential for
implementing real-time, responsive, and adaptive calculations.
This means that substantial personal information, such as names,
ages, locations, and relevant heath data, will be accessed in a
timely manner and collected by AI systems for calculation,
analysis, and notification. Public opt-in and well-founded trust
in the digital system, its implementation, and the governance
framework are therefore essential factors regarding ethical issues
at the organizational and societal levels for infectious disease
surveillance, which could enable the acceptability and
effectiveness of the system.

Even with optimal technical standards to maximally reduce the
risks and consequences of data misuse, data safety, security,
and integrity cannot be guaranteed. The role of AI-augmented
infectious disease surveillance might only be supplementary
for public health, while ethical issues are carefully observed.
One of the most important challenges facing AI is to design and
develop appropriate methods to deidentify personal information
and protect privacy, yet a greater risk of false positive and false
negative notifications exists with higher-level deidentified data
[33].

Moreover, well-founded trust and confidence vary in different
countries and between individuals. People in democratic
countries tended to distrust AI-augmented surveillance systems
by challenging them when personal information is reported to
health authorities, often without appropriate informed consent
[3]. In contrast, Chinese citizens expressed their trust in the

Chinese government’s response to COVID-19, which they felt
had been highly successful in controlling the spread of the virus
through the use of mobile phone data combined with intensive
testing and restriction programs [44]. Although there is no
unified standard to establish trust, the need for effective,
transparent, accountable, and independent oversight is very
important.

Generation of an Ethical Framework and Global
Governance Structures
Digital standards and guidelines for developing and evaluating
the performance of infectious disease surveillance alone are
insufficient. The scope of the ethical framework in Textbox 1
needs to be expanded globally. Cross-national and national
governance structures; institutional systems with regulatory,
medical, ethical, and legal frameworks; and benchmarking
standards have essential roles to play in the development and
deployment of these new health technology systems. However,
this review identified the urgent need for an ethical framework
to underscore all AI-augmented infectious disease surveillance
systems [18,19,30]. Considering the rapid development of global
trade supply chains, mass gatherings, and international travel,
World Health Organization’s International Health Regulations
in 2005 [45] outlined the cross-border implications of a
pandemic response and provided a framework for sharing,
monitoring, and evaluating information from the sources of
infections [37]. In response to a pandemic emergency,
cross-border sharing of personal health data is essential for
tracing infectious disease patients and their contacts. At the
same time, cross-border sharing further raises the heightened
and unique risk for individual privacy and security breaches. In
turn, a spectrum of actions regarding ethical, political, and legal
implications must be framed within strict safeguards and needs
to be mandated globally [37].

Implications
A systematic medical, ethical, and legal framework is necessary
for governance of AI-augmented infectious disease surveillance
and the protection of personal privacy and data integrity. Public
health systems should maximally increase the social awareness
of AI surveillance and BDA for infectious diseases, and
implement new technologies for infectious disease surveillance
in a more person-centered and humane manner. Future research
needs to focus on the setting up and implementation of an
AI-augmented infectious disease surveillance system
underscored by an ethical framework based on universal human
rights. Decision makers should take into account varying and
diverse population needs, sociocultural status, and regulatory
and legal governance in order to promote trust building between
end users, including infectious disease patients, doctors, and AI
system implementers. This systematic review is intended to
contribute to the development of a more comprehensive and
concrete ethical framework for AI-augmented infectious disease
surveillance, which will enable it to ultimately maximize public
health responsiveness synergized within an ethical context.
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Abstract

Background: Health care organizations (HCOs) adopt strategies (eg. physical distancing) to protect clinicians and patients in
intensive care units (ICUs) during the COVID-19 pandemic. Many care activities physically performed before the COVID-19
pandemic have transitioned to virtual systems during the pandemic. These transitions can interfere with collaboration structures
in the ICU, which may impact clinical outcomes. Understanding the differences can help HCOs identify challenges when
transitioning physical collaboration to the virtual setting in the post–COVID-19 era.

Objective: This study aims to leverage network analysis to determine the changes in neonatal ICU (NICU) collaboration
structures from the pre– to the intra–COVID-19 era.

Methods: In this retrospective study, we applied network analysis to the utilization of electronic health records (EHRs) of 712
critically ill neonates (pre–COVID-19, n=386; intra–COVID-19, n=326, excluding those with COVID-19) admitted to the NICU
of Vanderbilt University Medical Center between September 1, 2019, and June 30, 2020, to assess collaboration between clinicians.
We characterized pre–COVID-19 as the period of September-December 2019 and intra–COVID-19 as the period of March-June
2020. These 2 groups were compared using patients’ clinical characteristics, including age, sex, race, length of stay (LOS), and
discharge dispositions. We leveraged the clinicians’ actions committed to the patients’ EHRs to measure clinician-clinician
connections. We characterized a collaboration relationship (tie) between 2 clinicians as actioning EHRs of the same patient within
the same day. On defining collaboration relationship, we built pre– and intra–COVID-19 networks. We used 3 sociometric
measurements, including eigenvector centrality, eccentricity, and betweenness, to quantify a clinician’s leadership, collaboration
difficulty, and broad skill sets in a network, respectively. We assessed the extent to which the eigenvector centrality, eccentricity,
and betweenness of clinicians in the 2 networks are statistically different, using Mann-Whitney U tests (95% CI).

Results: Collaboration difficulty increased from the pre– to intra–COVID-19 periods (median eccentricity: 3 vs 4; P<.001).
Nurses had reduced leadership (median eigenvector centrality: 0.183 vs 0.087; P<.001), and neonatologists with broader skill
sets cared for more patients in the NICU structure during the pandemic (median betweenness centrality: 0.0001 vs 0.005; P<.001).
The pre– and intra–COVID-19 patient groups shared similar distributions in sex (~0 difference), race (4% difference in White,
and 3% difference in African American), LOS (interquartile range difference in 1.5 days), and discharge dispositions (~0 difference
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in home, 2% difference in expired, and 2% difference in others). There were no significant differences in the patient demographics
and outcomes between the 2 groups.

Conclusions: Management of NICU-admitted patients typically requires multidisciplinary care teams. Understanding collaboration
structures can provide fine-grained evidence to potentially refine or optimize existing teamwork in the NICU.

(J Med Internet Res 2021;23(10):e27261)   doi:10.2196/27261

KEYWORDS

neonatal intensive care unit; collaboration; health care organization structures; intensive care; length of stay; discharge dispositions;
electronic health records; network analysis; COVID-19; temporal network analysis

Introduction

Health care organizations (HCOs) change intensive care unit
(ICU) staffing and follow physical distancing policy during the
COVID-19 pandemic to protect clinicians and patients [1,2].
For instance, many physical care activities before the COVID-19
pandemic have been transitioning to virtual systems, such as
electronic health records (EHRs) or telehealth [3-5]. These
changes can interfere with the structures of teamwork in the
ICU, which may impact clinical outcomes. The changes in ICU
structures and outcomes from pre– to intra–COVID-19 periods
have not been systematically investigated. Therefore, challenges
are unclear when health care delivery disruptions (eg,
pandemics) or major transitions (physical to virtual
collaboration) occur in the post–COVID-19 era.

One of the major challenges to analyzing ICU structures and
quantifying their changes is that the ICU structures are
historically developed at a coarse-grained level, which seldom
considers connections among clinicians in a team owing to
dynamic and complex clinical workflows, shifts, and handovers
[6-9]. Understanding how clinicians connect (eg, sharing and
exchanging health information) within their clinical teams when
caring for patients can provide fine-grained evidence to
potentially refine or optimize existing ICU structures.

In modern health care, an increasing number of clinicians utilize
EHR to diagnose and treat patients by exchanging all medical
statuses [10,11]. Therefore, the volume of the EHR system
utilization data has been increasing exponentially in recent years,
providing abundant resources to identify connections between
clinicians. Recent studies applied network analysis to EHR
utilization data to measure connections among clinicians
[12-15]. They found EHR system utilization data to potentially
be a rich resource to be leveraged to model relationships among
clinicians. Recent studies have also shown that network analysis
methods and data within the EHR can also be utilized to learn
collaboration structures in ICUs [8,9,16]. Based on previous
studies, this study leverages network analysis methods to learn
structures of the neonatal ICU (NICU) in pre– and
intra–COVID-19 eras in terms of collaboration among clinicians,
and compares differences in the structures. Patients hospitalized
in the NICU include high-risk infants who may be or are at risk
for a variety of complex diseases or conditions. The management
of NICU patients typically requires multidisciplinary care teams
(eg, neonatal frontline providers, ancillary staff, nurses,
neonatologists, residents, support staff, respiratory therapists,
neonatal fellows, and highly specialized consultants) [17-19].
We investigate the connections among clinicians in a

tertiary-level NICU, which has a high density of intense EHR
utilization and heavy data sharing traffic per patient episode
[8,9], making this environment ideal for our ICU structure study.

Methods

To describe our work systematically, we used the reporting
checklist for quality improvement in health care (Multimedia
Appendix 1), which is based on the SQUIRE 2.0 guidelines
[20].

We extracted EHRs for all patients admitted to the NICU at
Vanderbilt University Medical Center (VUMC, Nashville,
Tennessee) between September 1, 2019, and June 30, 2020. We
characterized pre–COVID-19 as the period of September
through December 2019 and intra–COVID-19 as the period of
March through June 2020. We used network analysis methods
to analyze the EHRs of 712 NICU patients (pre–COVID-19
patients, n=386; intra–COVID-19 patients, n=326), excluding
those with COVID-19, to assess clinician networks to describe
pre–COVID-19 and intra–COVID-19 teamwork structures.
These 2 groups were compared using patients’ clinical
characteristics, including their age, sex, race, length of stay
(LOS), and discharge dispositions.

To protect patient confidentiality, analysis of EHR data was
conducted at a data analysis server located at the VUMC. The
EHR data used in this study were physically housed in a secure
room at the VUMC’s data center. All connections made to the
servers were made in an encrypted manner and used Secure
Shell technology from known computers. A unique login and
password were set for each authorized individual. All protected
health data remained on the server, and no copy of the data was
provided to unauthorized parties. The Vanderbilt institutional
review board reviewed and approved the study (protocol No.
200792).

Clinicians’EHR actions stemmed from different tasks, including
conditions (eg, assessing a patient’s condition), procedures (eg,
intubation), medications (eg, prescription drugs), notes (eg,
progress note writing), orders (eg, laboratory test ordering), and
measurements (eg, measuring blood pressure). We leveraged
the actions committed to the EHRs of patients by clinicians to
measure clinician-clinician connections. Prior research shows
that a 1-day window can capture meaningful collaborative
relationships among clinicians [12-15]. Based on their findings,
we characterized a collaboration relationship (tie) between 2
clinicians as they performed actions to EHRs of the same patient
within the same day (24 hours). This definition can capture
different types of interactions between clinicians. The first type
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is the asynchronous interactions between clinicians; for instance,
a clinician created a medication order at 9 AM, and another
clinician reviewed and processed the order at 11 AM on the
same day. Thus, the 2 clinicians had an asynchronous
collaboration in terms of order creation and processing. The
second type is the interactions between clinicians during shifts
or handoffs, which are among the most critical aspects of
collaboration owing to the medical errors that occur during the
transition between clinicians [17-19,21]. For instance, 2 nurses
(oncoming and ongoing) were responsible for a patient’s handoff
or shift at 7 PM. The 2 nurses may perform some actions to
EHRs of the patient before, during, or after the handoff/shift,
which can be captured by our definition of collaboration
relationship, to build a connection between them. The third type
is the interactions between clinicians built on their
documentation in EHRs or messages in the basket, a
communication hub where clinicians can send and receive secure
messages. For instance, 2 clinicians work together during patient
care without interacting with EHRs, but both made some
documentation later. Based on our collaboration definition, the
2 clinicians still have a connection built between them. We
quantified the weight of a relation between 2 clinicians as the
number of patients they co-managed on the same day, which
can be learned from EHRs. We referred to each patient on that
day as a patient day. The relation’s final weight is the cumulative
number of patient days the 2 clinicians interacted by
co-managing patients during our investigated time window (4
months). Thus, we built the pre– and intra–COVID-19 networks.

Formally, the nodes in the pre– and intra–COVID-19 networks
were defined as Zpre = {z1, z2, …, zp} and Zintra = {z1, z2, …, zq},
respectively. To better interpret the networks, we used the
clinician’s specialty (eg, respiratory therapist or NICU registered
nurse) to label each node. Specialties in the pre– and
intra–COVID-19 networks are referenced as EXPpre = {exp1,
exp2, …, expa} and EXPintra = {exp1, exp2, …, expb},
respectively. Z and EXP are used to describe the compositions
of the pre– and intra–COVID-19 networks.

We leveraged sociometric measurements, including eigenvector
centrality [22], betweenness centrality [23], and eccentricity
[24], to quantify the network structures. Eigenvector centrality
is the measure of the influence of a node in a network [22]. In
a health care EHR setting, high eigenvector centrality implies
that the clinician has a very active role and serves as a hub in
information sharing and dissemination. Betweenness is a
measure of centrality based on the shortest paths in a network;
it is calculated as the number of times a node acts as a bridge
along the shortest path between two other nodes [23]. A node
with higher betweenness centrality has more control in the
network because owing to its shorter paths to other nodes, more
information will pass through that node. Eccentricity of a node
in a network is the maximum distance from the node to any
other node [24]. In a clinician setting, eccentricity is the radius
from one clinician to another, which is the largest distance. A
larger eccentricity implies that there many more steps to share
information with another clinician. Therefore, we characterized
eigenvector centrality as indicating a clinician’s leadership (hub)

in terms of collaboration, betweenness centrality as
demonstrating a clinician cares for a wide spectrum (bridge) of
patients, and eccentricity as showing the difficulty for a clinician
to collaborate with others. Figure 1 shows 3 networks to
illustrate each of the 3 sociometric measurements, respectively.
We used Gephi, an open-source network analysis and
visualization software package [25], to calculate eigenvector
centrality, betweenness centrality, and eccentricity for each of
the nodes in the pre– and intra–COVID-19 networks.

We investigated whether the differences in the clinician
leadership, who care for a wide spectrum of patients, and
collaboration difficulty are statistically different between pre–
and intra–COVID-19 networks. In addition, we investigated
changes in 2 outcome metrics, including LOS and discharge
dispositions, from the pre– to the intra–COVID-19 periods. We
applied Mann-Whitney U tests at a 95% CI to account for the
non-Gaussian distribution of the sociometric measurements and
outcomes. Since the pre– and intra–COVID-19 networks are
composed of clinicians with different specialties, we compared
the differences at both network (entire network) and specialty
(each specialty) levels. We applied a Bonferroni correction to
account for multiple hypothesis testing (eg, pairwise test for the
specialty-level comparisons).

For each investigated specialty (eg, NICU nurse), we
investigated whether clinicians affiliated with the specialty in
the pre–COVID-19 network have significantly higher values
of eigenvector centrality, betweenness centrality, or eccentricity
than those affiliated with the same specialty in the
intra–COVID-19 network. We focused on the 6 specialties that
play essential roles in NICU care, which included NICU nurses,
nurse practitioners, residents, respiratory therapists, cardiac ICU
nurses, and neonatologists. For an investigated specialty, we
created 2 arrays, one with values of a sociometric measurement
(eg, eigenvector centrality) of nodes (clinicians) affiliated with
the specialty in the pre–COVID-19 network and the other for
the values of the same sociometric measurement of clinicians
affiliated with the same specialty in the intra–COVID-19
network.

We further tested the differences in the eigenvector centrality,
betweenness centrality, and eccentricity between pre– and
intra–COVID-19 networks using all specialties in the 2
networks. The hypothesis test is of the following form: there
are significant differences in eigenvector centrality, betweenness
centrality, or eccentricity between the pre– and intra–COVID-19
networks. Within a network, we measured eigenvector centrality,
betweenness centrality, or eccentricity for a specialty by
calculating the mean values of eigenvector centrality,
betweenness centrality, or eccentricity of all clinicians affiliated
with that specialty in the network. For pre– or intra–COVID-19
networks, we developed an array of specialties, whose cell value
is the value of a specialty’s sociometric.

The data sets generated and analyzed during the current study
are not publicly available in order to maintain the privacy of
the patient information investigated in this study, but they are
available from the corresponding author on reasonable request.
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Figure 1. Example networks to illustrate (A) eigenvector centrality, (B) betweenness centrality, and (C) eccentricity.

Results

The pre– and intra–COVID-19 patient groups share similar
distributions (Table 1) in sex (~0 difference), race (4%
difference in White, and 3% difference in African American),
LOS (IQR difference in 1.5 days), and discharge dispositions
(~0 difference in home, 2% difference in expired, and 2%
difference in others). There were no significant differences in
patient demographics and outcomes between the 2 groups.

There are several notable findings in network analysis to
highlight. First, the intra–COVID-19 NICU structure had a
higher eccentricity (collaboration difficulty) than the
pre–COVID-19 (median 3 vs 4; P<.001). Second, NICU nurses
had a lower eigenvector centrality (leadership in collaboration)
in the intra–COVID-19 structure than the pre–COVID-19
(median 0.183 vs 0.087; P<.001). Third, neonatology physicians
had a higher betweenness centrality (care for a wider spectrum
of patients) in the intra–COVID-19 than in the pre–COVID-19
structure (median 0.0001 vs 0.005; P<.005).
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Table 1. Characteristics of patients admitted to the neonatal intensive care unit in the pre– and intra–COVID-19 groups (N=712).

Intra–COVID-19 group (n=326)Pre–COVID-19 group (n=386)Characteristics

Demographic information

0.0 (0.0-0.0); max-imum, 97.00.0 (0.0-0.0); maximum, 149.0Age (days), median (IQR)

Sex, n (%)

134 (41.1)159 (41.2)Female

134 (41.1)159 (41.2)Male

Race, n (%)

231 (70.9)258 (66.8)White

43 (13.2)64 (16.6)African American

6 (1.8)16 (4.1)Asian

46 (14.1)47 (12.2)Other

Ethnicity, n (%)

283 (86.8)331 (85.8)Non-Hispanic

32 (9.8)50 (13.0)Latino

11 (3.4)5 (1.3)Unknown

Outcomes

9.0 (3.3-21.8)10.0 (4.0-20.0)Length of stay, median (IQR)

Hospital disposition, n (%)

299 (91.7)354 (91.7)Home

16 (4.9)27 (7.0)Expired

2 (0.6)2 (0.5)Hospice

8 (2.4)3 (0.8)Short-term hospital

1 (0.3)0 (0)Others

Figure 2 shows the pre– and intra–COVID-19 networks from
different perspectives. Figure 2A shows that the
intra–COVID-19 network is larger, implying that the 6 types
of clinicians are likely to be more difficult to collaborate with
others (higher eccentricity) in the intra–COVID-19 NICU care
than those in the pre–COVID-19 NICU care (median 4 vs 3;
P<.001). This higher eccentricity in intra–COVID-19 implies
that there is more distance from one node to any other node
within the network. Compared to nurse practitioners and
neonatology physicians, nurses’ leadership (eigenvector
centrality) reduced from the pre– to intra–COVID-19 networks
(median 0.183 vs 0.087; P<.001), as shown in Figure 2B. This

reduced leadership implies that nurses were less active during
the intra–COVID-19 period. Nurses do not occupy central
positions in the intra–COVID-19 network, and they have more
connections in the pre–COVID-19 period than in the
intra–COVID-19 period, as shown in Figure 2C. Neonatology
physicians care for a wider spectrum of patients (high
betweenness centrality) in intra–COVID-19 NICU care than
those in pre–COVID-19 NICU care (median 0.005 vs 0.0001;
P<.001), as shown in Figure 2D. Therefore, during the
COVID-19 pandemic, neonatology physicians have a higher
number of shorter paths to other nodes within the network.
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Figure 2. Overviews of the eccentricity of the 6 types of clinicians in (A) the pre– and intra–COVID-19 networks, (B) overviews of the eigenvector
centrality of nurses, nurse practitioners, and neonatology physicians in the pre– and intra–COVID-19 networks, (C) subnetworks of NICU nurses and
their eigenvector centrality in the pre– and intra–COVID-19 settings, and (D) subnetworks of neonatology physicians and their betweenness centrality
in the pre– and intra–COVID-19 settings. The legend in the center shows the colors of the 6 roles, which have the largest number of clinicians affiliated.
The eccentricity is directly correlated with the corresponding node size in (A), the eigenvector centrality is directly correlated with the corresponding
node size in (B) and (C), and the betweenness centrality is directly correlated with the corresponding node size in (D). ICU: intensive care unit, NICU:
neonatal intensive care unit.

Discussion

Principal Findings
To follow the COVID-19 physical distancing policy, the VUMC
involves new EHR use practices to provide care for patients
during the COVID-19 pandemic. The collaboration difficulty
(increased eccentricity) can be a potential problem in the new
EHR use practices. In the post–COVID-19 era, when HCOs
plan to promote more collaboration in virtual platforms, they
may need to develop staffing strategies to reduce the
collaboration difficulty in EHRs.

Neonatologists care for a wider spectrum of patients (higher
betweenness centrality) when using EHRs during the COVID-19

pandemic. HCOs may need to develop educational strategies
to promote EHR collaboration between neonatologists and other
clinicians to improve teamwork efficiency and NICU outcomes
in the post–COVID-19 era. NICU nurses have reduced
leadership (lower eigenvector centrality) in cooperation,
suggesting that increased EHR use may reduce nurses’workload
in the collaboration.

Our results for network analysis of collaboration structures
demonstrate changes in virtual care from the pre– to the
intra–COVID-19 periods. Findings in prior literature also reflect
our results. Reeves et al [26] reported the increasing utilization
of electronic check-in, standard ordering and documentation,
secure messaging, real-time data analytics, and telemedicine
during the COVID-19 pandemic, compared to those before the
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pandemic. Furthermore, Wosik et al [5] examined how people,
processes, and technology (EHRs) work together to support a
successful virtual care transformation.

Our results show there are no significant changes in LOS and
discharge dispositions, which indicates the changes in clinicians’
connections to protect patients and health care professionals
during the COVID-19 pandemic have few impacts on the 2
outcomes. However, the effect of the changes on the satisfaction
of patients’ families and clinicians has not been investigated.
Although our results are dependent on an investigation of 1
health system, the network analysis methods used in our study
could be used to extrapolate results in different countries with
different health care systems.

Limitations
There are several limitations in this pilot study, which should
be recognized. The characteristics of the NICU structures
learned from this single-center analysis could provide some
reference for other HCOs when they assess their NICU
structures. However, VUMC NICU is a highly collaborative
environment, which should be considered when interpreting the
results and findings. Second, there is a lack of standard
terminology for characterizing NICU specialties. Common data
models for clinician types would improve the quality of our
study and assist in the transition of our methodology to other
institutions. Third, we assumed that 2 clinicians have a
connection when they commit actions to the EHRs of patients
on the same day. Although such an assumption can capture
collaboration relationships among clinicians, it may also reveal

many spurious relationships. This assumption also only looks
at clinician connections within the EHR; failing to identify
in-person (eg, discussing patient results with another clinician)
or virtual interactions (eg, Zoom meetings). Furthermore, the
connection between the 2 clinicians indicates potential
collaboration (information sharing) rather than actual
collaboration. Finally, fine-grained EHR actions are required
to add contextual information to the relations between clinicians.
For instance, the connection between a nurse and a consultant
is created on the basis of their communications in flowsheets
data.

Conclusions
The developed network methods can be effective tools to assess
differences in collaboration structures in current and future
disruptions in health care delivery (eg, pandemics) and major
transitions (physical to virtual collaboration) adopted by HCOs.
The methods and the results of our study can also be used to
analyze clinician’s leadership, collaboration difficulty, and broad
skill sets in different health care studies. In future studies,
recruiting subject matter experts (eg, clinics) to evaluate the
learned connections and ICU structures will be required to
validate the results. This knowledge of connections among
clinicians can assist HCOs with developing more specific
staffing strategies, which may improve care quality and patient
outcomes.

Clinical Trial Registration
Non–clinical trial study.
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Abstract

Background: As a number of vaccines for COVID-19 are given emergency use authorization by local health agencies and are
being administered in multiple countries, it is crucial to gain public trust in these vaccines to ensure herd immunity through
vaccination. One way to gauge public sentiment regarding vaccines for the goal of increasing vaccination rates is by analyzing
social media such as Twitter.

Objective: The goal of this research was to understand public sentiment toward COVID-19 vaccines by analyzing discussions
about the vaccines on social media for a period of 60 days when the vaccines were started in the United States. Using the
combination of topic detection and sentiment analysis, we identified different types of concerns regarding vaccines that were
expressed by different groups of the public on social media.

Methods: To better understand public sentiment, we collected tweets for exactly 60 days starting from December 16, 2020 that
contained hashtags or keywords related to COVID-19 vaccines. We detected and analyzed different topics of discussion of these
tweets as well as their emotional content. Vaccine topics were identified by nonnegative matrix factorization, and emotional
content was identified using the Valence Aware Dictionary and sEntiment Reasoner sentiment analysis library as well as by using
sentence bidirectional encoder representations from transformer embeddings and comparing the embedding to different emotions
using cosine similarity.

Results: After removing all duplicates and retweets, 7,948,886 tweets were collected during the 60-day time period. Topic
modeling resulted in 50 topics; of those, we selected 12 topics with the highest volume of tweets for analysis. Administration
and access to vaccines were some of the major concerns of the public. Additionally, we classified the tweets in each topic into 1
of the 5 emotions and found fear to be the leading emotion in the tweets, followed by joy.

Conclusions: This research focused not only on negative emotions that may have led to vaccine hesitancy but also on positive
emotions toward the vaccine. By identifying both positive and negative emotions, we were able to identify the public's response
to the vaccines overall and to news events related to the vaccines. These results are useful for developing plans for disseminating
authoritative health information and for better communication to build understanding and trust.

(J Med Internet Res 2021;23(10):e30765)   doi:10.2196/30765
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Introduction

Background
In late 2020, the COVID-19 pandemic had approached the year
mark when a number of pharmaceutical companies began to
release their vaccine clinical trial results. A global sense of relief
was felt when the results of the clinical trials looked promising.
The first vaccine developed by Pfizer and BioNTech was given
for emergency use authorization in December 2020 by the US
Food and Drug Administration [1]. While this timeline seemed
too fast for some, most vaccines for COVID-19 relied on many
years of previous scientific work. For example, mRNA-based
vaccines had been in development for over a decade at that point
[2-4]. Despite efforts of the scientific community to assure the
public that these vaccines are safe and effective, public
sentiment has been mixed. There has been a significant amount
of public hesitancy toward vaccination against COVID-19 [5].
At the same time, many have expressed excitement over the
prospect of returning to a prepandemic world. Given this mixed
reaction, it is essential to investigate the actual public sentiment
regarding COVID-19 vaccines. Particularly, we were interested
in learning about public sentiment for a period of 60 days when
the vaccines were started in the United States. Social media
provides a great data source for listening to the public on what
they are thinking and what concerns and questions they have.
We used Twitter as a proxy for public sentiment and were able
to find the most important discussion topics that pertained to
COVID-19 vaccines in the early days of the vaccine rollout.
Additionally, we were able to classify public sentiment as it
pertained to the vaccines and how this sentiment changed over
time overall and in each topic as well. The goal of this research
was to examine the discussion topics and public sentiment
toward COVID-19 vaccines. By studying the topic and sentiment
of the discussion on COVID-19 vaccines on Twitter, we may
understand public concerns as they happen and learn more
accurately about the source of vaccine hesitancy. By learning
what drives vaccine hesitancy, we can better address it and
formulate tailored and targeted communication. Conversely,
we may also learn about the excitement toward the vaccine and
study what is going well and what resonates well with the public
on social media. This research will use the results uncovered
by the topic and sentiment analysis of the Twitter data and
suggest actionable insights for practitioners to address
COVID-19 vaccine hesitancy. This research will also address
how to utilize positive sentiment toward the vaccine.

Previous Works

Public Sentiment on COVID-19 Vaccine
A number of studies about vaccine hesitancy on social media
have been published during the pandemic. Before any vaccine
was approved, research showed hesitancy on social media.
Harrison and Wu [6] examined vaccine hesitancy at the start of
the pandemic and discussed methods to reduce vaccine hesitancy
in preparation for the vaccine that would eventually come. This
paper critiques current approaches for combating vaccine
hesitancy with the goal of improving on these approaches when
the COVID-19 vaccines are authorized for emergency use. A
study by Chou and Budenz [7] discusses both methods for

reducing hesitancy as well as for fostering positive emotions
toward the vaccine. They propose acknowledging fear, anger,
and other negative emotions and addressing them to convince
the public to get vaccinated. A study by Wilson and Wiysonge
[8] showed the existence of organized disinformation campaigns
against the vaccines for COVID-19. However, this study focused
on exposing negative sentiment against the vaccine and did not
measure the positive sentiment toward the vaccine on social
media. While the abovementioned studies discuss public
sentiment, they do not measure both positive and negative
sentiment, and some just make recommendations rather than
looking at empirical evidence.

Topic Detection in COVID-19–Related Tweet Sentiment
Analysis
Owing to the pandemic and quarantine policy, social media
platforms such as Twitter became the main channel for people
to share thoughts and to express their opinions about any impacts
caused by the COVID-19. The hidden topics underneath such
massive textual contents on social media help governments and
health care units to understand the demand of the general public
so as to make better decision and quick response. Cinelli et al
[9] extracted topics using Partitioning Around Medoids
algorithm on word vector representations and proposed a custom
epidemic model for characterizing misinformation spreading
speed in different social platforms. Since the temporal trends
of the hidden topics reflect concerns of the general public
through time, Chang et al [10] proposed 2 temporal models
based on nonnegative matrix factorization (NMF), which help
to identify the trends of several important themes such as
government policy, economic crisis, COVID-19 case updates,
COVID-19 urgent events, prevention, vaccines and treatments,
and COVID-19 testing.

Sentiment Analysis
Sentiment analysis is a research area that involves the
classification of text, images, or audio into a set of one or more
sentiments [11]. In the context of this research, we will be
classifying the sentiment of short snippets of text. When
classifying text, we can classify at the word, sentence, or
document level. There are different classification methods,
including rule-based [12-14], support vector machine [15,16],
random forest [17], Naive Bayes [18,19], embedding-based
[20,21], as well as sentiment analysis using neural networks
[22-25]. Additionally, we may classify sentiment by using
unsupervised methods such as methods using rule-based
unsupervised sentiment analysis [26], embeddings such as
Word2Vec and Doc2Vec [27], and lexical resources for
sentiment analysis [28].

Sentiment Analysis in Twitter
Sentiment analysis is an established research field in the area
of natural language processing. However, performing sentiment
analysis on tweets is a slightly different task. Zimbra et al [29]
reviewed a number of techniques for classifying sentiment in
tweets. They found that due to factors such as the brevity of
tweets, Twitter-specific language [30], and a class imbalance
[31], classification algorithms achieved an accuracy of around
70%. However, Adwan et al [32] also reviewed a large number
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of techniques and they found a mix of accuracy scores, with
some papers passing 80% accuracy while others still perform
below 80% even with new algorithms [33]. Among those who
have improved their accuracy, some only focus on specific
politics-related data sets [34], some propose methods that require
a large number of steps [35], while others address the issues
with tweets, such as Twitter-specific language [36].

Methods

Our entire pipeline is described in Figure 1. We first introduce
the data collection and preprocessing. We then detail our topic
detection algorithm and procedure of sentiment and emotion
classification.

Figure 1. Pipeline of our text analysis. BERT: bidirectional encoder representations from transformers; ONMF: online nonnegative matrix factorization;
VADER: Valence Aware Dictionary and sEntiment Reasoner.
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Data Collection
We adopted the coronavirus tweets data set [37] as our data
source, which uses over 90 keywords and hashtags [38] to
monitor the real-time coronavirus-related tweets from February
05, 2020 till present. Since the US Food and Drug
Administration authorized Pfizer-BioNTech COVID-19 vaccine
and Moderna vaccine for emergency use in mid-December, we
only kept tweets that were created during a 60-day period
between December 16, 2020 and February 13, 2021 for
extracting discussion topics and their sentiment from the general
public about COVID-19 vaccines. Owing to the data sharing
policy of Twitter, the coronavirus tweets data set only shares
the IDs of the collected tweets. Therefore, we employed
Twitter’s tweet lookup application programming interface [39]
to retrieve the content and metainformation of each retained
tweet. In order to downsize the corpus and retain vaccine-related
tweets, we only selected tweets that contained at least 1 keyword
in our predefined keyword list: “vaccine,” “vaccines,”
“#vaccine,” “#vaccines,” “corona vaccine,” “corona vaccines,”
“#coronavaccine,” “#coronavaccines,” “pfizer,” “biontech,”
“moderna,” “Pfizer-BioNTech,” “Pfizer/BioNTech,” “Pfizer
BioNTech,” “#PfizerBioNTech,” “COVAX,” “COVAX,”
“Sinopharm,” “Sinovac,” “AstraZeneca,” “Sputnik V,” and
“Gamaleya.” The list of keywords was generated by the authors
with the intention of collecting data on COVID-19 vaccines in
general as well as the specific vaccines that were available to
the public at the start of the data collection period. We also
filtered out duplicated content, for example, retweets and
non-English contents for providing more consistent data. Thus,
we had 7,948,886 tweets for further text analysis.

Topic Detection
There are 2 types of models for topic detection: latent Dirichlet
allocation [40] and NMF [41]. In this study, we chose NMF
because its superiority has been proved in extracting topics from
tweets [42]. NMF is a matrix factorization algorithm that learns
and maps high-dimensional data into low-dimension

representations. In this study, our tweet corpus V ∈ F×N is
represented as a matrix with rows (words) and columns (tweets).
After the preprocessing process detailed in Figure 1, we
constructed the corpus using tf-idf weighting scheme:

Where ni,j is the count of word i∈F appearing in tweet j∈N, and

N(i) is the number of tweets containing word i. With such
weighting scheme, the word has more weights, as it is an
important word for a tweet. After encoding the corpus, we apply
NMF for extracting topics, whose objective of factorization is
as follows:

We can exploit the topic word distribution using W∈ K×N

because each column represents a hidden topic, where the

representative words will be encoded more weights. H∈ K×N

can be served as document topic distribution since each column
indicated a topic weight distribution of each tweet. For coping

with the large-scale tweets and the subsequent memory issue,
we adopted online NMF (ONMF) [10,43] to solve both and in
an online learning fashion. Specially, the whole tweet corpus

will be divided into a set of small batches ( ) and be

sequentially used for updating Wq and Hq of each batch. The

step for updating the coefficient of the current batch Hq is to fix

the word dictionary of previous batch Wq–1 and find a H that

recovers Wq with least error (see line 6 in Algorithm 1).

Similarly, to update the dictionary of the current batch Wq,Hq

is then fixed, and the best W is solved using line 8 in Algorithm
1. The mathematical details of the 2 updating forms can be seen
in Zhao and Tan [43]. As a result, Algorithm 1 is the whole
procedure for topic detection.

Note that we will use the final topic word dictionary Wq=Q to
infer topic weights of each tweet (ie, H). The representative
topic of a tweet is determined by selecting the topic with
maximum weight: argmaxk∈KHk,j and we recorded the

representative topics of all tweets as Hrep∈ 1×N.

Sentiment Analysis
To detect the sentiment conveyed in the tweets, we utilized a
two-step approach. In the first step, we computed the polarity
score of our tweets, and based on this score, we classified the
tweets as either positive, neutral, or negative. In the second step,
we classified the emotional content of the tweet into 1 of the 5
emotions: anger, fear, joy, hopefulness, and sadness.

Polarity Classification
The first classification step was performed using the VADER
(Valence Aware Dictionary and sEntiment Reasoner) Python
library [14]. The VADER library is a rule-based model for
general sentiment analysis. VADER is constructed using existing
well-established sentiment lexicons such as Linguistic Inquiry
and Word Count and supplemented using lexical features
commonly used to express sentiment in social media. After
expanding using social media lexical terms, VADER was then
human validated and is currently considered a gold standard in
social media lexicons [44]. VADER evaluates the sentiment of
each tweet by returning a compound sentiment score between
–1 and 1. Based on the classification thresholds determined by
the developers of the library, we assigned a negative sentiment
to a compound score less than or equal to –0.05, a positive
sentiment to all compound scores greater than or equal to 0.05,
and a neutral sentiment to a compound score between –0.05
and 0.05 [14]. Since VADER is more sensitive to expressions
of sentiment in the social media context, it performs better than
other rule-based classification algorithms in this context [45].
It has been found that VADER outperforms individual human
raters [14] in the F1 score.

Emotion Classification
In the second step, we separated our data into positive, negative,
and neutral and detected 1 of the 2 emotions for positive
polarity, that is, joy and hopefulness, and 1 of the 3 emotions
for negative polarity, that is, anger, fear, and sadness. Since
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VADER only includes positive, negative, and neutral sentiment,
to detect more fine-grained emotions, we used zero-shot
classification, an unsupervised method for discovering the
applicable emotion for each tweet. Zero-shot classification is
used in machine learning to classify things such as images and
text [46,47]. We detected the emotion by finding the BERT
(bidirectional encoder representations from transformers) [48]
embeddings of the tweets and of the emotion words (fear, joy,
hopefulness, anger, and sadness) and then computing the cosine
similarity of the emotion words and each tweet and selecting
the emotion with the highest cosine similarity as the emotion
associated with the tweet.

BERT [48] is a word representation model that uses unannotated
text to perform various natural language processing tasks such
as classification and question answering. By considering the
context of a word using the words both before and after the
word, we were able to produce embeddings for words that are
more context aware. Our research used the pretrained sentence
BERT [49] model to generate the embedding vectors for our
emotion classification task.

Given our tweet corpus V∈ F×N, we represented our emotion

results as X∈ C×N, where C is number of emotion categories
and N is the number of tweets. For each emotion, we computed
an embedding vector Eci where i =1,…..,C – 1 and for each
tweet, we computed an embedding vector Evj where j = 1,……N
using the pretrained sentence BERT model. To populate our
emotion matrix, we first computed the VADER sentiment score
and assigned the score to the neutral category in our matrix. We
then computed the cosine similarity between each of the
remaining C-1 categories and each tweet using the following
equation:

Where i =1,…..,C – 1 and j = 1,……N. We assigned a
representative emotion to each tweet by finding argmaxc∈CXc,i

for i = 1,……N, resulting into Xrep∈ 1×N, which records
representative emotions of all tweets.

Combining Topic and Sentiment

We merged the detected topics Hrep∈ 1×N and identified

emotions Xrep∈ 1×N using the unique IDs of tweets, resulting

into a matrix O∈ 2×N. By referring to the timestamp of each
tweet, we were able to track the changes in the sentiment and
topics over time to see how the public responded to the different
vaccines as time passed.

Results

Tracking Topic Over Time
We started by generating 50 topics (K=50) using the ONMF
algorithm with 2000 as the batch size (s=2000). In order to only
retain the representative topics about vaccines, we calculated
the ratio of each topic k using the following equation:

With the topic ratio, we could estimate how many tweets
belonged to topic k and filtered out 38 insignificant topics whose
topic ratios were below the average, that is, 2%. As listed in
Table 1, the remaining 12 topics were then labeled by reviewing
the most contributed keywords in each topic.

Table 1. The most significant 12 vaccine-related topics and the percentage of tweets in each topic (N=7,948,886).

Topic totals, n (%)Topic labelTopic ID

690,357 (8.7)Vaccination of frontline workers1

658,115 (8.3)Access to vaccines, signing up online2

593,425 (6.8)South African variant3

540,065 (3.7)Biden stimulus plan4

292,217 (3.2)mRNA vaccines5

250,337 (3.1)Complaints about pharmaceutical company profits6

243,934 (2.9)Vaccine conspiracy theories online7

232,780 (2.5)Trials in non-mRNA vaccines8

202,164 (2.5)Vaccine distribution in Canada9

198,967 (2.5)Supply and herd immunity10

194,578 (2.2)Genetic concerns about vaccines and kids11

189,468 (2.1)Low distribution of AstraZeneca vaccine12

Figure 2 shows the trends for the 6 most important topics whose
topic ratios were greater than 3%. The most important topic
discussed the vaccination of frontline workers (topic 1), wherein
the ratio stayed above 7% from mid-December to mid-February.
Such a high attention of topic 1 indicated that people were
concerned about the eligibility of vaccination and relevant plans

from governments, especially in the early roll-out phases (ie,
phase 1a and phase 1b). A discussion peak was observed on
December 20, 2020, and December 21, 2020, as shown in Figure
3 because some congress members got vaccinated before
frontline workers, which triggered heated debates. The
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representative tweets of topic 1 during that period were as
follows:

…Speakers: Finding eligible #candidates for
#COVID19 vaccine have to be ensured [December
20, 2020]

…What makes Blumenthal and Murphy eligible for
the vaccine. Are they frontline workers? [December
20, 2020]

…They are depriving frontline workers of a vaccine.
They are literally scum. [December 20, 2020]

The above tweets reported that the priority of accepting
COVID-19 vaccines and justice were also critical concerns of
the people. The second largest topic was about access to
vaccines—signing up online (topic 2). After the early

distribution of the vaccines, we observed that people started to
be concerned about the access to the vaccines, resulting in a
growth starting from the last week of 2020. The following
relevant tweets of topic 2 indicated that governments and health
care facilities [50] began implementing online appointments
for vaccination.

…Heads up Ottawa County-you can sign up for
vaccine notifications online [May 1, 2021]

…@drharshvardhan: Please implement
Aadhaar-based online appointment for Covid vaccine
as applicable in case of appointment for passport and
driving license [May 1, 2021]

…A step-by-step guide for the online vaccine
appointment process [wenatcheeworld]

Figure 2. The topic trends for the most significant 6 topics that had a topic ratio above 3%.
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Figure 3. The daily and weekly trends of topic 1.

The third largest topic was about the South African variant
(topic 3), which peaked in late December and was relevant to
the announcement of the South African variant from the South
African health officials [51] and the first variant case detected
in the United States [52], resulting in a rising trend from the
late January of 2021. The high ratio of topic 3 indicated that
the effectiveness of the released vaccines was of great concern,
and people were skeptical and conservative. Finally, comparing
the top 3 significant topics, topics 4-6 (ie, Biden Stimulus Plan,
mRNA Vaccines, and Complaints about pharma company
profits) showed relatively steady discussion trends.

Figure 4 presents the remaining 6 important topics. Topic 8
(Trials in non-mRNA vaccines) and topic 12 (Low distribution
of AstraZeneca vaccine) had apparent spikes on January 29,
2021. For the peak of topic 8 (see Figure 5), we found that the
emerging event “the positive trial results of Johnson & Johnson’s
single-shot vaccine” caught the public’s eye and stimulated
discussion. The relevant contents were tweeted frequently at
that moment, and most of them cited news sources [52-54]. The
sample tweets were as follows:

…Single-shot Johnson & Johnson vaccine 66 percent
effective against moderate and severe illness [cited
from Washington post, January 29, 2021]

…Johnson & Johnson says its single-shot vaccine is
66% effective overall at preventing moderate to severe
illness [cited from Fox8live, January 29, 2021]

…Johnson & Johnson’s one-shot #COVID19 vaccine
is effective against severe disease [cited from Science
News, January 29, 2021]

The spike on Topic 12 (see Figure 6) can be related to the
dispute between the European Union and AstraZeneca in the
third week of January [55]. The citizens in the European Union
expressed their depression about the delay and inefficiency of
vaccine ordering, and the representative tweets were as follows:

…EU vaccine delays prompt press frustration
[January 28, 2021]

…AstraZeneca is supplying European Union vaccine
at cost with zero profit. European Union has a cheek
to talk about suing AZ [January 29, 2021]

…The actions of the European Union to cover their
abject failure to obtain vaccine [January 29, 2021]
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Figure 4. The topic trends for the rest of the topics that had a topic ratio below 3%.

Figure 5. The daily and weekly trends of topic 8.
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Figure 6. The daily and weekly trends of topic 12.

Tracking Sentiment Over Time
When summarizing the sentiment in all 7,948,886 million tweets
throughout the entire period, we observed that the top emotion
that appeared in our tweets was fear followed by joy. The
percentage of tweets containing each of the emotions from the
tweets collected during the entire period is described in Table
2.

Figure 7 presents the trends of the 5 emotions during the 60-day
period starting from December 16, 2020. It shows that fear was
consistently the most frequently detected emotion. Joy was the
second most common emotion followed by neutral sentiment.
Hopefulness, sadness, and anger were reflected in a lower
proportion of tweets. The Augmented Dickey-Fuller test showed
that all emotions, except for sadness, were stationary throughout
the entire period, while sadness increased throughout the period.

Table 2. Proportion of tweets by emotion (N=7,948,886).

Tweet totals, n (%)Sentiment

Negative emotion

3,002,467 (37.8)Fear

406,095 (5.1)Sadness

312,398 (3.9)Anger

1,582,221 (19.9)Neutral emotion

Positive emotion

1,751,729 (21.9)Joy

406,095 (11.2)Hopefulness
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Figure 7. Emotional trends over time.

Sentiment Trends in the 12 Detected Topics
To analyze the sentiment in each of the top 12 topics, we plotted
the proportion of each sentiment for each topic and observed

how the percentages changed over time. The percentage of
tweets in each sentiment is described in Figure 8.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e30765 | p.1132https://www.jmir.org/2021/10/e30765
(page number not for citation purposes)

Monselise et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 8. Emotional trends over time regarding topics 1-12.

Negative Sentiment
Negative sentiment was the leading sentiment in our tweets,
with fear as the leading emotion.

Fear

Our graphs show that for the majority of topics, fear was the
most observed emotion. In topics 1, 2, 4, 6, 7, 10, and 11, fear
was the most observed emotion throughout the majority of the
time period. Topic 1 discussed the vaccination of the frontline
workers. Some representative tweets from this topic that
contained fear were as follows:

…@POTUS Mr. President, I’m really worried about
my state (GA) and the rollout with vaccines. There
doesn’t seem to be a plan and we are being pushed
to have school and teachers are not vaccinated and
barely hospital workers and senior citizens have.
[February 13, 2021]

…@CTVNews Hi, I am an Ontario resident and my
wife works at X-ray & Ultrasound clinic in

Newmarket. I am worried about her and her
Associates not getting the vaccine along with hospital
workers, she sees patients every day and I think they
must be vaccinated ASAP. Thanks, Charlie [January
12, 2021]

The main theme in these tweets was fear that frontline workers
would not be vaccinated soon enough and that they would not
receive the highest priority in the vaccine rollout.

Topic 2 discussed access to vaccines and signing up online. The
most prominent emotion in this topic throughout the period was
fear. Below are some example tweets from this topic:

…I got vaccinated. I’m Latino. Making my appt was
confusing and my 2nd appt kept getting cancelled
even though I work in a hospital. Also lots of fear,
distrust and misinformation, people saying the vaccine
gives you the 666 sign of the devil, etc. Many people
are scared of it. https://t.co/98pguyfuiJ [January 31,
2021]
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…I’m very concerned my 82-year-old mother must
go online to a website; register for the vaccine in
Nevada that is still not available until February 28?
How do we solve this for our older generation with
no computer knowledge to help them get vaccines
quicker? [January 06, 2021]

We could identify with the struggle to obtain an appointment
for vaccinations in many states. There were also technical
difficulties with multiple websites that caused concern among
many Twitter users.

Topic 4 discussed Biden’s stimulus plan. The plan contained
funding for COVID-19 vaccine distribution [56]. In January,
the gap between fear and joy widened; however, after Biden
took office in January, joy increased and the gap between fear
and joy became smaller.

Examples of tweets from topic 4 that conveyed fear are as
follows:

…@GovInslee I’m a fan Jay, but I’m worried
Washington is going to screw up the vaccine
distribution. [January 13, 2021]

…@JoeBiden Please save Texas from @GovAbbott’s
ignorance and massive logistical failures with respect
to distribution of the vaccine [January 17, 2021]

Many of the tweets in this topic conveyed fear with respect to
not executing Biden’s plan rather than fear of the plan itself.

Anger

While fear was the most prominent emotion followed by joy,
some topics contained spikes of anger-related tweets. Topic 5
contained a few spikes of anger. Here are some examples of
angry tweets from topic 5:

…Coronavirus: European Union anger over reduced
Pfizer vaccine deliveries. Why to rely on profiteering
Pfizer ? There are other vaccine!
https://t.co/E27tWB71IJ [January 15, 2021]

…@latimes Is that why it’s killing old people? 20+
dead in Norway alone. Global scientists calling for
immediate stoppage of Pfizer drug. Btw it’s not a
vaccine by definition. Its mRNA therapy. A vaccine
uses a dead virus that’s incubated and cultured.
[January 16, 2021]

There was anger due to lack of trust of the vaccine
manufacturers as well as anger over rumors of deaths and
injuries due to the vaccines.

Sadness

Sadness was one of the least prominent emotions in our data.
It was the highest in topic 10, which discussed concerns about
vaccine supply that would enable reaching herd immunity by
summer 2021. Here are some representative tweets from this
topic containing sadness:

…My dad was so close to getting his vaccine. But he
didn’t make it. Meredith pays tribute to her father
who died 4 days ago with COVID-19. He was a
Cumbrian farmer. She describes him as grumpy but

in a charming way. https://t.co/OR5NsNVuZG
[January 13, 2021]

…@SHCGreen @NicolaSturgeon @jasonleitch
@edinburghpaper @lothianlmc @NHS_Lothian
@DrGregorSmith Glad to see some people getting
the vaccine. Sadly my aunt didn’t get to have hers.
Died early hours from COVID. Will miss her very
much.

Many of the tweets in this topic containing sad emotion
discussed deaths due to COVID-19 that could have been
prevented by a quicker vaccine rollout.

Additionally, we saw the following tweets from topic 1 showing
sadness:

…Some of these are so painful. 65-year-old local
pharmacist, kept working, hence couldn’t
social-distance like, well, a writer. Dead as a
consequence. Why frontline workers should be further
up in the vaccine queue than even 78-year-olds like
me. https://t.co/EYZ6uUr5K8 [January 21, 2021]

…An extended family member was a carer in a home,
no vaccine, was in a coma for 2 weeks and passed
last week. I didn’t personally know her but her niece
is heartbroken. Thought all care home staff had the
vaccine according to the Government. [February 03,
2021]

These tweets showed sadness and concern that frontline workers
would not be vaccinated soon enough and might contract
COVID-19.

Neutral Sentiment
Many neutral tweets contained information from news websites
or from official sources. As a result, we observed that many of
these tweets contained links or media. Neutral sentiment was
not the leading emotion in any of the topics; however, we still
detected many neutral tweets in all topics. Below are the tweets
from different topics containing neutral sentiment from the top
6 topics:

Topic 1:

…Westminster residents ages 65 and older are now
eligible to receive the COVID-19 vaccine. Read the
full press release below for instructions.
#westminsterca #covidvaccine #orangecounty
https://t.co/7cgiOLQLl5 (January 13 2021)

After 40 hours of work, the volunteers of Broadbent
Arena, in Louisville, KY, are eligible for their own
vaccines. Every day, the oldest volunteers with 40
hours under their belts get the leftover doses.
https://t.co/tB3NY2ECSE (February 04 2021)

Topic 2:

…#Health care workers, anyone 70 years and older,
and state/local government employees and contractors
who perform #COVID_19 vaccinations and testing
in SC can make appointments to get a #vaccine.
https://t.co/65iyk1qJWi [January 15, 2021]
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…The fastest way to register into this system will be
online, WV rolling out new vaccine registration
system https://t.co/gTzl9s54vq [January 22, 2021]

Topic 3:

Virus Updates: S. Africa Halts AstraZeneca Shot;
COVID Reinfections May Be Overlooked
https://t.co/VRvgEd0DDV (February 08 2021)

Moderna says it’s working on COVID booster shot
for variant in South Africa, says current vaccine
provides some protection https://t.co/UQLInvRVoO
[January 25, 2021]

Topic 4:

…COVID-19 vaccine distribution ramps up for 20
million to be immunized by the start of the new year
https://t.co/zWUVzjxTNw [December 21,2020]

…The $900 billion stimulus package includes
unemployment support of up to $300 per week. The
bill also includes $45 billion in support for
transportation, $82 billion for schools, $20 billion
for coronavirus vaccine distribution and $25 billion
in emergency assistance to renters. [December 20,
2020]

Topic 5:

…Sir Ian McKellen says he feels ‘euphoric’ after
receiving the Pfizer/BioNTech vaccine;
https://t.co/Jr4XvRUDlH [December 17, 2020]

…The @nytimes reported Pfizer announced that they
will ship fewer vials of their coronavirus #vaccine to
the US, in response to the FDA approving a change
to the label saying the vials contain six doses rather
than five: https://t.co/w8pmbwWBoB [January 25,
2021]

Topic 6

…Column: Pfizer, Moderna expect billions in profits
from COVID vaccines. That’s a scandal
https://t.co/LIhZT0uTlB [January 04, 2021]

…The pharmaceutical company expects around $15
billion of revenue from sales of its COVID-19 vaccine
this year, while Wall Street had anticipated $12.7
billion. https://t.co/KkjT4vur1d [February 02, 2021]

In all topics, there were a multitude of articles and opinion
pieces from different media outlets. The articles typically
followed the theme in the topic to which they were classified.

Positive Sentiment
Positive sentiment was the second most common in our data
and contained 2 emotions: joy and hopefulness.

Joy

In topics 3, 5, 8, and 9, the leading emotion fluctuated
throughout the time period. While joy was not the leading topic
throughout the entire period, in these few topics, the expression
of joy exceeded fear for at least some days during the period.

Topic 5 discussed mRNA vaccines. The vaccines discussed in
this topic were only the Pfizer and Moderna vaccines since they

were given emergency use authorization for use at the time of
data collection.

Examples of tweets from topic 5 that contain joy are as follows:

…Congratulations! Still wear your mask and wash
those hands, keep yourself safe! I get my second one
tomorrow. Moderna or Pfizer? I got the Pfizer, people
I know who have gotten their second dose are having
a rough couple days. Molly must be so happy!
[February 06, 2021]

…Pfizer and Moderna seem to be the clear vaccine
winners [January 29, 2021]

…Wow vaccine is looking awesome. I’m super
impressed with Moderna and Pfizer-- and in record
time:) [February 13, 2021]

Topic 8 discussed trials of non-mRNA vaccines. While there
were many days where fear was the top emotion in this topic,
joy was a prominent emotion in the tweets discussing this topic
since it was the leading emotion in some days during the time
period. Below are examples of tweets containing joy from topic
8:

…Waking up to great news on the COVID vaccines
front: Novavax 89% efficacy, Johnson&Johnson
single dose, and 100% protected from death 28 days
after single shot, AstraZeneca fully approved in EU.
#VaccinesSaveLives [January 30, 2021]

…I participated in the Janssen/Johnson & Johnson
#ENSEMBLE2 COVID-19 vaccine trial Only time
will tell whether I received vaccine or placebo. But
so happy to be taking part. Thanks to all the amazing
staff at St. Thomas’ Hospital London @GSTTnhs
#janssen # COVID-19 https://t.co/brHCDOJC6u
[January 13, 2021]

The possibility of having a variety of vaccines that were
approved was a cause for joy for many Twitter users.

Hopefulness

Topic 12 contained a spike of hopefulness in late December.
This topic discussed the concerns of low distribution of the
AstraZeneca vaccine. Below are examples of hopefulness in
topic 12:

…Hopefully the Oxford vaccine can help out those
countries, not just in EU, who don’t have enough
vaccines. https://t.co/BrC3dJ71tN [December 21,
2020]

…@ChristinaSNP What a smashing day. Sun is
shining, a British vaccine for COVID is approved.
The European Union approved #brexit deal is being
flown in at the moment. When signed the @theSNP
can surely let us know their plans for our future, not
merely criticize others like #NoDealNicola
#BetterTogether [December 30, 2020]

We can see that there was some hopefulness regarding the
distribution of the AstraZeneca vaccine. However, hopefulness
was not the leading emotion during that time period.
Additionally, by the end of the time period, fear was by far the
most prominent emotion.
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Discussion

Principal Results
Our study aimed to detect the topics and sentiments of public
concerns of COVID-19 vaccines by performing a trend analysis
on tweets collected for a period of 60 days when the vaccines
were started in the United States and to make practical
suggestions to address the concerns of different groups in the
public as expressed on social media. Approximately 8 million
tweets related to COVID-19 vaccines were collected and 12
important topics were selected for analysis. The 3 most
important topics with the highest topic ratio were “Vaccination
of Frontline Workers,” “Access of Vaccines–Signing Up
Online,” and “South African Variant.” The other topics were
mostly related to the concerns about the vaccines as well as
their supply and distribution. There were also topics related to
the stimulus plan, profits of pharmaceutical companies, and
conspiracy theories. Through the trend analysis, it was found
that the peaks of the topics were impacted by the events reported
in the news and spread through social media. The sentiment
analysis showed that 46.9% (3,720,960/7,948,886) of the tweets
were negative with emotions of mostly fear, followed by sadness
and anger, 33.2% (2,645,705/7,948,886) of tweets were positive
with emotions of joy and hopefulness, and 19.9%
(1,582,221/7,948,886 tweets) of tweets were neutral. Fear and
joy were the most detected emotions. Our analysis examined
the 6 different sentiments detected in the tweets and their change
over time. We observed that the keywords in each topic did not
change much over time; therefore, we were able to track our
tweets using the same topics throughout the entire period. In
some topics, sentiment was stationary throughout the period,
while in others, there were significant trends. For example, in
topic 3 “South African variant,” we saw an increase in fear and
neutral sentiment over the period and a decrease in joy at the
same time. Similarly, we saw an increase in fear and a decrease
in joy in topic 12 “Low Distribution of the AstraZeneca
Vaccine.” Overall, fear was the top emotion followed by joy.
Sadness and hopefulness remained low in most topics
throughout the entire period.

Identifying Specific Concerns in Each Topic by Using
Emotional Content
The most notable conclusion from the data is that the main
reaction to the COVID-19 vaccines on social media was fear.
However, we could identify every one of the emotions in each
topic. In each topic, we could find tweets related to the topic
containing each of the emotions. By looking at the representative
tweets for each topic and each emotion, we were able to learn
what specific concerns people may have that may lead to vaccine
hesitancy. For example, from topic 1, we found that there was
fear surrounding the vaccination of government officials prior
to frontline workers. By addressing this publicly and assuring
the public that the frontline workers would receive their vaccines
as soon as possible, this would help to build public confidence
in the vaccine rollout. We could also identify tweets that
contained sadness to identify further concerns about the rollout
to frontline workers and see Twitter users expressing sadness
regarding frontline workers possibly dying due to lack of

vaccines. This could be addressed by being more transparent
about vaccination timelines or by advocating for more vaccine
supply. By being aware of specific concerns as they happen (eg,
the vaccination of frontline workers), we will be better able to
address the source of concern and reduce vaccine hesitancy.

Vaccine Administration
The very first dose of the mRNA COVID-19 vaccine by Pfizer
and BioNTech was given to a health care worker on December
14, 2020. This may explain why the most significant topic at
the start of the study was vaccination of frontline workers (topic
1). As more vaccines were administered, reports of anaphylaxis
began to surface, especially with the Moderna vaccine [57]. In
the United States alone, 10 cases of anaphylaxis were reported
after 4,041,496 (0.002%) vaccines were given between
December 21, 2020, and January 10, 2021. This created fear as
indicated in the trend, and fear dominated all other emotions
throughout the course of the study period. It will be interesting
to find out how many of these tweets are from health care
personnel versus that from the general public. According to the
Centers for Disease Control recommendation, both health care
personnel and residents of long-term care facilities were the
first to be offered the COVID vaccine [58]. Health care
personnel include both clinical and nonclinical staffs such as
those who work in food, environmental, and administrative
services. It can be assumed that clinical staff have adequate
knowledge of vaccines and need not to be afraid to take it.
Therefore, public health authorities and health care systems can
focus on educating the adverse effects of the vaccine to the
nonclinical staff and the general public. For example,
anaphylactic reactions occur mostly in people who have a similar
reaction to other food and drugs, and it usually occurs within
minutes after injection. Better understanding of the adverse
effects will minimize fear of the vaccine and thus reduce vaccine
hesitancy.

Access to Vaccines
Signing up online (topic 2), vaccine distribution in Canada (topic
9), and low distribution of AstraZeneca vaccine (topic 12) can
all be categorized as accessibility of vaccines. A good amount
of positive emotion all through the study period in topic 2
indicated that there was a sense of hope in the midst of the daily
rising COVID cases. There is still a large amount of fear
regarding COVID-19. It may be the fear of the inability to obtain
an appointment for the vaccine. Unlike the United States,
Canada does not have her own domestic manufacturers to
produce vaccines. As a result, Canada relies on international
vaccine manufacturers. The advance purchase contract was
signed but there was no specific date for delivery except for
“first quarter of 2021.” There was a shortage of supply of
vaccines in Canada because of which the Canadian government
prioritized giving the first dose to the population first and the
second dose 16 weeks later [59] as opposed to after 3 or 4
weeks. The European Union was furious when in early January,
AstraZeneca announced that there would be 60% fewer doses
of vaccines than it had promised to deliver in the first quarter
of 2021. The spikes of fear and anger emotions during this
period in topic 12 were the direct reflection of this news. Being
able to have access to the vaccines is important once COVID-19
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vaccines are authorized for emergency use. Therefore, public
health authorities must have plans to work with vaccine
manufacturers to manufacture and deliver the vaccines in a
timely manner. The transparency of the access information from
social media and public health officials is helpful to reduce the
fear and anger in the public.

Practical Implications
In December 2020, the World Health Organization released a
safety surveillance manual for COVID-19 vaccines. This manual
addressed a number of topics with regards to vaccine
administration, including how to communicate information
regarding the vaccine on social media [60]. Among other points,
the report offers proposals to listen proactively and craft tailored
messages to different audiences and address specific concerns
of different groups. Using this research, we can take the World
Health Organization’s recommendations to provide more
specific advice to clinicians and policy makers. To address
specific concerns, we divided the 12 topics into 3 groups:
favoring vaccines, vaccine hesitant, and vaccine opposed.

Favoring Vaccines
The topics that leaned toward those who favor vaccines were
topic 1 (vaccination of frontline workers), topic 2 (access to
vaccines–signing up online), topic 9 (vaccine distribution in
Canada), topic 10 (concerns about supply to reach herd
immunity by summer), and topic 12 (low distribution of
AstraZeneca vaccine). While these topics also produced negative
feelings of fear, anger, and sadness, these negative feelings were
regarding concern about not having enough vaccines or not
having access to vaccines fast enough. It is crucial to monitor
topics that contain tweets from individuals who do want to get
vaccinated and keep them informed. Here are some examples
of tweets that conveyed fear or concern by individuals who
wanted to get vaccinated:

…Anybody know what’s going on with BAT 24-hour
appts? Are they fully back up and running again after
being shut down for lack of vaccine? My second shot
is at 2:45 a.m. next week, and I’m wary of getting up
in the middle of the night to go down there to find
them closed.

…To be honest, I’d rather risk my life / keep myself
in lockdown, for younger key workers to have the
vaccine. They are the ones keeping the country going
after all.

…Blocking access to a vaccine that could save my
life is, oh I don’t know, attempted murder? So is
exhaling their COVID breath around me, but the
former is active and so much more egregious. Ain’t
nobody got time for that mess.

Identifying the topics that vaccine-favoring individuals discussed
was crucial to reducing their concern. In accordance with the
World Health Organization document, communication on
vaccine availability should be active and frequent. An example
of using the analysis from this study to inform the public is
looking at the visualizations in real time to produce the right
messaging on social media. We observed a spike in the volume
of topic 1 in the week of December 18. Figure 8 shows that the

leading emotion for that week and topic was fear; further, there
was a spike in fear during that week for topic 1. Therefore, it
was crucial to post messages on social media that week that
address the public fear that health care workers would not have
adequate access to vaccines. Another key component in keeping
the public informed was updating official websites with vaccine
information very frequently. During the early days of
vaccination, there was a lack of information in many states
about the timeline of vaccination for each risk group. Providing
more information on the rollout schedule would help ease the
concern of individuals in this group. It is crucial to look at the
tweets that convey fear and anger in these topics to create the
right messaging and address points that concern this group of
the public.

Vaccine Hesitant
This group of individuals was the most crucial to reach since
they can be persuaded to get vaccinated. Topics that discussed
vaccine hesitancy were topic 3 (South African variant), topic 5
(mRNA vaccines), topic 8 (Trials in non-mRNA vaccines), and
topic 11 (Genetic concerns about vaccines and kids). Below are
examples of tweets of the vaccine hesitant from these topics:

…Just keep in mind that some small percentage of
those who received the vaccine did not develop
immunity, during the clinical trials. And its
effectiveness against variant strains is still not fully
known.

…The fact that 3 vaccines all appeared to show
lowered effectiveness against the variant from South
Africa is not encouraging, and the results Novavax
announced Thurs were the 1st to occur outside of a
lab, testing how well a vaccine worked in people
infected with a new variant.

…There were obviously several people in the United
Kingdom who had had a severe allergic reaction to
this vaccine and had a history of severe allergic
reaction, said Offit Several people!!!!! #vaccine

Like the vaccine favorable group, we should also target this
group with facts and do so often. However, with this group, we
should focus on messages that can be detected in these topics
such as those related to side effects of the vaccine, the efficacy
of the different types of the vaccine for the original strain of
COVID-19 as well as for variants, and why you can still contract
COVID-19 even after being vaccinated. We can craft helpful
messaging for this group by looking at the topic and emotion
data for these topics. For example, we saw an increase in the
volume of topic 3 (South African variant) toward the end of
January. The most prominent emotion for that topic during that
time was fear. Therefore, we can craft messaging on social
media regarding the variant that will help with this fear. As the
World Health Organization recommends, we should mainly
focus on facts and provide up-to-date information to the public
through social media regarding the variant.

Vaccine Opposed
This group was the least likely to be persuaded by messaging
on the vaccine but should not be ignored. This is because they
produce messaging on social media that may convince others.
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Therefore, we should attempt to counter their messaging with
up-to-date and correct information. Topics that contained a large
number of tweets from individuals that were vaccine opposed
were topic 6 (Complaints about pharma company profits), but
we can find a small number of tweets from this group in all
topics, particularly in tweets that were labeled angry or fearful.
Examples of tweets from this group were as follows:

…We have been here before with the Nazis and
Thalidomide yet the whole world rushes to take an
untested vaccine. People are dying after having the
vaccine yet no enquiries into what happened just a
rapid cremation and silence. We should all be very
worried.

…I bind you up Satan in the name of Jesus, no weapon
formed against us shall prosper, and I mean this
vaccine is Satan here. “Mark of the beast” read your
bibles people.

…He didn’t take the vaccine! He’s a Eugenics partner
with Bill Gates they don’t take their own vaccines!
How about some proof! He’s just trying to coverup
the ill side effects and deaths that are already
happening!

Those who were opposed to vaccines were hard to persuade,
but we must spread truthful messages to counteract the messages
that they spread. Many of the tweets by these individuals did
not even discuss concerns that could be addressed but were
more about vaccine refusal and the freedom to refuse vaccines.
It is important to amplify stories of those who suffered severe
consequences by refusing to take the vaccine. This is mostly
for the sake of the vaccine hesitant rather than the vaccine
opposed. An example of messaging can be obtained by looking
at the patterns for topic 6. This topic was stable over time and
did not experience any spikes. Therefore, we should stay
consistent with our messaging over time and counteract any
information on this topic with facts on a consistent basis as
recommended by the World Health Organization report.

Limitations of This Research

Limitations of Twitter
Twitter is a large social network with 353 million monthly active
users [61]. While this is a significant number of users, there is
no guarantee that Twitter users are representative of the global
or the US population as a whole. Mislove et al [62] have
investigated the ability of Twitter data to represent the US
population and have found that areas that are more densely
populated tend to be overrepresented in Twitter. Additionally,
Gore et al [63] and Padilla et al [64] found geographical bias
in their analysis of Twitter data. Both studies found an
overrepresentation of urban areas in the demographic data of
Twitter users included in their studies. Given this prior research,

we must assume that users from urban areas are overrepresented
in this data set as well.

Keyword Selection
The keywords that were chosen to generate this data set were
selected by the authors. The list of keywords described in the
data collection section contains keywords that name the
colloquial names for the available vaccines at the time of the
study. The list also contains terms such as “vaccine” and
“coronavaccine” that were included in order to capture a more
general discussion regarding COVID-19 vaccines. The list is
not meant to be exhaustive and represents the vaccines publicly
available at the start of data collection in December 2020.

Duplicated Tweets
Bots posting on Twitter are a well-documented phenomenon
[65-67]. One of the issues our study faced was the duplication
of content due to bot activity on the topic of vaccines. Other
research has documented bot activity on COVID-19 and
COVID-19 vaccine misinformation as well [65,68,69]. The
main issue this may cause in our analysis is that bot activity
may overinflate the importance of certain topics. To combat
this, we deduped the Twitter data as part of our analysis and
reduced the number of tweets from approximately 20 million
to approximately 8 million tweets.

Conclusion
We used topic detection and sentiment analysis as social media
trend analysis to better understand the discourse on COVID-19
vaccines tweets. Using this methodology, we could identify the
trending topics that reflected the public concerns on COVID-19
vaccines and their responses to the topics indicated by the
polarity and emotions on the sentiments. We found that the
administration and access to vaccine were some of the major
concerns. While most of the information was received from the
internet, they were not directly obtained from the health
organization. Misinformation may cause negative emotions. In
some cases, conspiracy spreading in social media may cause
substantial amount of fear. The findings in social media trend
analysis are helpful for the health organizations to develop
strategies for better communication to the target groups and
assist them in coping with their concerns that cause negative
emotions or vaccine hesitancy. Disseminating accurate
information of COVID-19 vaccines will reduce the negative
emotion caused by misinformation or rumors. A report on
COVID-19 vaccines by the World Health Organization
suggested careful examination of social media to detect specific
concerns regarding the vaccines [60]. By understanding what
drives different emotions regarding the vaccines, tailored and
targeted communication can be developed to provide
authoritative health information, which will be helpful to achieve
herd immunity and end the pandemic.
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Abstract

Background: The COVID-19 pandemic has affected populations worldwide, with extreme health, economic, social, and political
implications. Health care professionals (HCPs) are at the core of pandemic response and are among the most crucial factors in
maintaining coping capacities. Yet, they are also vulnerable to mental health effects caused by managing a long-lasting emergency
with a lack of resources and under complicated personal concerns. However, there are a lack of longitudinal studies that investigate
the HCP population.

Objective: The aim of this study was to analyze the state of mind of HCPs as expressed in online discussions published on
Twitter in light of the COVID-19 pandemic, from the onset of the pandemic until the end of 2020.

Methods: The population for this study was selected from followers of a few hundred Twitter accounts of health care organizations
and common HCP points of interest. We used active learning, a process that iteratively uses machine learning and manual data
labeling, to select the large-scale population of Twitter accounts maintained by English-speaking HCPs, focusing on individuals
rather than official organizations. We analyzed the topics and emotions in their discourses during 2020. The topic distributions
were obtained using the latent Dirichlet allocation algorithm. We defined a measure of topic cohesion and described the most
cohesive topics. The emotions expressed in tweets during 2020 were compared to those in 2019. Finally, the emotion intensities
were cross-correlated with the pandemic waves to explore possible associations between the pandemic development and emotional
response.

Results: We analyzed the timelines of 53,063 Twitter profiles, 90% of which were maintained by individual HCPs. Professional
topics accounted for 44.5% of tweets by HCPs from January 1, 2019, to December 6, 2020. Events such as the pandemic waves,
US elections, or the George Floyd case affected the HCPs’ discourse. The levels of joy and sadness exceeded their minimal and
maximal values from 2019, respectively, 80% of the time (P=.001). Most interestingly, fear preceded the pandemic waves, in
terms of the differences in confirmed cases, by 2 weeks with a Spearman correlation coefficient of ρ(47 pairs)=0.340 (P=.03).

Conclusions: Analyses of longitudinal data over the year 2020 revealed that a large fraction of HCP discourse is directly related
to professional content, including the increase in the volume of discussions following the pandemic waves. The changes in
emotional patterns (ie, decrease in joy and increase in sadness, fear, and disgust) during the year 2020 may indicate the utmost
importance in providing emotional support for HCPs to prevent fatigue, burnout, and mental health disorders during the
postpandemic period. The increase in fear 2 weeks in advance of pandemic waves indicates that HCPs are in a position, and with
adequate qualifications, to anticipate pandemic development, and could serve as a bottom-up pathway for expressing morbidity
and clinical situations to health agencies.
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Introduction

The COVID-19 pandemic has affected nations and societies
worldwide. The pandemic became a significant health crisis,
with extreme health, economic, social, and political implications.
COVID-19 created a unique situation, one which requires that
people from different countries, cultures, and life circumstances
stand against the same emergency situation [1].

Online social networks may provide insights on the state of
mind and the experience of people during COVID-19, from
emotional effect [2] to adherence to restrictions [3].

Studies found that negative sentiments were dominant in tweets
posted by people during the pandemic [2,4], and Twitter could
advance social stigmas in those situations [5]. According to
Park et al [6], the spread of information related to COVID-19
on Twitter was faster than in other content networks. They
showed that the spillover effect of information that included
medical knowledge about COVID-19 was more significant than
news with nonmedical content [6]. Many publications relating
to Twitter analyses during the pandemic highlighted health care
agencies’ and professionals’ critical roles in providing reliable
information disseminated via online social networks during
intense situations [4,6]. Contrary to studies that analyzed the
general population, others focused on specific populations, such
as policy makers [7], students [8], and health care professionals
(HCPs) [9].

HCPs are an essential resource for public health. The World
Health Organization recognized the health workforce as one of
the six foundations for improving health outcomes [10] and
perceived the development of HCPs as an opportunity for the
sustainable development of society as a whole [11]. During an
emergency, HCPs are one of the most crucial factors in
developing surge capacity to satisfy health care demands [12].

Yet, they are also vulnerable to personal concerns, fear, and
anxiety [13] caused by managing a long-lasting emergency
situation with a lack of resources and under accelerated
conditions. The situation of HCPs struggling to balance
day-to-day self-management while having to intensify their
work is exacerbated by their circumstances, such as having
elderly family members, children at home, or family members
with special needs [14].

Most existing studies of the HCP experience during COVID-19
are (1) cross-sectional: demonstrating associations with no
causality between study variables, (2) hypothesis driven:
unlikely to produce new findings that are not grounded in
existing theory, and (3) small scale: study populations range
from a few hundred to a few thousand. There are a lack of
data-driven longitudinal studies based on large-scale analysis
of the HCP experience during COVID-19.

This study aims to analyze the state of mind of HCPs as
expressed in online discussions published on Twitter in light of
COVID-19 from the onset of the pandemic until the end of
2020. The analyzed data include 16.6 million English tweets
from 53,063 HCP accounts identified using a tailor-made
machine learning classifier. We present the major topics
concerning the study population and the dynamics of emotions
during the pandemic.

Methods

Identifying the Study Population
This study’s first and significant challenge in this study was to
collect tweets published by the heterogeneous HCP population,
while excluding formal communication by health care facilities
and organizations. We tackled this challenge through a multistep
process depicted in Figure 1, steps 1 to 5.
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Figure 1. Analysis of the health care professional (HCP) discourse in light of COVID-19. Steps 1 to 5 identify the study population. Steps 6 and 7
analyze the HCP discourse. In step 1, we identify search terms. In step 2, we construct short keyword queries. In step 3, we pinpoint and manually distill
HCP points of interest. In step 4, we collect a pool of health care–related Twitter accounts. In step 5, we conduct active learning for filtering out
organizational and non-HCP accounts. In step 6, we collect the tweets and analyze the major topics. In step 7, we analyze sentiment and emotions.

Twitter Search Queries
First, two health care experts defined a list of general medical
professions and specializations recognized by the American
Board of Medical Specialties (Figure 1, step 1, and Table S1,
list 1, in Multimedia Appendix 1). Second, a list of points of
interest (POIs) types, such as unions, conferences, and journals,
were defined (Figure 1, step 1, and Table S1, list 2, in
Multimedia Appendix 1). In addition, we added countries and
regions related to English speakers. We created short keyword
queries by taking one keyword from each list, for example,
“immunology journal” or “family medicine England” (Figure
1, step 2).

HCP Points of Interest

Overview
We used the Twitter search engine to collect accounts matching
the short keyword queries (Figure 1, step 3). The results were
manually inspected to identify accounts managed by facilities,
organizations, and venues related to health care. The resulting
563 accounts were divided into four groups of medical
professions and a fifth group of general health care interest
(Table S2 in Multimedia Appendix 1). We removed from this
list 41 POIs that are likely to be followed by non-HCPs.

HCP Twitter Accounts
Using the Twitter application programming interface, we
collected 434,825 followers of the remaining 522 HCP POIs
prioritizing those that followed multiple POIs. Twitter accounts
collected in this manner included private accounts and accounts
managed by organizations, for example, official accounts of

medical centers in the United States. There are also many
non-HCP accounts, for example, patients, reporters, or academic
scholars.

The definition of HCP varies considerably. Broad definitions
of HCP consider any professional that contributes to people’s
well-being as an HCP. In this study, we define an HCP as an
individual working in the health care system or being a student
of any medical profession. Students were also included since
they typically go through hands-on training that incorporates
interaction with patients. Effectively, the medical professionals
that were considered HCPs were mainly medical doctors, nurses,
medical management and administration staff, pharmacists,
medical students, psychologists, and others. We excluded
therapists that work in fields that are mostly considered
complementary or alternative medicine (eg, naturopaths and
shamans) and art therapy (eg, drama and music therapists).

Training Machine Learning Classifiers Using Active
Learning
To filter out organizational and non-HCP Twitter accounts, we
trained two respective machine learning classifiers through an
iterative process known as active learning [15]. As done by Lo
et al [16], in this research, we used the support vector machine
(SVM) classification model. Term frequency–inverse document
frequency features were extracted from the accounts’
descriptions and full names. The latter occasionally included a
profession or a relevant title, such as “MD” (medical doctor)
or “RN” (registered nurse).

Supervised machine learning requires a labeled training set to
build accurate statistical models. Active learning allows
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reduction of the manual annotation effort by focusing on
accounts that would contribute the most to improving the
classification model. Therefore, we used the
uncertainty-sampling active learning strategy [17], where we
manually annotated accounts that the classifier is least certain
about.

The descriptions and timelines of 90 accounts were inspected
by two human annotators in every active learning iteration. In
case of a conflict, a third annotator determined the label after
an open discussion. In case of uncertainty, the LinkedIn profile
associated with the Twitter account was inspected as well. If
the panel of three annotators could not agree about the label of
an account, it was excluded from the training set and replaced
with a random unlabeled account on which the panel had agreed.
Every iteration ended with training two SVM classifiers that
were used for sampling accounts for the next iteration. Initially,
the accuracy of the classifiers increased by 1% to 3% with each
iteration. Between the 15th and 20th iteration, the marginal
increase in accuracy was as low as 0.5%. Thus, we decided to
halt the manual labeling process after 20 iterations (Figure S1
in Multimedia Appendix 1).

Overall, the final training data set contained 1392 profiles on
which we performed 10-fold cross-validation for evaluation.
The results of this training process are presented in the Results
section. Using the trained classifiers, we selected accounts

classified as individual HCPs with a confidence of 70% or
higher and validated the quality of this selection by manual
inspection of 100 random accounts.

Social Discourse: Topic Detection
We collected all public tweets published by the individual HCP
accounts from January 1, 2019, to December 6, 2020; see Table
1 for details about the data set of collected tweets.

We used Python (version 3.6.8; Python Software Foundation)
and several libraries for our analysis. We applied standard text
preprocessing techniques, such as removing line breaks, emojis,
nonalphabetic words, stop words, short words with less than
three characters, user mentions (@), and hyperlinks; we applied
lower-casing and lemmatization using Natural Language Toolkit
(NLTK) (version 3.5; NLTK Team) [18] and WordNet (version
3.0; Princeton University) [19]. Hashtag (#) terms were not
removed because they carry a significant informative load on
Twitter. The hashtag symbol itself was removed.

Most of the social discourse during 2020 revolved around
COVID-19. This theme overshadowed other topics discussed
both with and without a relationship to the pandemic. Therefore,
to have a precise dissection of topics discussed during 2020,
we removed the terms signifying the disease or the virus. The
full list of COVID-19 terms can be found in Table S3 in
Multimedia Appendix 1.

Table 1. The study data set.

ValueStatistic

53,063Accounts, n

16,616,970Tweets, n

313 (1386.6)Tweets, mean (SD)

511 (1767.1)Friends, mean (SD)

475 (4466.8)Followers, mean (SD)

7,168,088Total tweets published in 2019, n

9,448,882Total tweets published in 2020 (up to December 6, 2020), n

Topic models were obtained using the latent Dirichlet allocation
(LDA) algorithm [20] implemented in the gensim library
(version 3.8.3; Python Software Foundation) [21]. The number
of iterations was set to 150 with a chunk size of 130,000 tweets.
All other parameters were set to their default values. We
searched for the optimal number of topics between 5 and 55.
To quantify the quality of the topic distributions, we used one
of several coherence scores that were proposed by Roder et al
[22]. In their work, human judgments of the interpretability of
topics extracted from several benchmark data sets were recorded.
The authors then examined the correlation of each measure
against the human interpretability scores. We chose the
coherence score, which is the most correlative to human topic
rankings. In addition to coherence scores, we also examined the
Jaccard similarity index between the sets of top 100 words of
topics originating in different distributions using the multiple
correspondence analysis algorithm (configured with
px=py=0.95) from the Jaccard package (version 0.1.0) in the R
language (version 4.1.0; The R Foundation). To determine the

topics that persist in different distributions, we studied the
connections between distributions to eventually decide on the
best one regarding the number of similar topics that it shares
with other distributions.

Provided the topic distributions, volumes of the topics, and their
persistence over different distributions, we chose to analyze the
topic distribution containing 20 topics. A manual subjective
inspection was conducted to make sense of the automatically
generated topics. The manual inspection included an assessment
of the topics’ subjective cohesion level and topic naming. Each
topic received a subjective cohesion score based on our ability
to name the topic. The naming relies on the top 50 words within
the topic and the contents of a few hundred tweets with the
highest probability of belonging to the topic. There are three
cohesion levels: high, medium, and low. A high cohesion score
was given to topics where most of the 50 top words could easily
be associated with a single well-defined theme, and most of the
inspected tweets matched this theme. A medium cohesion score
was given to a topic when some of the 50 top words could easily

J Med Internet Res 2021 | vol. 23 | iss. 10 |e30217 | p.1146https://www.jmir.org/2021/10/e30217
(page number not for citation purposes)

Elyashar et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


be associated with a specific theme, yet a relatively high ratio
of words and tweets could not be associated with it. In cases
where no single name could be identified that described a
significant number of the topic’s 50 top words and top tweets,
the topic received a low subjective cohesion score and no name.

We chose the main topics for further analysis based on their
volumes, coherence, and cohesion scores. Weekly volumes of
the chosen topics were tracked throughout the year 2020. We
identified the major changes in topic volumes and associated
them with the most significant events presumably corresponding
to the changes in topic volumes. The topic analysis results are
discussed in the Topic Detection subsection within the Results
section.

Analysis of Sentiment and Emotions
To estimate the sentiments expressed by HCPs, we used the
Valence Aware Dictionary and Sentiment Reasoner (VADER),
which is a lexicon and rule-based sentiment analysis tool [23].
Given a tweet, VADER provides a sentiment score, which
ranges from –1 (the highest negative score) to 1 (the highest
positive score). To track the changes in sentiment, we calculated
the average sentiment of each topic every week, as well as the
Bayesian credible interval of 95% to ensure that the average
sentiment was a good representative of the sample obtained.

Sentiment is a coarse-grained measure that does not allow for
understanding the different emotional tones expressed in text.
Therefore, we used a pretrained recurrent neural network model
developed by Colnerič and Demšar [24] for quantifying the
probabilities of Ekman’s six basic emotions [25] expressed in
the text. We inferred the distribution of emotions in a topic by
aggregating the emotion probabilities across all tweets associated
with the topic. We included retweets and tweets containing
quotes when aggregating emotions and sentiment, since by
retweeting or quoting an emotionally loaded tweet, a person
shows their support for it. Differences of emotions between the
years 2019 and 2020 were calculated based on the emotion
distribution: the Welch t test for normally distributed emotions
(ie, anger, sadness, and joy) and the Mann-Whitney U test for
nonnormally distributed emotions (ie, fear, surprise, and
disgust).

Next, we analyzed the time course of each emotion and
quantified their correlation during the study periods (47 weeks)
with the following: number of new COVID-19 cases
(Confirmed), number of deaths caused by COVID-19 (Deaths),
their weekly change (ΔConfirmed and ΔDeaths, respectively),
and the estimated reproduction rate of SARS-CoV-2 (Rt). A
Shapiro-Wilk test was conducted to examine the distribution
of the variables. Cross-correlation analysis was performed to
account for possible lags in a range of 1 to 8 weeks between
pandemic development and emotional response. This study was
approved by the Institutional Review Board of Ben-Gurion
University of the Negev (1879-1).

Results

HCP Accounts on Twitter
During the active learning process, we manually labeled 1800
Twitter accounts. Out of these accounts, 1192 (66.2%) were
labeled as profiles of individuals and 299 (16.6%) were labeled
as organizational. The best classifier differentiated between
individuals and organizations with an accuracy score of 0.88,
an F1 score of 0.88, a precision score of 0.884, and a recall score
of 0.88. The best classifier, trained on accounts labeled as
individuals to take HCP and non-HCP accounts apart, obtained
an accuracy score of 0.786, an F1 score of 0.785, a precision
score of 0.795, and a recall score of 0.787. Performance scores
are reported for balanced test sets with subsampling of the
majority class.

Out of the 434,825 HCP POI followers, 53,063 profiles were
classified as individual HCPs with a confidence of 70% or
higher. Random manual validation of 100 accounts confirmed
that 90 of these accounts belonged to health care individuals.

Topic Detection
The LDA algorithm’s topic detection resulted in the highest
average coherence of 0.433 for the distribution of 30 topics.
The distributions of 25 and 20 topics exhibited average
coherence scores of 0.427 and 0.402, respectively. The
coherence values for each topic distribution were normally
distributed. We linked topics in different distributions based on
the Jaccard coefficient of the sets of tweets associated with the
topics. As can be seen in Figure 2, there are no topics linked to
more than one topic in a different distribution with a Jaccard
coefficient higher than 0.3. The alignment of topic distributions
also shows that four topics persisted throughout distributions
of 15, 20, 25, and 30 topics. These topics were “public health
and social values” (topic 0), “day-to-day life” (topic 1), “food”
(topic 2), and “medical studies and COVID-19 information”
(topic 8). Topics 0, 1, and 2 contained the largest number of
tweets during 2020: 25.9%, 27.7%, and 13.5%, respectively.

Topic 8 (“medical studies and COVID-19 information”) also
contained a significant fraction of tweets (7.6%) and had the
highest coherence score in the distribution of 20 topics (Figure
3). The distribution of 20 topics contained the highest number
of persistent topics (n=14).

Topic volumes are provided in thousands or millions of tweets
over the entire period. The percentage of the total volume is
provided in parentheses. Topics are sorted and color coded
according to the average sentiment in the main chart and the
legend. The 95% CIs of the sentiments are provided in
parentheses alongside the topic names.

Further manual inspection of the distribution of 20 topics
revealed that the most cohesive topics were also the most
persistent, except topic 10 (“account promotion”), which
received a high cohesion score but appeared only in this
distribution. This topic accounted for 1.8% of the tweets.
Overall, topics 0, 1, 3, 6, 8, 9, 10, and 16 received high cohesion
scores and are listed in Table 2.
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Figure 2. Alignment of topic distributions. Topics, represented with word clouds, were obtained from four different distributions of 15, 20, 25, and 30
topics. Every pair of aligned topics is connected using a weighted link. The weight and the width of each link represent the Jaccard coefficient of the
sets of words associated with the two aligned topics; coefficients are reported in the top rows of each set of values. Links having a Jaccard coefficient
lower than 0.3 are not shown. Topics that have no link are also not shown (except topic 10).

Figure 3. Topic (T) volumes over time in 2020 sorted by sentiment and their coherence. The 95% CIs of the sentiments are provided in parentheses
alongside the topic names in the legend.
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Table 2. The most significant topics discussed by health care professionals during the COVID-19 pandemic.

Top 25 wordsaExplanationExample tweetTitle

People, need, would, know, think, care,
make, health, many, one, get, time,
take, want, work, even, way, agree,
thing, also, help, say, right, public,
doctor

Tweets on this topic discuss is-
sues of public health policy and
its applications as well as social
values that are mostly related to
health aspects.

“Medicare being defunded for primary care services.
There’s a huge opportunity to reform healthcare to in-
vest where the best evidence sits. Primary care & pre-
ventive activities. (Public health too cos investment
in public housing education & early life is essential
part of this)”

Public health and
social values
(topic 0)

Get, time, good, one, well, year, got,
going, know, week, last, thing, back,
really, still, done, work, would, home,
see, think, yes, look, first feel

This topic contains tweets that
mainly describe typical everyday
situations.

“10 years ago I was sitting on the sofa waiting to watch
Jools Holland’s Hootenanny. Tonight, I am sitting on
the sofa waiting to watch Jools Holland’s Hootenanny.
In ten years time, I hope to be sitting on the sofa
waiting to watch Jools Holland’s Hootenanny. #Hoo-
tenanny”

Day-to-day life
(topic 1)

Love, man, one, news, say, trump, sto-
ry, guy, know, new, would, shit, game,
look, show, think, eat, ever, via, song,
want, make, food, said, house

This topic consists of tweets
about restaurants, impressions
from dishes, recipes, and other
food-related matters.

“This is so delicious and easy. I have been eating and
making it for 35 years..... 4oz (125g) blanched al-
monds, toasted 4oz cherries 2oz mixed candied peel
2oz raisins 2oz sultanas 2oz currants 1 des sp mixed
spice 1 tsp cinnamon 1 tsp nutmeg”

Food (topic 2)

Trump, vote, president, right, state, via,
video, true, win, biden, party, sign,
country, police, election, american,
america, sir, law, watch, india, funny,
stop, joe, republican

The tweets on this topic are gen-
erally related to politics and
government, particularly to the
United States’ contemporary af-
fairs.

“I want my President to respect Americans. Republican
Americans, Democrat Americans, members of our
American military, our democracy, women, law and
order, the Constitution, our country...”

Politics (topic 3)

Great, thanks, team, please, work,
amazing, friend, looking, congratula-
tion, forward, proud, student, support,
share, today, colleague, sharing, fantas-
tic, join, new, welcome, awesome,
look, help, brilliant

This topic contains tweets that
commend teams and individuals
for professional accomplish-
ments.

“Proud of all the amazing accomplishments of our
fellowship graduates Deputy Medical Director of
[hospital], will be presenting at EMSWorld (EMS -
EMT - Paramedic Emergency Medical Services) Ex-
po.”

Professional
achievements
(topic 6)

Patient, case, test, study, data, risk,
disease, use, death, testing, treatment,
vaccine, new, rate, surgery, cancer, re-
sult, care, also, interesting, number, via,
symptom, trial, infection

The tweets on this topic are pri-
marily about science communica-
tion of medical studies and epi-
demiological information related
to COVID-19.

“Nice article on Remdesivir & renal dysfxn. Interesting
a 117% (over 2x) increase in end of therapy AKI oc-
curred in pts w/ renal dysfxn was not statistically sig-
nificant (5% vs 2.3%). Stats are so... interesting...
sometimes similar numbers (sample size?) result in
FDA approval.”

Medical studies
and COVID-19
information (top-
ic 8)

May, family, child, sorry, hear, thought,
kid, sad, rest, parent, school, young,
loss, loved, sending, thinking, peace,
memory, adult, indeed, dad, prayer,
anxiety, mom, soul

Tweets on this topic convey sor-
row and are meant to console in-
dividuals and families for the
loss of loved ones.

“Sad to hear May Allah rest him in peace and give you
and family Sabar! Ameen”

Loss and consola-
tion (topic 9)

Thank, much, let, back, follow, twitter,
see, kind, together, tweet, lie, try, dear,
drop, retweet, appreciate, active, men-
tion, reach, immediately, grow, follow-
ing, fan, week, reply

This topic essentially contains
tweets meant to promote ac-
counts and tweets with informa-
tion about accounts’activities on
Twitter.

“Active? Drop your username and retweet lets follow
each other Grow together ..FOLLOW BACK.. follow
back immediately..No Lie.. Try me”

Account promo-
tion (topic 10)

Day, happy, life, every, word, today,
best, hope, lovely, beautiful, birthday,
wish, photo, person, picture, challenge,
year, new, save, people, one, enjoy,
posted, single, wonderful

This topic’s tweets are mainly a
response to an online social me-
dia challenge that prompted
Twitter users to post photographs
that represent their lives.

“Day 5/7, I’ve been challenged by [user mention] to
produce a picture a day for 7 days to illustrate my
current life (no captions, no people). Nominate a per-
son a day, asking to copy these words, add photo and
repeat the challenge. Today I nominate [URL]”

Picture chal-
lenges (topic 16)

aWords are listed in order of their prevalence.

Analysis of the Discussion Topics

Content of Discourse
We identified 9 out of 20 topics (45%) that constituted 95% of
the total discourse. Table 2 presents the final 9 topics that
describe the HCPs’ discussions during the year 2020. For each
topic, the top 25 words are presented alongside a short
explanation and a representative tweet. The titles of the topics

were chosen to match the majority of manually inspected tweets.
The tweets in the selected topics discussed both professional
(45.5%) and personal (54.5%) issues. All professional topics
presented as high coherence levels as the topics of “professional
achievements” and “medical studies and COVID-19
information.”

Out of the 9 topics, 8 (89%) received a high subjective cohesion
score, while 1 topic (11%; topic 2: “food”) received low
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coherence and medium cohesion scores. The cohesion of this
topic was set to medium because the top 50 words were loosely
associated with a common theme. Still, when examining the
topic’s tweets, we found that the vast majority of them were
related to food. Note that types of food were not discernible in
the topic’s top 50 words due to the high diversity of the food
types used in the tweets (eg, salad, chicken, and BBQ). The
volume of the food topic remained consistently high (13.5%)
throughout the year 2020.

The distribution of tweets across HCPs (Figure S2 in Multimedia
Appendix 1) was a long-tailed (power-law) distribution.
However, the user that tweeted the most accounted for only
0.57% of the data, and the top 60 users accounted for 10%. To
check the influence of the top users on the social discourse, we
compared their topic distribution to that of the rest of the users

(Table S4 in Multimedia Appendix 1). The topic distributions
were highly correlated (Spearman ρ[9 pairs]=0.9, P<.001),
showing no significant influence of the top users on the social
discourse.

Emotion Analysis of the Detected Topics
We computed the average levels of six emotions in each topic:
anger, disgust, fear, joy, sadness, and surprise. Topics with the
highest levels of joy (about 50%) were “professional
achievements” (53.1%), “account promotion” (48.8%), and
“picture challenges” (47.0%). As expected, the “loss and
consolation” topic presented the highest average sadness (32%)
in comparison to the average of 8.6% in the other topics.
Similarly, the topic of “politics” presented the lowest ratio of
joy and was also the topic with the lowest sentiment score
(Figure 4).

Figure 4. Distribution of emotions per topic.

Trends of Discourse Throughout the Year 2020
Figure 3 describes the topic volumes over time in 2020 sorted
by average sentiment and their coherence. It includes the
Bayesian credible interval of 95% for each topic’s average
sentiment. In addition, the distribution of the sentiment scores
for each topic can be found in Figure S3 in Multimedia
Appendix 1. Among the identified topics, the “professional
achievements” topic presented the highest positive sentiment
score of 0.56, while the “politics” topic obtained the lowest
sentiment score of 0.04. Trends of discourse during the year
2020 revealed that HCPs express in their discussions special
events that have occurred, most of them in the United States.
The increase in tweets responded to the global crisis, ahead of
the first wave of the COVID-19 pandemic in the United States.
Analyzing modifications from the content point of view, the
topic of “public health and social values” (topic 0) exhibited
the highest increase. “Medical studies and COVID-19

information” (topic 8), together with “day-to-day life” (topic
1), achieved relatively moderate growth. In a milder tendency,
these topics reacted similarly to the third wave of the pandemic.
The case of George Floyd sparked political (topic 3) discussions
at the expense of day-to-day life (topic 1), with a minor impact
on the context of public health. Around the US elections,
discussions on political issues rose sharply with the
reverberation of the elections in the public health topic.

Emotion Dynamics of the HCPs

Overview
We analyzed the average weekly emotion values in the HCP
Twitter discourse during 2020. Figure 5 presents the dynamics
of Ekman’s six basic emotions: anger, joy, fear, sadness,
surprise, and disgust. We analyzed the sentiment dynamics as
well. Since sentiment closely follows the values of joy, we did
not present it in Figure 5.
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Figure 5. Emotions over time. On the left of the time series, the box plots show the statistics of the year 2019 for each emotion. The boxes represent
the IQRs, and the whiskers represent the upper and lower quartiles. The dashed gray vertical lines indicate the important events during 2020. The time
series detail the average weekly emotions during 2020. The y-axes represent the intensity of six emotions and are the same for the time series and the
box plots. P values on the left side refer to the significance of the difference between the emotion levels in 2019 and 2020.

Acute Effects
Tracking the emotions over time showed that anger, fear, and
disgust exhibited fluctuations that corresponded to the three
COVID-19 pandemic waves worldwide (Figure 5). Fear
exhibited the three clear waves, with the first wave being the
largest and the second and third magnitudes gradually
decreasing. Cross-correlation analysis revealed that fear was
found to correlate most highly with the virus reproduction rate
Rt with a delay of 1 week (ρ[47 pairs]=0.486, P=.001). A lesser

but significant correlation (ρ[47 pairs]=0.340, P=.03) was found
between fear and ΔConfirmed, where fear preceded ΔConfirmed
by 2 weeks. The normalized values of fear, Rt, ΔDeaths, and
ΔConfirmed are shown in Figure 6. The average weekly levels
of anger were correlated (ρ[47 pairs]=0.386, P=.009) with the
change in the average number of death cases (ΔDeaths), with
ΔConfirmed (ρ[47 pairs]=0.308, P=.04), and with the virus
reproduction rate Rt (ρ[47 pairs]=0.316, P=.04) after
displacement of 2 weeks (anger after Rt). A positive correlation
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was found between sadness and ΔConfirmed, where sadness
preceded ΔConfirmed by 3 weeks (ρ[47 pairs]=0.423, P=.005).
A negative correlation arose between joy and ΔConfirmed,
where joy decreased after 1 week. Two periods of increased
disgust roughly corresponded to the second and the third

pandemic wave. Interestingly, disgust remained at an average
level in the HCP discourse during the first wave, in contrast to
fear and anger. Disgust and anger spiked after the George Floyd
case and the second wave of the pandemic.

Figure 6. Normalized weekly fear levels (dark blue) during 2020 vs the SARS-CoV-2 reproduction rate (Rt; light blue), the difference in the average
number of daily death cases (ΔDeaths; gray), and the difference in the average number of daily new confirmed cases (ΔConfirmed; red). The top panel
shows the cross-correlation results with displacement ranging from –8 (before fear) to +8 (after fear) in terms of Spearman correlation coefficients.

Long-term Effects
We can see in Figure 5 that joy was low throughout 2020.
Average weekly joy during 2020 was lower than the minimal
weekly joy during 2019. We also saw a rise in joy by the end
of 2020, bringing it closer to the values observed during 2019.
Sadness increased during 2020, with the minimal sadness
between April and December 2020 being higher than the
maximal sadness before December 2019. The intensities of all
emotions, except surprise, were significantly different during
2020 than in 2019 (P<.001).

Discussion

Overview
HCPs are at the core of pandemic response, and the impact of
emergencies, especially a pandemic, on the frontline workforce
was found to be significant during former events [26]. This
study was designed to explore the state of mind of HCPs in light
of the COVID-19 pandemic, as expressed in Twitter discussions
during the year 2020. The study was conducted by a
multidisciplinary group of researchers from data and health
sciences to reflect professional health aspects and data-driven
approaches throughout the study. Beyond the results presented
in this paper, the study tries to serve as documentation of the

broad reality of HCPs during the pandemic. Such documentation
was found to be missing during former pandemics, such as the
influenza pandemic of 1918-1919 [27].

Principal Findings
This study explored three principal results:

1. A rigorous multistep process of selecting the study
population, which involved active machine learning and
manual curation, resulted in a high-quality data set of
English tweets from 53,063 HCPs.

2. Analysis of the topics discussed by the HCPs during the
year 2020 revealed that Twitter serves as a platform for
expressing both day-to-day and professional content during
the pandemic. The analyses revealed that discussions could
be attributed to events that occurred. As such, the volume
of tweets increased appropriately with the progression of
the COVID-19 outbreak, and the analyzed data articulated
events with influential aspects, such as the pandemic waves
and the George Floyd case.

3. Analysis of emotions expressed in Twitter explored the
significant emotional impacts of the COVID-19 pandemic
on HCPs that were sharpened compared to emotion levels
found in 2019. The results portrayed significant long-term
and acute responses to the pandemic.
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Comparison With Prior Work

Methodological Aspects
Recently, many studies examined different aspects of the
COVID-19 pandemic using public information published within
social media. Some of the studies attempted to predict the
number of reported cases associated with the COVID-19
pandemic based on posts published on Sina Weibo [28,29] or
Twitter [30]. Multiple articles analyzed online discourses,
sentiments, and general dynamics during the pandemic
[4,31-35]. These studies made their conclusions based on posts,
which were published in the early stages of the pandemic (ie,
over a few months), as opposed to this study, which analyzed
online discourses during a single year of the pandemic, including
a comparison of the emotional dimension during 2020 with the
emotional dimension a year before the pandemic emerged. In
addition, most of the studies collected posts using predefined
COVID-19–related keywords [31,33] or hashtags [34]. However,
it is important to understand the overall state of mind of HCPs
during the crisis, including aspects not directly related to the
COVID-19 pandemic. Therefore, in this study, we analyzed
posts of HCPs across a variety of topics. Although many studies
investigated COVID-19 health aspects, only a few of them
focused on HCPs.

Similar to this study, a few articles focused on the HCP
population [9,32]. Ojo et al [9] addressed a specific research
question comparing the COVID-19–related social media reaction
of HCPs to gun violence. Wahbeh et al [32] studied a small-scale
population of HCPs. The limited scope or population of related
work could be explained by the difficulties in identifying HCPs
as a study population in social media.

Social Media as a Community in Times of Crisis
Studies found that virtual communities provide their members
a sense of community, especially in emergencies [36].
According to Neubaum et al [37], in a time of crisis, social
media platforms serve as a space for social sharing of emotions
and pursuing empathetic concerns. Twitter is currently the most
popular form of social media used for health care
communication [38]. Moorhead et al [39] recognized social
media as a dimension of health care and a powerful tool that
offers collaboration between users and a social interaction
mechanism for a range of individuals.

Current studies call for HCPs to join the social media space,
take part in relevant conversations, and increase their
involvement in providing professional information [4,40]. As
far as we know, their involvement was not measured. Ojo et al
[9] found that tweets from HCPs were more positive and action
oriented in the context of the COVID-19 than tweets that dealt
with gun violence, but their study addressed only two issues in
a short-term period.

Analyzing the topics discussed on Twitter by HCPs during 2020
revealed two interesting findings:

1. About 44.5% of the topics addressed by HCPs during the
COVID-19 pandemic were related directly to their
professional context (“public health and social values”
[26%], “professional achievements” [10%], “medical studies

and COVID-19 information” [7.5%], and “loss and
consolation” [1%]).

2. Most of the volume of discussions that increased following
the pandemic’s waves was related to professional aspects.
Although we did not measure the involvement of HCPs in
social media during the COVID-19 pandemic, our findings
could indicate the role of HCPs in the social media expanse.

HCPs’ discussions on Twitter during the study period showed
that HCPs maneuver between their day-to-day reality and their
professional aspects in the virtual space. The emotion analysis
of the topics (Figure 4) fit the topic themes, validating their
appropriateness. For example, “professional achievements”
exhibited the highest joy, while “loss and consolation” exhibited
the highest sadness. Based on the topic analysis (eg, Figure 2),
four topics constituted a solid, persistent part of the HCP
discourse unaffected by sampling and the stochastic nature of
the topic detection algorithms: “public health and social values”
(topic 0), “day-to-day life” (topic 1), “food” (topic 2), and
“medical studies and COVID-19 information” (topic 8).

Various studies investigated social media concerning the rise
of the COVID-19 pandemic [2]. Several studies analyzed the
discussions of public users within social media. Saleh et al [41]
attempted to understand public perception of COVID-19 social
distancing on Twitter, and Xue et al [42] analyzed users’
discourse and psychological reactions to the pandemic on
Twitter. Other studies focused on specific populations, for
example, US governors and presidential cabinet members [7],
the social media activity and mental health of students in
Switzerland [8], detection of users who were found to suffer
from depression using transformer-based deep learning models
on the Twitter platform [43], among others. Recently, Ojo et al
[9] examined the behavior of health care workers on social
media concerning two specific public health crises—the
COVID-19 pandemic and gun violence—using analysis of two
online discussions derived from two selected hashtags.

Sentiment and Emotional Effects Among HCPs During
the COVID-19 Pandemic
Many studies published during the COVID-19 pandemic
assessed the emotional effects of the pandemic on frontline
HCPs. Most of these studies were cross-sectional, used
questionnaires, and were disseminated through social media
platforms. In general, anxiety, stress, and posttraumatic stress
disorder were identified among HCPs working in different
countries, such as Singapore and India [44], Spain [45], and
Italy [46]. Some of the studies revealed that mental health
symptoms, such as depression, anxiety, and stress, are associated
with the presence of physical symptoms [44].

This study is different, since it did not begin with a known
theory framework but was designed as a data-driven exploration
of the emotional status of HCPs during the COVID-19
pandemic. Figure 5 shows trends of emotions over time, with
comparison to patterns explored in 2019. The apparent
difference in all emotions, except surprise, expressed during
2020 as compared to 2019 confirmed the results of previous
studies, this time at a large scale in the social media expanse.
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We recognized two pathways: (1) acute emotional response to
COVID-19 progression and (2) long-term effects (ie, structures
of emotions developed over time beyond the direct association
with the pandemic waves). Acute responses (ie, anger, fear, and
disgust) were associated with the pandemic waves, portraying
a singular trend for each emotion. It is interesting to see the
differences between the emotions: fear exhibited a decreasing
trend over time, although the overall pandemic impact was
increasing. This trend and the positive correlation between fear
and the development of the reproduction number (Rt) was also
found among the general population [47]. Still, the fact that the
increase in fear expressed by HCPs preceded the change in
confirmed cases may indicate that HCPs express their feelings
according to the population behavior they observe. These results
emphasize the fact that emotions (eg, fear) among HCPs could
be an indicator of the current situation and the near-anticipated
future. The results of this study imply that beyond the traditional
role of HCPs in providing reliable information to the population,
they may also serve as a bottom-up pathway for expressing
morbidity and clinical situations to health agencies. Therefore,
we suggest that decision makers invest additional resources into
listening to the HCP community in the broadest sense,
expanding beyond epidemiology professionals. Brief surveys,
1- to 2-minute interviews at workplaces, and online social media
analyses may be good sources of such elicitation.

Although this study did not measure the effect of COVID-19
on HCPs’ mental health, other studies explored the correlation
between fear and mental health impacts, such as anxiety, stress,
and depressive symptoms [48,49]. Based on the study of
Braquehais et al [50], the high prevalence of anxiety and
depressive symptoms among HCPs were developed due to the
exposure to COVID-19 aspects, material and mental resources,
and personal factors. Following former studies regarding the
effects of the pandemic on the risk behavior of HCPs in the
postpandemic period, our results describe the accumulated
sadness and the decreasing joy over the year 2020. These
findings should be an additional warning sign to health
organizations regarding the immense importance of providing
available and accessible mental health support to HCPs, assisting
them in coping with the pandemic’s consequences.

Limitations
Our findings should be considered while bearing several
limitations. The analyses did not account for the voice of HCPs
who do not use the Twitter platform. In addition, we did not
compare the discussions of HCPs to the general population’s
discussions to explore similarities and differences. This study
described the emotional status of HCPs as expressed in their
Twitter discussions, unconfirmed by questionnaires or
interviews. The correlations presented in this paper do not imply
causality. Yet, the correlation between fear and epidemic

measurements was confirmed by another empirical study [47]
and theory [51].

Recent works showed that geographical differences [52,53],
seasonality, and mass media [54] can influence social media
discourses. However, in this study, we assumed that HCPs
worldwide were exposed to similar conditions during the
pandemic and had similar professional backgrounds and training.
Hence, we considered the HCPs as a single study population
without addressing cultural and geographical differences. Further
studies should focus on local circumstances and cultural aspects
of each location, seasonality, and the effects of mass media.

Conclusions
HCPs are at the core of pandemic response, and the impacts of
the pandemic were found to have severe mental health and risk
behavior implications during former events. A rigorous multistep
process of selecting the study population, which involved active
machine learning and manual curation, resulted in a high-quality
data set of English tweets from 53,063 HCPs.

Analyses of longitudinal data over the year 2020 revealed that
about 44.5% of Twitter discussions from HCPs were directly
related to professional content. The rise in discussions following
the pandemic waves were mostly focused on professional
content. Exploring emotional trends expressed in Twitter
discussions showed that the emotional realm of HCPs was
affected during the COVID-19 pandemic. Thus, it may indicate
the utmost importance in providing emotional support for HCPs
to prevent fatigue, burnout, and mental health disorders in the
postpandemic period.

In addition, the results clearly showed that fear and other
emotions in the HCP discourse carried the signal reflecting the
current situation and the near-anticipated future. Therefore,
decision makers should invest resources into listening to the
HCP community in the broadest sense expanding beyond
epidemiology professionals. Brief surveys, 1- to 2-minute
interviews at workplaces, and online social media analyses may
be good sources of such elicitation. Also, the increase in fear 2
weeks before the pandemic waves (ΔConfirmed) indicated that
HCPs were in a position, and with adequate qualifications, to
anticipate the pandemic development. Future research directions
could include identifying and examining the major factors
leading to fatigue and burnout among HCPs using machine
learning techniques. Also, recommendations for preventing
these adverse effects could be helpful in improving HCPs’
experience in the face of long-term emergencies like a pandemic.

Script Availability
The scripts used for the analysis, as well as those used to create
the figures for the paper, are available in Multimedia Appendix
2 and on GitHub [55].
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Abstract

Background: The COVID-19 pandemic has led to changes in health service utilization patterns and a rapid rise in care being
delivered remotely. However, there has been little published research examining patients’ experiences of accessing remote
consultations since COVID-19. Such research is important as remote methods for delivering some care may be maintained in the
future.

Objective: The aim of this study was to use content from Twitter to understand discourse around health and care delivery in
the United Kingdom as a result of COVID-19, focusing on Twitter users’ views on and attitudes toward care being delivered
remotely.

Methods: Tweets posted from the United Kingdom between January 2018 and October 2020 were extracted using the Twitter
application programming interface. A total of 1408 tweets across three search terms were extracted into Excel; 161 tweets were
removed following deduplication and 610 were identified as irrelevant to the research question. The remaining relevant tweets
(N=637) were coded into categories using NVivo software, and assigned a positive, neutral, or negative sentiment. To examine
views of remote care over time, the coded data were imported back into Excel so that each tweet was associated with both a theme
and sentiment.

Results: The volume of tweets on remote care delivery increased markedly following the COVID-19 outbreak. Five main themes
were identified in the tweets: access to remote care (n=267), quality of remote care (n=130), anticipation of remote care (n=39),
online booking and asynchronous communication (n=85), and publicizing changes to services or care delivery (n=160). Mixed
public attitudes and experiences to the changes in service delivery were found. The proportion of positive tweets regarding access
to, and quality of, remote care was higher in the immediate period following the COVID-19 outbreak (March-May 2020) when
compared to the time before COVID-19 onset and the time when restrictions from the first lockdown eased (June-October 2020).

Conclusions: Using Twitter data to address our research questions proved beneficial for providing rapid access to Twitter users’
attitudes to remote care delivery at a time when it would have been difficult to conduct primary research due to COVID-19. This
approach allowed us to examine the discourse on remote care over a relatively long period and to explore shifting attitudes of
Twitter users at a time of rapid changes in care delivery. The mixed attitudes toward remote care highlight the importance for
patients to have a choice over the type of consultation that best suits their needs, and to ensure that the increased use of technology
for delivering care does not become a barrier for some. The finding that overall sentiment about remote care was more positive
in the early stages of the pandemic but has since declined emphasizes the need for a continued examination of people’s preference,
particularly if remote appointments are likely to remain central to health care delivery.
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Introduction

The COVID-19 pandemic has presented many challenges to
health and care services. New methods of care delivery have
been rapidly introduced to create capacity in hospitals, enable
health care professionals to work remotely, and to reduce the
risk of transmitting the virus in care settings [1]. Care was
adapted at speed, and people had to rapidly learn new ways of
navigating the health and social care system, such as accessing
care remotely. Since the onset of COVID-19 in spring 2020,
general practitioner (GP) practices have provided a much higher
proportion of consultations by phone, although not by video
consultation. In 2020, the proportion of phone consultations
increased from 14% in February to 28% in March and then
stabilized at 48% between April and June [2]. In contrast, the
proportion of online/video appointments (including
nonvideo-based online consultations such as live chat or internet
telephony [VoIP]) remained at less than 1% over the same
period [2]. However, the quality of these data is likely to be
impacted by variations in the approach to appointment
management between practices, and it is suggested that many
video consultations start as a telephone appointment and then
switch to video, which therefore may be undercounted [2]. The
uptake of video consultation (Near Me) in general practice
within Scotland increased markedly from 38 consultations in
February 2020 to a peak of 14,602 in May 2020, although it
then decreased by 20% in June-August 2020 when lockdown
restrictions eased [3].

Although research prior to the COVID-19 outbreak has
examined patients’ experiences of receiving care remotely, it
is argued that the findings may not be applicable to the current
climate where services are being impacted by COVID-19 [4].
Several studies have examined the impact of COVID-19 on
service delivery changes, but there has been little published
research examining patients’ experiences of accessing remote
consultations since the COVID-19 pandemic. A patient survey
conducted by Oxleas National Health Service (NHS) Foundation
Trust showed that the “convenience” of video consultations was
the main theme that arose [5]. It is vital that such research is
undertaken to understand and learn directly from people’s

experiences, particularly as remote methods for delivering care
are likely to be maintained [1].

Social media sites such as Twitter provide opportunities for
research to understand how people are experiencing care. Twitter
data can be useful for exploring people’s opinions on health
issues or treatment [6-9], insights into previous pandemics
[10,11], and public reactions to the COVID-19 outbreak [12-14].
There are both strengths and limitations of using Twitter data
as a source for research. One advantage is that it allows quick
and relatively easy access to people’s views on particular topics,
and the data can be used without obtaining explicit informed
consent since it is part of the public domain [15,16]. Moreover,
Twitter data are useful to be able to explore people’s views
when it may be inappropriate and difficult to conduct primary
research. Research using Twitter may also allow the voices of
people who may be more critical of services to be heard, which
may be missed if only face-to-face methods are used [17].
However, using Twitter as a source of data is limited to those
with access to the internet and who engage in this particular
social media platform. Furthermore, there is evidence that
British Twitter users are not representative of the general
population; they are generally younger, wealthier, and better
educated [18,19]. This means that caution should be taken when
extrapolating the findings from this research to the wider
population.

The aim of the study was to use content from Twitter to
understand discourse around health and care delivery in the
United Kingdom as a result of COVID-19, focusing on the
views and attitudes related to care being delivered remotely
(including through video consultations and telephone calls, as
well as other innovative methods).

Methods

Identification and Collection of Tweets
Three search terms were used to collect relevant tweets to
address the research objective (Table 1). For each search term,
the following criteria were specified: date range, January 1,
2018 to October 10, 2020 (date of extraction); location, restrict
to the United Kingdom; and language, English.

Table 1. Number of tweets extracted from Twitter for each search term.

Number of tweets extractedSearch term

764[Video|Virtual|Remote|*phone|Telehealth|Telecare|Online AND Consultation|Appointment AND GP|Doctor|Dr]

494[“Video|Virtual|Remote|*phone|Telehealth|Telecare|Online Consultation|Appointment” AND
Care|NHS|Nurse|Physiotherapist|“Occupational therapist”|Chiropodist|Podiatrist|“Health visitor”|Dietician]

150[Video|Virtual|Remote|*phone|Telehealth|Telecare|Online AND Consultation|Appointment AND “chronic|ongoing
condition”|Hypertension|“High Blood Pressure”|Depression|Diabetes|Asthma| “Kidney disease”|Heart|Cardiovas-
cular|Cancer|COPD|“Chronic obstructive pulmonary disease”|Stroke|“mental health”]

1408Total

The third search term sought to extract tweets posted by or
referring to people with long-term conditions to understand

their experiences of remote care. The names of specific
long-term conditions were included in the search term rather
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than more general terms such as “long-term condition” or
“chronic condition” that are less likely to be used in tweets.
These were based on the most prevalent conditions in England
reported in the Quality and Outcome Framework [20].

Twitter data acquisition was achieved using a scraper written
in Python 3, which interfaced with the official Twitter search
application programming interface (API). Search terms and
specifications were converted into Twitter API query language.
The scraper made requests to the API for data fitting a particular
set of criteria as outlined in the research brief, and then would
scroll through that data, writing it to files for delivery and
processing. To restrict the search to the United Kingdom,
“place” information (a form of geographic tagging) was used
to restrict to UK countries. This was a more favorable approach
than using longitude and latitude data, which might include
tweets posted outside the United Kingdom (such as parts of
France or the Republic of Ireland) or exclude areas that should
be included (such as the Isle of Wight).

A total of 1408 comments across the three search terms (detailed
in Table 1) were extracted. In addition to the tweet text, the
following metadata were acquired: date the tweet was posted;
username and ID; tweet ID; numbers of Likes, retweets, replies;
user bio information (eg, user description, user follower count,
geographical location [“place ID” and “place name”]).

Data Cleaning and Analysis
Tweets and the associated metadata extracted from the scrape
were imported into Excel. Of the 1408 tweets extracted, 161
duplicate tweets across the search terms were identified via the
unique tweet identification number. After removal of duplicates,
1247 comments remained. The tweets and dates posted were

imported into NVivo software for manual coding. To develop
the coding frame, two researchers analyzed a sample of 300
comments each and coded them thematically, using an inductive
and deductive approach to coding. An initial codebook was
discussed and agreed upon. This was revised following further
coding and additional nodes were added to the codebook when
new topics were identified. After final development of the
codebook, Cohen κ scores were calculated both for the primary
theme coding and sublevel coding between the two researchers
for 200 jointly coded tweets. This showed a very high level of
agreement for the primary theme coding (κ=0.93) and a good
level of agreement for the sublevel coding (κ=0.76).

Seven percent of the tweets were coded to more than one theme.
Many of the codes had a positive, neutral, and negative
subcategory to aid comparison across different types of remote
care delivery and to understand sentiment. The tweets assigned
to a neutral sentiment referred to remote care without any
opinions expressed (such as people stating that they had
accessed/attended a telephone appointment).

Following the coding process, both researchers examined the
tweets assigned to each of the codes and grouped comments
into key themes. These themes were then analyzed to identify
topics and patterns in the data.

Identifying Irrelevant Comments
During the manual coding, 610/1247 (48.92%) tweets were
identified as irrelevant to the research question and were coded
as “unusable.” These comments were varied in nature and
covered a range of topics (see Textbox 1).

A total of 637 tweets were included in the analysis following
the removal of duplicate and irrelevant tweets.

Textbox 1. Types of tweets identified as irrelevant to the research objective.

• Tweets about accessing general practitioner appointments that did not refer to remote care (most of these were posted before the pandemic and
appeared to refer to face-to-face consultations)

• Tweets about COVID-19 that were not directly related to the research question, such as people tweeting about their symptoms, the National
Health Service test and trace service, or the virus in general

• Health-related tweets but not about people’s views or experiences of care and/or how these have been impacted as a result of COVID-19

• Nonhealth-related tweets such as tweets referring to virtual appointments for British Gas, hair salons, etc

• Tweets that included words such as “online” or “video,” but were not relevant to the research question, such as those referring to people watching
health-related videos or health care providers reminding patients to book flu vaccines online

• Tweets that could not be understood out of context, such as replies to tweets that made little sense on their own

Results

Overall Frequency and Sentiment of Tweets
Table 2 displays the frequency of tweets by month that referred
to remote care, showing that the COVID-19 outbreak increased
the discourse on remote care delivery. Based on the three search
terms, there was an average of 10 monthly tweets between

January 2018 and February 2020, compared with a monthly
average of 50 tweets between March and September 2020
(October was not included in this calculation as the Twitter data
were only extracted up until October 10). There was a sharp
rise in the number of tweets in March 2020 when the United
Kingdom first went into a country-wide lockdown at the onset
of the pandemic.
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Table 2. Number and percentage of tweets referencing remote care over time (N=637).

Tweets, n (%)Year

2018

8 (1.3)January

11 (1.7)February

7 (1.1)March

8 (1.3)April

7 (1.1)May

16 (2.5)June

6 (0.9)July

8 (1.3)August

13 (2.0)September

13 (2.0)October

9 (1.4)November

3 (0.5)December

2019

18 (2.8)January

7 (1.1)February

6 (0.9)March

6 (0.9)April

8 (1.3)May

4 (0.6)June

6 (0.9)July

15 (2.4)August

13 (2.0)September

10 (1.6)October

9 (1.4)November

8 (1.3)December

2020

16 (2.5)January

17 (2.7)February

90 (14.1)March

36 (5.7)April

48 (7.5)May

27 (4.2)June

42 (6.6)July

55 (8.6)August

54 (8.5)September

33 (5.2)October

Thematic Analysis

Overall Themes
There were five main themes identified in the tweets extracted,
which are summarized in Textbox 2.

The largest number of tweets were related to accessing remote
care. As some tweets were coded under more than one theme,
the total number of tweets used in the thematic analysis (N=681)
is greater than the overall number of tweets in the dataset
(N=637).
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Textbox 2. Main themes identified.

1. Access to remote care appointments (267/681 tweets, 39.2%)

Views on accessing phone or video appointments, including the ease/difficulty of getting an appointment

2. Quality of remote care delivery (130/681 tweets, 19.1%)

Views/experiences on the standard of care provided and the nature of the interaction with health care professionals

3. Anticipation of remote care (39/681 tweets, 5.7%)

Views and attitudes toward remote care appointments ahead of receiving such care

4. Online booking and asynchronous communication (85/681 tweets, 12.5%)

Attitudes/experiences of using online appointment booking systems or asynchronous approaches to communicating with health care professionals
(eg, messaging systems)

5. Publicizing changes to services or care delivery (160/681 tweets, 23.5%)

Tweets publicizing remote ways of delivering care or informing people of changes to care as a result of COVID-19

The “online booking/asynchronous communication” and
“publicizing changes to care” themes are not discussed in this
paper as they were considered to be less relevant to this research,
which is focused on the views to care being delivered remotely.
Each of the other themes is discussed in more detail below.

Access to Remote Care

Proportion of Tweets Related to Theme

Of the 267 tweets that were related to accessing care remotely,
those referring to phone consultations accounted for 81.3%
(n=217), with video/online consultations accounting for 18.4%
(n=49) of tweets. One tweet (0.4%) referred to accessing both
a phone and video consultation. Comments were posted about
accessing phone or video appointments both before and since
COVID-19, although the number of tweets increased markedly
since March 2020 in a similar pattern to that observed with all
coded comments (Table 2). Based on our search terms, there
was an average of 3 monthly tweets on accessing remote care
appointments between January 2018 and February 2020,

compared with an average of 24 tweets a month between March
and September 2020.

Sentiment

The sentiment of tweets coded in this theme were mixed, with
a similar proportion of positive (84/267, 31.5%), neutral (77/267,
28.8%), and negative (106/267, 39.7%) comments. To identify
any changes over time, the sentiment of tweets was compared
across three time periods: before COVID-19 (January
2018-February 2020), in the early stages of the pandemic
(March-May 2020), and in the following stages of the pandemic
when some UK restrictions had been eased (June-October 2020).

The overall sentiment of these tweets changed at different time
periods (Figure 1). During the initial stages of the pandemic,
there was almost double the proportion of comments with a
positive tone (37/82, 45%) when compared with those posted
in the time periods both before COVID-19 (21/82, 26%) and
subsequently when some of the restrictions had been lifted
(26/103, 25.2%).

Figure 1. The proportion of positive, neutral and negative tweets on access to remote care at different time periods (n=267).

Some tweets posted in the later period (June-October 2020)
highlighted people’s frustrations that only remote care

appointments were still being offered, despite restrictions having
eased across the United Kingdom: “Can still only get a phone
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appointment with the dr yet people in service industries been
back on the front line since July” [September 2020].

In terms of the positive tweets posted in the initial period
following COVID-19 (March-May 2020), there were some
tweets that expressed people’s gratitude to receiving an
appointment, which were not as evident in the later time period:
“Very grateful to have just had my respiratory consultant
appointment by telephone this afternoon” [April 2020].

Possible explanations for the overall change in sentiment shown
in Figure 1 are considered further in the Discussion. Within the
overarching theme on “access to remote care,” two key
subthemes were identified: ease/difficulty of getting a
telephone/video appointment (including the use of remote
appointments as a preliminary to a face-to-face consultation)
and the lack of specific phone appointment timings.

Ease/Difficulty of Accessing a Remote Consultation

Tweets that were positive about accessing phone or video
appointments centered on the efficiency of the remote care
service, such as the speed of booking and “attending” an
appointment, and the convenience of not needing to travel to a
GP practice or wait for the appointment in the surgery.

Had to speak to my GP about a minor thing this
morning and v impressed - called to arrange a phone
appointment which was set up within about an hour
- then could do a video call from a browser on my
phone to do an examination. Hope this is something
they’ll continue to offer [May 2020]

Some tweets also reflected positively on the safety of accessing
care remotely during the pandemic:

I've just had a very interesting video consultation with
Dr [name]. (My GP) We were using AccRX. This is
a brilliant use of technology which means I don't have
to go down to the practice. Especially useful during
the current Coronovirus situation. Brilliant! [March
2020]

In contrast, tweets that were negative in tone within this
subtheme highlighted people’s frustrations with needing to wait
a long time for a phone appointment, both prior to and since
COVID-19.

Once answered our surgery then tells us a Dr will
phone us back within 5 days, and then if you're lucky
the appointment may be a month away. Shocking!
[January 2019]

Phoned GP for appointment. Not doing appointments
at this time. I can have a phone consult on 13th July!!!
[2 weeks later].I'm in pain now or I wouldn't have
called #NHS [July 2020]

The difficulty in actually being able to book a phone
consultation was also mentioned in several tweets due to lengthy
waiting times to get through to the GP practice initially (ie,
phone queues), the practice of GP receptionists triaging patients

first, and phone consultations being carried out as a preliminary
to a face-to-face appointment: “Patients, who telephone a GP
Surgery, may have to submit to a ‘telephone interrogation’by...a
receptionist...before any appointment is arranged” [July 2020].

Lack of Specific Appointment Times

Some of the negative tweets about accessing remote
appointments (particularly phone) were around the lack of
specific appointment times or appointments running late. Such
tweets were posted both prior to and since the COVID-19
pandemic.

I dunno why GP surgeries are using COVID as an
excuse to be even more useless. I’ve just spent 18
minutes of my 30 minute lunch break making 44 phone
calls to get an appointment. Have to ring at this exact
time. In return they’ve given me a 2.5 hour slot they
might call back in. [September 2020]

Some people expressed their frustration that not having a
specific time for a phone consultation impacted their ability to
carry out daily activities, with a particular reference to
confidentiality of discussions:

Waited weeks for a phone appointment with the doctor
to discuss PCOS diagnosis. Of course I just got the
Spanish inquisition about my ovaries in the queue for
Morrisons. Soz queue. [June 2020]

Quality of Remote Care

Proportion of Tweets Related to Theme

Tweets were coded in this theme if the quality of care/service
received via phone or video consultations was mentioned,
including the patients’ interaction with health care professionals.
Just over half of the tweets coded in this theme were positive
in sentiment (67/130, 51.5%). Although remote consultations
were being carried out before COVID-19, only 16.9% (22/130)
of the tweets extracted from our search terms discussed the
quality of the care delivered via phone/video before March
2020.

Sentiment

The sentiment of tweets relating to care quality changed at
different time periods in a similar pattern to that noted
previously for tweets about accessing remote care. During the
initial stages of the pandemic (March-May 2020), there was
double the proportion of comments with a positive tone when
compared with the time period when some restrictions had been
lifted (June-Oct 2020), and almost double the proportion of
positive tweets in March-May 2020 (34/45, 76%) when
compared with the prepandemic time period (Figure 2). Possible
reasons for the change in sentiment noted at these two themes
are considered in the Discussion.

The key subcategories identified in this theme were: efficacy
of prescribing (positive comments only), standard of the care
provided, and the nature of the interaction with health care
professionals.
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Figure 2. The proportion of positive, neutral and negative tweets on the quality of remote care at different time periods (n=130).

Efficient Prescribing

The most common positive subcategory, accounting for over
one third of the positive tweets in the quality of remote care
theme, was on prescribing. Tweets referred to the ease and
efficiency at which prescriptions had been issued and/or received
following their remote appointment. Almost all of these tweets
were posted in the early stages of the COVID-19 pandemic
(March-May 2020). Some tweets specifically noted that
prescribing medications via remote consultations was an
improvement to traditional face-to-face consultations and that
this way of delivering care should be retained following the
pandemic.

I had a speedy consultation. Sent photos in advance.
A quick phone call & prescription sent to my local
pharmacy. Saved me and the GP loads of time. This
so should be the new normal. [April 2020]

Standard of Care

There were several positive tweets about the quality of the care
received via remote consultations. Some tweets were quite
general and simply referred to a good service or a positive
experience. Other tweets specified how the quality of care was
good such as obtaining a quick referral to secondary care and
receiving follow-up information.

Big shout out to the Trauma Physios at the [hospital]
today. I had my physio appointment on the phone and
an email sent with a list of exercises. I was also given
another appointment in 6 weeks which could be audio
visual. Fantastic service. The whole NHS are
amazing. [March 2020]

The advantage of remote consultations for people with long
term conditions was also noted in a small number of tweets:

Had my first hospital consultation online with a Dr

at [name] such an incredible experience during
these difficult times, think it is going to be a way

forward for people with #chronicillness Ok, now I
need to attend hospital for tests, scans etc but it was
less stressful. [May 2020]

Being able to link to other patient data through technology
during a remote consultation was also noted as an advantage in
a few tweets:

It does depend on the type. My video appt with my
diabetes consultant was great as I can download my
insulin pump info plus daily blood tests so we could
look at it together and do what was necessary. Fab
appointment & no hanging about! [August 2020]

Tweets with a negative sentiment in this theme were mainly in
relation to phone rather than video appointments. Some people
felt that not seeing a health care professional face-to-face
provided a less thorough consultation; a lack of visuals and/or
not being physically examined were noted as issues by some:

…All I could get was a telephone consultation which
was alright to a point, but he can't see the area where
the trouble is. When I asked would he make physical
appointment he said they were emergency only, but

I could send pictures by email [July 2020]

It was implied in some tweets that the level of care or treatment
received via a phone consultation was inadequate or had not
fully resolved the health problem. Other tweets expressed
concern and frustration that phone consultations had resulted
in the condition being incorrectly treated or diagnosed by GPs:

My 94yo mum finally got an appointment with
consultant after being in agony for 13 weeks. GP
would only do phone consult and wouldn't refer her,
just gave out morphine. Turns out her leg is broken
and displaced and her hip is fractured. Her operation
is on Wednesday [June 2020]

Some tweets were more general in nature with people expressing
their reservations about the care provided via phone
appointments when compared with face-to-face interactions
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with health care professionals. For instance, one person
considered the change from a face-to-face appointment to a
phone appointment with a hospital consultant a “downgrade”:

four weeks to give me the anti clot injection. I have
been troubled with high potassium levels but this was
dealt with arms length by my GP. I was supposed to
see my surgeon next week but this has been
downgraded to a telephone consultation. I am
beginning feel so alone [June 2020]

A small number of tweets (both before and since COVID-19)
also questioned the quality of care that could be provided via
video consultation, with concerns that it could not offer the
same standard of care as a face-to-face consultation.
Interestingly, a mixed experience of remote care delivery was
noted by one person who reflected that it may not be appropriate
for all health issues:

When I scratched my arm in the garden, I had video
consultation. GP sent prescription for antibacterial
cream to pharmacy near me. That worked well.
Practice nurse did asthma review over phone which
seemed odd -not sure if that's really the best way.
Smear test next week... [August 2020]

Interaction With Health Care Professionals

Tweets from people that were positive about the interaction
with health care professionals during remote consultations noted
good interpersonal skills of the health professional (listening,
helpful, and reassuring) in addition to their professionalism.

My virtual appointment today was actually the best
appointment I've had in years. The dietician is going
to contact me as well as the nurse to help me combat
the hypos and my gastroparesis. It was great having
a Dr listen to me #type1diabetes #gbdoc [May 2020]

Negative tweets about the interaction with health care
professionals referred to phone appointments being rushed
and/or a lack of interest shown by the health care professional.

Seeing a doctor? Fat chance. A brief rushed phone
consultation. No examination. And for the flu jab,
guess what? It’s being done as a drive-through in the
car park. I might just say thanks, but no thanks. But
I’m nearly 76. [August 2020]

There were also a small number of tweets that noted some
functional issues associated with video consultations that
impacted the quality of care provided:

My son had a follow up appointment via a video chat
from the hospital where the doctor said she couldn’t
see as the picture was out of focus. [August 2020]

Although some of the tweets in this theme implied that the poor
experiences were due to the care being delivered remotely,
others appeared to be more related to the doctor’s knowledge
and/or interpersonal skills, which could be the same when
delivering care face-to-face.

Anticipation of Remote Care
This theme captured people’s views of remote care appointments
before they had actually received them. This was not one of the

main themes to emerge from the data, with only 39 comments
coded under it and 79% of these tweets were only posted since
March 2020. Many tweets under this theme were written in
either a curious or sarcastic manner, possibly due to a lack of
explanation or understanding of how a telephone/video
appointment could work: “Receptionist at the GP surgery
booked me in for a phone appointment. For my blood test.”
[June 2020]

Reservation was expressed by some people of how a remote
care appointment could work effectively when they felt a
physical examination was needed for their particular
condition/health problem:

tried making an appointment at the dr for [name’s]

rash and it’s a telephone appointment now I’m no
expert but surely the dr needs to actually see the

rash [June 2020]

6 month cancer check soon, letter from hospital today
saying it will be a telephone appointment! How’s that
going to work? Also referred to hospital by my GP
for a throat problem, they’re giving me a telephone
appointment for that! Went to the dentist last week
and had a filling [July 2020]

Some people suggested in their tweets that remote appointments
were potentially a waste of time, when they knew they would
need a physical examination or procedure anyway, such as
vaccinations and blood tests. There was a view expressed in a
small number of tweets that moving to remote care appointments
would put people’s health at risk:

Sorry but how can you do a examination /
consultation over the phone, appointment cancelled
in August due to COVID, you are putting cancer
patients at risk, and leaving them to fend for
themselves #FeelingLetDown #COVID19 #AtRisk
#CancerPatients2nd #melanoma [July 2020]

Concern was also expressed in some tweets about anticipating
bad news about their, or their family members’, health or
condition over the phone rather than in a face-to-face
appointment:

I had a few blood tests taken 2 days ago and now the
doctor surgery have phoned to say I have to arrange
a telephone consultation about the results. I'm left
here thinking like “what if there's something bad

wrong with me?!” [May 2018]

Although most tweets in this theme were negative in tone, there
were tweets where people were supportive of the need to carry
out their appointment remotely due to COVID-19:

So my cancer follow up appointment on Monday to
check bloods and neck is to be done over the phone.
must be some new technology I’m not aware of but

to be fair good decision as it’s non urgent so good
on you [name] hospital. #NHSheroes [March 2020]

My Acute asthma appointment is now a telephone
appointment rather than F2F #CommonSense wins
#cornoravirusuk [March 2020]
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There were also some tweets where people were positively
anticipating their remote appointment and were appreciative
that this form of care delivery was now a possibility. One person
mentioned how they had been apprehensive about remote
appointments, but after having had their first, was really
reassured:

Super excited to be waiting for my video appointment
with the [hospital name]! I remember back in the day

when this was all a future reality [July 2020]

Discussion

Principal Findings
This study explored tweets about remote care delivery between
January 2018 and October 2020 in the United Kingdom, and
showed that the volume of related tweets increased markedly
following the COVID-19 outbreak. The key themes identified
in the tweets were access to remote care, quality of remote care,
and anticipation of remote care. Mixed public attitudes and
experiences to the changes in service delivery were found. The
proportion of positive tweets regarding access to, and quality
of, remote care was higher in the immediate period following
the COVID-19 outbreak (March-May 2020) when compared to
the time before COVID-19 onset, and the time when restrictions
from the first lockdown eased (June-October 2020).

This research showed that discourse about remote health care
delivery increased markedly on Twitter since the onset of the
COVID-19 pandemic in March 2020. This finding is perhaps
unsurprising given the changes to how services have been
delivered. The pandemic has resulted in the rapid adoption of
digital technology and has revolutionized the use of remote care
[1,21,22]. Our research allowed us to use online data to explore
how Twitter users have communicated about changes in care
delivery during a time when it would have been very difficult
to conduct primary data collection with patients.

Although the search terms were not restricted to primary care,
and included the search terms “doctor” and “dr” in addition to
“GP,” the majority of the tweets extracted were about GP
consultations. This is perhaps unsurprising given that primary
care is the first point of contact in the health care system for
people seeking advice or treatment. There was also a much
higher proportion of tweets about phone consultations rather
than other types of remote care delivery such as video
consultations or online messaging systems. This reflects remote
primary care delivery patterns since the onset of COVID-19 in
March 2020, with GP practices providing a much higher
proportion of phone rather than video consultations [2]. It has
been suggested that the low proportion of video consultations
in general practice may, in part, be due to the limited usefulness
of video consultations over telephone or face-to-face in most
cases [23]. Although the uptake of primary care video
consultation in Scotland increased significantly in response to
COVID-19, an evaluation of the program noted variation in
uptake by GP practices both within and between NHS boards,
and there was also a fall in usage between June and August
2020 [3]. The reasons suggested for the limited use, and fall in
usage, of video consultations across GP services in Scotland

include the case mix (where telephone was sufficient for dealing
with straightforward problems in patients who are well known
to the clinician), the logistical challenges of using video due to
high variability in appointments, problems accessing video call
technology in a busy and complex work environment, and
internet connectivity and local information technology helpdesk
support difficulties [3].

Tweets about accessing remote consultations were more
common than those referring to care quality. This could suggest
that access is more pertinent to people or that there are more
issues with accessing remote care compared to the quality of
such care. However, this could simply reflect the limited number
of characters for tweets, making it difficult to express views
about care quality. Previous research that examined the content
of tweets about hospitals showed that comments describing care
were in the minority with various other topics being discussed
[24].

Examining the sentiment of tweets about remote consultations
over time revealed an interesting pattern in the data. The
proportion of positive tweets regarding access to, and quality
of, remote care was higher in the immediate period following
the COVID-19 outbreak (March-May 2020) when compared to
the time before the COVID-19 onset, and the time when
restrictions from the first lockdown eased (June-October 2020).
This is perhaps surprising as it might be expected that people
would be less positive immediately following the lockdown
when some services were in a state of flux and people would
be unfamiliar with navigating new approaches to care delivery.
Analysis of the tweets at different time periods provides
insufficient detail to draw strong conclusions on the reason for
this finding. One explanation might be that people were more
understanding of the changes to care delivery initially when
services were perceived to be under pressure and/or when
changes were regarded to be temporary. There appeared to be
several tweets posted in the later period since the pandemic
(June-October 2020) that highlighted people’s frustrations that
face-to-face consultations were still not being widely conducted
despite the easing of restrictions.

Another explanation could relate to the fall in the number of
people that sought health care during the initial period following
lockdown (March-May 2020). With less people seeking health
care during this period, there may have been greater availability
of remote primary care appointments, resulting in a more
positive experience for those people that did seek health care.
This suggestion appears to be supported, in part, by experimental
statistics on the length of time between booking and appointment
dates. Over 60% of consultations took place on the same day
as requested in April and May 2020, whereas there was a
monthly downward trend subsequently, falling to 41% in
October 2020 [2]. Furthermore, some patients may have decided
to wait until they could have a face-to-face consultation, but
then resorted to having a remote appointment in the later period
(June-October) when it became clear that the virus was still
having an impact on care delivery. These patients may have
been less positive about the care being delivered remotely if
their preference had been for face-to-face interaction.
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Tweets that were negative about accessing care remotely
centered on the difficulties of booking an appointment, lengthy
waiting times for an appointment, and a lack of specific
appointment times for phone consultations. These were noted
in tweets posted both before and since COVID-19, although the
volume of such tweets increased after March 2020. Results from
the GP Patient Survey (prior to COVID-19) have shown a
downward trend since 2012 in the proportion of patients
reporting that it was “easy” to get through to their GP practice
on the phone [25]. During March 2020, GP practices were
advised by NHS England to triage patients before an
appointment was made and to provide care remotely as much
as possible [22]. Although practices moved toward more
appointments being delivered remotely, our research shows that
the issues surrounding the booking of appointments remained
unchanged from those associated with a face-to-face
appointment. Difficulties in getting through to the GP practice
on the phone and issues with online appointment booking
systems were frequently cited. The approach of triaging patients
was tweeted about with mixed views; while some supported
the need to triage patients, others were frustrated that decisions
about clinical need appeared to be taken by GP practice
receptionists.

The benefits of accessing care remotely were highlighted in the
data. The efficiency of getting a remote appointment, and the
convenience and safety of not needing to go to the GP practice
were noted in tweets, with some people calling for remote
consultations to be maintained in the long-term. Other studies
have shown similar findings with patients valuing the
convenience and time saved by video consultations when
compared to face-to-face consultations [5,26,27]. Reduced travel
time/expenses and convenience were also highlighted as benefits
of telephone consultations by patients experiencing
hospital-based telemedicine [28].

The contrast in views and experiences of accessing remote
consultations may in part reflect differences between practices
in the approach to appointment management and how well set
up they were to deliver remote care prior to the pandemic. The
Care Quality Commission found that some providers, especially
larger ones, were able to move to remote consultations more
easily due to already having the right technology in place [29].

There was a mix of views on the quality of care provided in
remote consultations, although a higher proportion of tweets
had a positive sentiment. A common positive theme, particularly
immediately after the onset of COVID-19 (March-May 2020),
was the ease and efficiency in which prescriptions had been
issued. There is some evidence of a rapid increase in the
prescribing of new medications for remote GP appointments,
and it has been suggested that this may be the result of GPs
being more cautious and prescribing medication “just in case,”
or due to a shift in the case mix where more patients with new
symptoms accessed remote appointments compared to
face-to-face consultations [21]. Other positive aspects about the
quality of care delivered remotely were quick referrals to
secondary care, receiving follow-up information, and the
interpersonal skills of health care professionals. A study
conducted by Oxleas NHS Foundation Trust between March
and July 2020 showed that patients reported receiving the same

level of care and treatment during their remote appointment as
they had received previously in face-to-face appointments,
although it was noted that there was a preference for being seen
face-to-face [5]. Further research is required to determine
people’s willingness to receive remote care instead of
face-to-face appointments in the longer term.

Tweets that were less positive about the quality of remote care
implied that the standard of care was not as high as in
face-to-face consultations, with a lack of visuals and physical
examination being highlighted. Concerns were expressed by a
small number of Twitter users that their condition had not be
diagnosed or treated correctly via a telephone appointment.
These findings support research carried out before COVID-19,
which showed that, compared to face-to-face appointments,
patients were less positive about the care received via remote
consultations [25,30,31]. For instance, the 2020 GP Patient
Survey (fieldwork January-March 2020, before the pandemic)
showed that compared to face-to-face appointments, patients
who had received a telephone appointment were 2% less likely
to have their needs met, 4% less likely to say they were given
enough time, and 4% less likely to feel that any mental health
needs were recognized or understood [21].

The mixed attitudes toward remote care evident from our Twitter
data support the view that although care delivered remotely can
offer efficiency and convenience for patients and allows easier
access for some groups of people, face-to-face consultations
are more appropriate for others, or for certain conditions or
situations [1,5,32-34]. It is important that patients can choose
the type of consultation that best suits their needs and that the
increased use of technology for delivering care does not become
a barrier for some.

Policy Implications
There has been a rapid shift to delivering health care remotely
since the COVID-19 pandemic, and it is important to learn from
those who have been at the forefront of experiencing such
changes. Being able to deliver care remotely may have potential
for improving efficiencies in health and social care systems,
but further research is needed. Our analysis of Twitter comments
has shown mixed attitudes and experiences to these changes.
The finding that overall sentiment about remote care was more
positive in the early stages of the pandemic but has since
declined is important. Although the reasons for this can only
be speculated, it does emphasize the need for a continued
examination and understanding of people’s experiences as
remote services continue to evolve.

There have been calls by policymakers for the increased use of
remote care delivery to continue after the pandemic [35],
although some GPs have found the high levels of remote care
delivery a strain, have missed face-to-face contact with patients,
and have been concerned about the clinical risk associated with
delivering care in this way [23]. It has also been argued that
sufficient funding and technical infrastructure are required to
ensure that the increase in remote care provision can be
successfully embedded [1,26]. A report by the Care Quality
Commission noted that information technology systems were
sometimes a barrier for patients and providers, with a lack of
equipment in some sectors and some patients finding it difficult
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to adapt to using the new digital systems [29]. Although our
research has highlighted some Twitter users with positive views
about remote care and the benefits that it can offer, this study
also shows where improvements are needed. Further research
is needed to explore the challenges and barriers associated with
remote care delivery to inform the future planning and delivery
of remote care. Despite the shift to more consultations now
being delivered remotely, the difficulties surrounding booking
and getting an appointment remain an issue for some. Health
care providers should offer specific appointment times for
telephone consultations, not only to improve patient’s
experiences but also to minimize appointments being missed
and to protect patient confidentiality.

Our research also found that some people were negatively
anticipating care being delivered remotely, including confusion
as to why appointments requiring tests or physical procedures
had been booked as a telephone consultation. Some of this
confusion likely reflects initial difficulties experienced by
providers due to the speed at which remote care was
implemented. However, it does suggest that providing people
with more information about how remote consultation works
may improve public attitudes and acceptance, in addition to
giving patients a better experience and avoiding the anxieties
leading up to a remote care appointment.

Limitations
There were some limitations of using Twitter comments to
understand views on care being delivered remotely. The data
are limited to internet users who engage with this social media
platform and who tweeted between January 2018 and October
2020, and therefore do not represent the views of all health care
users. Although the number of internet nonusers (ie, adults who
have either never used the internet or have not used it in the last
3 months) has been declining over time, 10% of the adult UK
population in 2018 were internet nonusers [36]. There is a
“digital divide” as internet use and digital skills vary for
different groups of the population; for example, internet
nonusers are disproportionately disabled, women, those aged
over 75 years, and those who are not in employment [36,37].
There are therefore concerns that the delivery of care remotely
may negatively impact some groups of people more than others,
such as those with limited digital literacy and/or lack of access
to technology [38,39]. This is difficult to examine in an analysis
of Twitter comments, as such groups are less likely to use social
media platforms such as Twitter to share their views.

Since tweets are unprompted, despite carefully planned search
terms, the extracted data are not always relevant. Over 1000
tweets were extracted using three search terms, but more than
one third of these comments were irrelevant to the research
question. Several tweets were also coded into themes that did
not directly relate to understanding people’s views and attitudes

of remote care delivery. The relatively low number of relevant
comments is important to consider when comparing the
proportion of tweets with a negative/neutral/positive sentiment
within themes. Although there was a sufficient volume for
identifying overall themes and trends, there was an insufficient
level of detail to elucidate the reasons for some findings,
highlighting the need for further research.

Another limitation of the study was the inability to examine any
variations in views of remote care delivery by geographical
region or by demographic factors such as age or gender. This
was either due to the relatively low volume of relevant tweets
extracted from our search terms (for geographic comparisons)
or because such information was not available in the metadata
(gender or age). Similarly, although one of the search terms
sought to explore any changes in care delivery for people living
with long-term conditions, there was an insufficient number of
tweets referring to particular long-term conditions to allow for
analysis by health condition. Long-term conditions are more
prevalent in older and in more deprived groups [40], which are
the same groups experiencing greater digital exclusion. As
mentioned previously, the “economically inactive” are the most
likely to be internet nonusers, particularly adults on long-term
sick leave (due to health conditions that last 12 months or more)
or who are disabled [36]. It is therefore likely that those with
long-term conditions were underrepresented in the tweets
analyzed in this study.

As previously mentioned, most of the tweets extracted were
about GP consultations, and therefore our research does not
provide as much insight into Twitter users’ views of remote
secondary care. There were also very few tweets that referenced
alternative methods of remote care delivery other than telephone
or video consultations. This may reflect that other approaches
such as online messaging systems or live chat are not yet being
widely used to deliver remote care. It may, however, point
toward a limitation of the search terms used, which did not
include words such as “live chat” or “message/messaging,”
although the word “online” was used.

Conclusion
Using Twitter data to address our research questions was
beneficial for providing rapid access to Twitter users’ attitudes
about remote care delivery at a time when it was difficult to
conduct primary research due to the COVID-19 pandemic. This
approach allowed us to examine Twitter users’ views and
experiences of remote care, and to explore shifting attitudes at
a time of rapid changes in care delivery. However, we recognize
that our findings do not represent the views of all health care
users, and further research using alternative methodologies such
as in-depth interviews with patients could complement our
findings to provide further insight into people’s experiences of
receiving remote care.
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Abstract

Background: The COVID-19 pandemic is a traumatic individual and collective chronic experience, with tremendous consequences
on mental and psychological health that can also be reflected in people’s use of words. Psycholinguistic analysis of tweets from
Twitter allows obtaining information about people’s emotional expression, analytical thinking, and somatosensory processes,
which are particularly important in traumatic events contexts.

Objective: We aimed to analyze the influence of official Italian COVID-19 daily data (new cases, deaths, and hospital discharges)
and the phase of managing the pandemic on how people expressed emotions and their analytical thinking and somatosensory
processes in Italian tweets written during the first phases of the COVID-19 pandemic in Italy.

Methods: We retrieved 1,697,490 Italian COVID-19–related tweets written from February 24, 2020 to June 14, 2020 and
analyzed them using LIWC2015 to calculate 3 summary psycholinguistic variables: emotional tone, analytical thinking, and
somatosensory processes. Official daily data about new COVID-19 cases, deaths, and hospital discharges were retrieved from
the Italian Prime Minister's Office and Civil Protection Department GitHub page. We considered 3 phases of managing the
COVID-19 pandemic in Italy. We performed 3 general models, 1 for each summary variable as the dependent variable and with
daily data and phase of managing the pandemic as independent variables.

Results: General linear models to assess differences in daily scores of emotional tone, analytical thinking, and somatosensory

processes were significant (F6,104=21.53, P<.001, R2= .55; F5,105=9.20, P<.001, R2= .30; F6,104=6.15, P<.001, R2=.26, respectively).

Conclusions: The COVID-19 pandemic affects how people express emotions, analytical thinking, and somatosensory processes
in tweets. Our study contributes to the investigation of pandemic psychological consequences through psycholinguistic analysis
of social media textual data.

(J Med Internet Res 2021;23(10):e29820)   doi:10.2196/29820
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Introduction

Background
As a way to express information, news, opinions, and even
private emotions and to connect people worldwide, Twitter,
established in 2006, is a microblogging service that is the 13th
most-used social media platform, with 340 million users [1]. In
the first quarter of 2020, it registered 166 million average
monetizable daily active users, with a 24% growth from 2019
[2]. And Twitter itself attributes part of this exceptional growth
to a “global conversation related to the COVID-19 pandemic”
[3]. While the coronavirus disease pandemic is affecting the
world, regional and national lockdowns are restraining the
possibility to travel and physically meet other people: Social
networks, including Twitter, now represent a way to keep in
touch, exchange information, solve problems, and conversate
together and globally. And there is even something more.

Infodemiology is a new research field using online data and
defined as “the science of distribution and determinants of
information in an electronic medium, specifically the internet,
or in a population, with the ultimate aim to inform public health
and public policy” [4]. Among the infodemiology indicators,
“metrics on the ‘chatter’ in discussion groups, blogs, and
microblogs (eg, Twitter)” [4] are considered. Along this line,
various researchers have successfully used this kind of data in
the health context. Specifically, Twitter represents a unique
opportunity for scholars to recruit participants, deliver
interventions, or directly obtain data [5]. In particular, as a data
source, it can provide population-level, real-time, high-volume,
easily, publicly accessible data [5]: These are beneficial features,
especially in the psychosocial field that normally relies on
self-report, time-lagged questionnaires, with limited numbers
of participants.

Today, Twitter-based health research represents a rapidly
developing field, combining different methodologies and
applying to various contexts, such as public health, infectious
diseases including Ebola and influenza, neurology, and
psychiatry [5]. Some studies have also been conducted in the
COVID-19 pandemic context, demonstrating the feasibility of
using Twitter as a means to collect valuable data to obtain deep
insights in this emergency situation. Lwin and colleagues [6]
collected more than 20 million tweets written worldwide during
the first phases of the pandemic and studied the emotional
responses to COVID-19 by using sentiment analysis. Xue and
colleagues [7] used sentiment analysis alongside unsupervised
machine learning and qualitative methods to identify main
COVID-19–related themes discussed on Twitter, such as news,
cases, and deaths, accompanied by a sentiment of fear.

Other studies, instead, relied on psycholinguistic analysis of
Twitter data. Su and colleagues [8] used psycholinguistic
analysis on Weibo and Twitter posts to investigate the
psychological impact of lockdown measures in China and Italy:
After lockdown, people used more cognitive processes and
home words.

Indeed, as demonstrated by a vast amount of literature [9], the
words we use in our daily lives have various links to different

psychosocial variables, including mental health, psychological
status, and “ongoing emotional and cognitive coping processes,
and idiosyncratic reactions to crisis” [10]. In fact, the pandemic
could be considered as “[…] the cause of individual and
collective traumas” [11], that is, also having tremendous
consequences on mental and psychological health [12,13].

Overall, psycholinguistic analysis of textual data coming from
Twitter allows some advantages. Usually, assessing
psychological variables requires the recruitment of a sample of
participants, relying on their availability to individually
administer questionnaires and instruments. This process is
expensive and time-consuming, resulting in a limited amount
of data, often biased by the issues associated with self-report
instruments, such as a time lag between the event of interest
experienced by people and the moment of data collection.
Psycholinguistic analysis of Twitter data requires downloading,
in a quite fast and automatic way, a massive amount of
population-level data in near real time—as tweets written
immediately after the event of interest—in a discreet and
unobtrusive way, resulting in a faster and less expensive process.

Among the psychological variables, psycholinguistic analysis
of textual Twitter data could provide information about
emotional expressions, analytical thinking, and somatosensory
processes, which are particularly important in traumatic event
contexts.

Specifically, emotional tone is a psycholinguistic variable that
summarizes the presence of positive and negative emotions in
written text as the difference between positive-emotion words
and negative-emotion words [10]. Individuals’ expressions of
emotions in language are connected to the way they experience
the world and also react to, and cope with, traumatic events [9].
In particular, experiencing positive emotions after a challenging
event is important for resilience [14], while some studies
highlighted how, after a traumatic experience such as the
September 11 attacks, the emotional tone in journal entries by
people in the United States was low, in other words
characterized by a negative tone, which slowly rebuilt after
some time [10].

Analytical thinking is a psycholinguistic variable that reflects
“the degree to which people use words that suggest formal,
logical, and hierarchical thinking patterns” [15]. A lower level
of analytical thinking reflects a more narrative and personal
thinking pattern. The value of cognitive words in trauma
narratives remains controversial: These types of words are linked
with positive or negative effects on people’s well-being [16].

In trauma narratives, somatosensory words, such as words
related to body, sensory, and perceptual processes, assume great
relevance, with a stronger presence than in other neutral or
positive-tone narratives [17]. The use of this type of words is
associated with the symptoms of posttraumatic stress disorder
(PTSD) and depression [17-19].

Our aim was to analyze the influence of the pandemic—such
as official Italian COVID-19 daily data (new cases, deaths, and
hospital discharges) and the phase of managing the
pandemic—on psycholinguistic variables in Italian tweets
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written during the first phases of the COVID-19 pandemic in
Italy.

Objective
The pandemic is characterized by daily information about new
cases and deaths and by governments’decisions and restrictions
that impact everyone’s lives: It could be considered a collective
and individual traumatic experience [11]. This traumatic
experience can have profound psychological consequences on
mental health and the well-being of citizens that can also be
reflected, as discussed earlier, in people’s use of words,
specifically the emotional tone, analytical thinking, and
somatosensory processes variables.

Our aim was to analyze the way people express emotions, their
analytical thinking, and somatosensory processes in a sample
of Italian tweets during the first phases of the COVID-19
pandemic in Italy. Specifically, we were interested in assessing
the influence of official Italian COVID-19 daily data (eg, new
cases, new deaths, and hospital discharges) as well as the phase
of managing the outbreak on tweets occurring during the
following 24 hours, specifically on the emotional tone, analytical
thinking, and somatosensory processes in tweets.

Methods

Dataset
The dataset used in this study came from a large-scale
COVID-19 Twitter chatter project that actively collected
COVID-19 tweets from January 1, 2020 (for a brief overview,
see [20]). Specifically, this dataset, which has been made freely
available by Banda and colleagues [20] through Zenodo,
includes tweets collected from the publicly available Twitter
Stream API with a collection process that gathered any available
tweets with keywords related to COVID-19 (eg, “coronavirus,”
“2019ncov,” “COVID19,” “COVID-19”). See [20] for further
information on the full list of keywords and the rationale for
their selection and inclusion. As of September 20, 2020, this
project had collected almost 166 million unique tweets. The
project only released the Tweet IDs of the collected tweets;
thus, the software DocNow Hydrator was used to extract tweets.
This user-friendly software has been proven effective by
previous research [21,22]. We only selected tweets in the Italian
language created between 6:00 pm on February 24, 2020 and
11:59 pm on June 14, 2020. Both the language and timestamp
of tweets are provided directly by Twitter through its API, a
tool to contribute to, engage with, and analyze the conversation
happening on Twitter. We chose to focus on this period because
official data about the COVID-19 outbreak were available since
6:00 pm on February 24, 2020 (ie, 3 days after Italian Patient
One was tested positive), and “Phase 3” started on June 15,
2020, characterized by a sharp loosening of previous public
health measures and restrictions.

In addition, official data about daily new cases, new deaths, and
new discharges from hospital were also retrieved from the
GitHub page of the Italian Prime Minister's Office and Civil
Protection Department. From February 24, 2020 to April 17,
2020, data on the COVID-19 outbreak in Italy were
communicated in a press conference held daily at 6:00 pm by

the head of the Civil Protection Department. After April 17,
2020, the daily press conference was no longer held, but official
information about the pandemic continued to be released at 6:00
pm through a daily bulletin.

We considered 3 different phases of managing COVID-19,
characterized by distinct restrictions and measures to counteract
virus spreading. The first was the outbreak, from February 24,
2020 (ie, the day on which the official Civil Protection
Department 6:00 pm press conference began) to March 8, 2020:
Along with the first confirmed indigenous cases, regional and
national governments began to take action, including school
and university closures, postponing or canceling some public
events, and strict lockdown for 11 municipalities in northern
Italy. The second was Phase 1, from March 9, 2020 to May 3,
2020: A “I stay home” national decree imposed lockdown in
all Italian regions, and citizens were allowed to leave their
homes only for documented work, health, or emergency reasons,
while nonessential commercial activities were closed. The third
was Phase 2, from May 4, 2020 to June 14, 2020: A gradual
relaxing of lockdown restrictions began, with reopening of some
services and activities, such as parks, museums, restaurants,
and bars for take-away service; practicing social distance
remained mandatory.

Data use complied with ethical guidelines for internet research
[23]. The European Union General Data Protection Regulation
2016/679 allows for the use of anonymous data for research
purposes under certain conditions. Since all analyses have been
performed on public and anonymized meta-data, no institutional
review board approval was required for the use of this database
or the completion of this study.

Statistical Analysis
Text mining and text analysis were performed with R version
3.4.3 and Linguistic Inquiry and Word Count (LIWC) 2015.
We were interested in understanding whether daily data on the
COVID-19 outbreak would affect how people express emotion,
cognition, and somatosensory processes in their tweets during
the following 24 hours. Thus, before analysis, all tweets were
preprocessed: Daily tweets from 6:00 pm to 5:59 pm the
following day were merged into a single text file. For instance,
the overall corpus for March 1, 2020 included aggregated text
coming from 11,707 tweets from 6:00 pm on March 1 to 5:59
pm on March 2. There was a total of 1,692,181 tweets from
6:00 pm on February 24, 2020 to 23:59 pm on June 14, 2020;
the number of tweets per day ranged from 6977 (on June 14,
2020) to 33,356 (on May 25, 2020) with a daily average of
15,108.76 (SD 3895.29) tweets.

Then, each daily text was analyzed with the Italian LIWC2007
Dictionary [24] and the Italian Function Words Dictionary 2015
of LIWC2015 [25]. LIWC calculates the percentage of total
words in each text that falls into predefined linguistic and
psycholinguistic categories. We then computed separate indexes
for emotional tone, analytical thinking, and somatosensory
processes. Based on previous research, each of these 3 summary
variables are constructed from different LIWC categories. First,
to calculate the emotional tone score, we employed the
procedure described by Cohn et al [10]. Specifically, tone was
computed as (positive emotion) – (negative emotion): thus, the
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higher the score, the more positive the emotional tone of daily
tweets. Second, analytical thinking is a factor-analytically
derived dimension based on 8 function word dimensions. This
dimension “captures the degree to which people use words that
suggest formal, logical, and hierarchical thinking patterns” [15].
It was computed as (articles) + (prepositions) - (total pronouns)
- (auxiliary) - (negations) - (conjunctions) - (adverbs) [26]: the
higher the score, the higher the analytical thinking of the daily
tweets. Third, as somatosensory details, in particular words
related to body and perception, have been found to be common
and important in different studies examining trauma narratives
[16], we decided to calculate a somatosensory index, namely
somatosensory processes: This index was computed as
(perceptual processes) + (body). These 2 categories captured
the use of words related to perceptual experiences (such as
“observing, heard, feeling, rumors, touch”) and body parts,
processes, or diseases (such as “cheek, hands, spit, cough, flesh,
brain, hearth, pain, contagious, headache, sick”), tapping into
perceptual and sensory features that are meant to be common
in this type of narrative. Higher scores in this index imply higher
somatosensory experiences expressed in daily tweets. Since
emotional tone, analytical thinking, and somatosensory
processes were computed for each day by considering all the
text coming from daily tweets, in all subsequent analyses, the
total sample was the number (ie, 122) of days from February
24, 2020 to June 14, 2020 (with days as the unit of analysis).

We performed 3 general linear models using Jamovi 1.1 [27,28],
1 for each of the 3 LIWC summary variables, namely emotional
tone, analytical thinking, and somatosensory processes. In each
model, the LIWC summary variable was entered as the
dependent variable; daily official data about new cases of
COVID-19, new deaths, and new discharges were entered as

continuous independent variables, while the phase of managing
the COVID-19 outbreak was entered as a categorical
independent variable (coded as 1=COVID-19 spreading;
2=Phase 1; 3=Phase 2). Specifically, these general linear models
assessed whether daily new cases, new deaths, and new hospital
discharges, alongside the phases of managing the COVID-19
pandemic, influenced the 3 daily summary variables constructed
through LIWC. Besides the main effects, we included second-
and third-order interaction terms for the continuous independent
variable. We adopted a stepwise backward regression analysis
approach. Thus, starting from the full model, nonsignificant,
higher-order terms were eliminated one at a time, in order to
obtain a final, more parsimonious model. If not one of the
interaction terms was significant, the final model included only
the main effects of all the predictors. For significant interactions,
simple slope analysis was performed to test the effect of a
specific predictor at different levels (ie, 1 standard deviation
above and below the mean) of another predictor. All continuous
independent variables were mean centered. The magnitude of
each effect was interpreted by considering its associated partial

eta squared (ie, ηp
2). Specifically, effects were considered weak

(.01 < ηp
2 ≤ .06), moderate (.06 < ηp

2 ≤.14), or strong (ηp
2 >

.14). The final dataset and the scripts to perform data analysis
are available in Multimedia Appendix 1 and Multimedia
Appendix 2, respectively.

Results

Figure 1 displays the trends over time for emotional tone,
analytical thinking, and somatosensory processes (as z scores)
as expressed in daily tweets from February 24, 2020 to June 14,
2020.

Figure 1. Trends over time for emotional tone, analytical thinking, and somatosensory processes.

Figure 2 displays trends over time for daily new cases, new
deaths, and new hospital discharges (as z scores) from February
24, 2020 to June 14, 2020.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e29820 | p.1176https://www.jmir.org/2021/10/e29820
(page number not for citation purposes)

Monzani et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 2. Trends over time for daily new cases, new deaths, and new hospital discharges.

Results of the 3 general linear models assessing influences on
each of the 3 LIWC summary variables, namely emotional tone,
analytical thinking, and somatosensory processes, are reported
in Table 1. By considering emotional tone, the final general
linear model was significant (F6,104=21.53, P<.001) and
explained more than 55% of the dependent variable.
Specifically, we found a significant interaction between daily
new cases and new deaths for COVID-19 in explaining

emotional tone (F1,104=4.10, β=–.24, P=.045, ηp
2=.04). The

simple slope analysis showed that, when the number of deaths
was low (b=–0.00, SE=0.00, t104=–0.13, P=.900) or average
(b=–0.00, SE=0.00, t104=–1.27, P=.207), daily new cases of
COVID-19 were not related to tone. On the other hand, when
the number of deaths was high, the higher the number of daily
new cases, the lower the estimated emotional tone was (b=–0.00,
SE=0.00, t104=–2.42, P=.017). Other interactions were not
significant and, thus, were excluded one at a time by adopting

a stepwise backward regression analysis approach. The main
effect of daily new cases was not significant (F1,104=1.62,

β=–.27, P=.207, ηp
2=.02), while the effect of daily new deaths

was significant but weak (F1,104=3.63, β=.41, P=.048, ηp
2=.03).

Moreover, emotional tone was not related with daily number
of new hospital discharges (F1,104=0.12, β=–.03, P=.729,

ηp
2=.00). Finally, phases of managing the COVID-19 outbreak

were responsible for strong differences in emotional tone

(F2,104=30.27, P<.001, ηp
2=.37). Estimated marginal means of

daily scores of emotional tone were –1.08 (SE=0.04) during the
outbreak, –0.83 (SE=0.02) during Phase 1, and –0.83 (SE=0.03)
during Phase 2. As highlighted by post hoc analyses with a
Bonferroni correction (P<.05), daily scores of emotional tone
during the first outbreak were lower than the ones reported in
both Phase 1 and Phase 2. The 2 latter phases did not differ in
daily scores of tone.

Table 1. Summary of the results of the 3 general linear models.

Somatosensory processescAnalytical thinkingbEmotional toneaVariables

ηp
2

P valueβηp
2

P valueβηp
2

P valueβ

0.01.55-d0.12.001-d0.37<.001-dPhase

0.03.07.510.10.001–.840.02.21–.27New cases

0.12<.001–1.010.05.02.550.03.06.41New deaths

0.01.38.110.01.33.100.00.73–.03New discharges

0.08.004.44-d-d-d0.04.045–.24New case*New deaths

aF6,104=21.53, P<.001, R2=.55.
bF5,105=9.20, P<.001, R2=.30.
cF6,104=6.15, P<.001, R2=.26.
dNot applicable.
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The final general linear model performed to assess differences
in daily scores of analytical thinking was significant (F5,105=9.20,
P<.001) and explained 30% of the dependent variable. No
significant second- and third-order interactions were observed;
thus, all interaction terms were excluded one at a time by
adopting a stepwise backward regression analysis approach.
Analytical thinking was not related to daily new discharges

from hospital (F1,105= 0.95, β=.10, P=.332, ηp
2=.01), while it

was negatively and moderately related to daily new cases of

COVID-19 (F1,105=11.14, β=–.84, P=.001, ηp
2=.10) and

positively but weakly linked to new deaths related to COVID-19

(F1,105=5.48, β=.55, P=.021, ηp
2=.05). Daily scores of analytical

thinking differed moderately among different phases of
managing the COVID-19 outbreak (F1,105=7.27, P=.001,

ηp
2=.12). Estimated marginal means for daily scores of

analytical thinking were –2.14 (SE=0.51) during the outbreak,
–4.01 (SE=0.29) during Phase 1, and –4.22 (SE=0.32) during
Phase 2. As highlighted by post hoc analyses with a Bonferroni
correction (P<.05), daily scores of analytical thinking during
the first outbreak were lower than the scores reported in both
Phase 1 and Phase 2. The 2 latter phases did not differ in daily
scores of analytical thinking.

By considering somatosensory processes, the final general linear
model was significant (F6,104=6.15, P<.001) and explained more
than 26% of the dependent variable. Specifically, we found a
significant interaction between daily new cases and new deaths
related to COVID-19 in explaining somatosensory processes

(F1,104=8.79, β=.44, P=.004, ηp
2=.08). The simple slope analysis

showed that, when the number of deaths was low (b=0.00,
SE=0.00, t104=0.19, P=.851) or average (b=0.00, SE=0.00,
t104=1.87, P=.065), daily new cases of COVID-19 were not
related to somatosensory processes. On the other hand, when
the number of deaths was high, the higher the number of daily
new cases, the higher the estimated score of somatosensory
processes was (b=0.00, SE=0.00, t104=3.55, P<.001). Other
interactions were not significant and, thus, were excluded one
at a time by adopting a stepwise backward regression analysis
approach. The main effect of daily new cases was not significant

(F1,104=3.48, β=.51, P=.065, ηp
2=.03), while the main effect of

daily new deaths was significant and moderate (F1,104=13.69,

β=–1.01, P<.001, ηp
2=.12). Moreover, daily number of new

hospital discharges was not related with somatosensory

processes (F1,104=0.77, β=.11, P=.383, ηp
2=.01). Finally, phases

of managing the COVID-19 outbreak were not responsible for
differences in somatosensory processes (F2,104=0.60, P=.551,

ηp
2=.01).

Discussion

General Considerations
All 3 general linear models to assess differences in daily scores
of analytical thinking, emotional tone, and somatosensory
processes were significant, with specific and different patterns.

As already pointed out, we might discuss our results considering
this pandemic as “the cause of individual and collective traumas”
[11]. In fact, different people dealing with the same stressful
event could develop various reactions: Some individuals could
develop a nonpathological response, with emotional, cognitive,
and physical symptoms resolving spontaneously after some
days or weeks, the successful implementation of resilience and
coping strategies, and a return to a previous baseline without
long-lasting consequences. For these individuals, the stressful
event remains only “potentially” traumatic. Other individuals,
instead, develop more pathological reactions, ranging from
adjustment disorders to PTSD, with trauma lived as “a complex
emotional response to a stressful event, that overwhelms the
individual’s capacity to cope” [11].

Various studies have analyzed individuals’ language use after
a traumatic event (eg, Cohn et al [10]), but, to the best of our
knowledge, this is the first study using these summary variables
in a sample of Italian tweets during the first phases of the
pandemic. First, in all our general models, we did not find any
significant effect of the daily number of new hospital discharges
on our variables of interest. Daily hospital discharges, compared
to daily new cases and new deaths, was the only “positive” data
considered. The absence of any effect could be due to the
negativity bias, which is the human tendency to give more
importance and attention to negative data—or entities in
general—[29] such as COVID-19 deaths and new cases, while
ignoring positive data, such as hospital discharges. The
negativity bias has been demonstrated to be related to life
stressors and PTSD [30,31], as individuals affected by PTSD
tend to focus their attention on potential threats [32]. This could
also explain the fact that, in each model, summary variables
were related to the negative data. So, when experiencing a
stressful event, such as the pandemic period, individuals may
experience negativity bias, focusing more on negative data.
Experiencing these data could be considered a stressful event.
In particular, we found that increases in daily deaths and daily
new cases, in other words the worst situation possible, increased
negative emotional tone. This seems intuitive: Negative emotion
words are habitually used when writing about a negative event,
such as the situation described before, and have been linked
with suicide and depression [9]. Moreover, negative alterations
in mood experience, negative affect, and difficulty in
experiencing positive emotions are typical reactions experienced
after a stressful event and, in some cases, could be symptoms
of PTSD [33].

The same interaction was found to have an effect on increased
use of somatosensory words. This result also seems intuitive,
as the use of sensory, body, and perceptual words in narratives
related to traumatic events are common and often linked to
PTSD and its symptoms, even in studies of more individual
traumatic events such as traffic accidents [16,18].

Regarding analytical thinking, we found 2 opposite effects:
Daily new cases were negatively linked with this linguistic
marker, while new deaths were positively linked with it. High
scores in the analytical thinking variable are related to a formal
and logical thinking pattern, while a low score is related with
a more narrative style, focused on the here and now [15].
Various studies have considered the use of cognitive words after
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traumatic events: More cognitive words are often present in
trauma- or distress-related narratives [34]. Using cognitive
words is linked to an individual’s effort to elaborate and
integrate the event in their own memories [16], reflecting “an
active search for meaning and understanding of the stressful
event” [34]. In fact, using cognitive words, in particular causal
and insight ones, when writing about a past event is linked to
“the active process of reappraisal” [9]. So, using more cognitive
words is associated with better physical health [35,36], fewer
PTSD symptoms [37], and adaptive coping strategies [38]. On
the contrary, some studies have shown a link between cognitive
words and PTSD symptoms [39]. In fact, as some authors
pointed out [39,40] using LIWC, it is difficult to understand
how these words are used, for example referring to “organized
or disorganized thoughts” or linked to “ruminative processes
and fruitless attempts to assimilate what happened” [16]. After
a traumatic event, indeed, individuals’ thoughts could be
affected in different ways. For instance, PTSD symptoms
include intrusive and upsetting memories or negative thoughts
about themselves and the world or avoidance of thoughts related
to trauma [33]. These different reactions and discordance about
the meaning of cognitive words after traumatic events may
account for these opposite effects. Even if more data and
research are needed, we may cautiously think that, when
confronted with new deaths data—the worst news—individuals
may try to react using a formal and logical way of writing, trying
to make sense of this negative information. Considering new
cases data, so slightly less negative, people may try to avoid
the data or react with a more narrative tone, feeling less the need
to elaborate them.

The last interesting result we retrieved is the effect of the phase
of managing the pandemic on emotional tone and analytical
thinking variables. In particular, both emotional tone and
analytical thinking were lower during the outbreak, then
increased in the first and second phases. As explained, the initial
phase of the pandemic in Italy was characterized by different
restrictions and measures taken by the government in order to
counteract the spread of the virus. These measures differed, in
particular, between the outbreak and the first and second phases.
As the first indigenous cases were confirmed at the end of
February, but maybe the gravity of the situation was still not
clear, different day-to-day actions and initiatives were taken in
each part of Italy: Universities and schools were closed first
only in northern regions and initially only for some days; 11
municipalities in Lombardy and Veneto were in strict lockdown;
some major public events, such as the Carnival of Venice, were
postponed or cancelled; in other regions, considered at minor
risk, schools remained open with some events confirmed, such
as Series A soccer matches with the presence of fans in southern
Italy. However, contradictory messages hit the population: Fake
news stating the closure of all Italian schools circulated at the
end of February, while some ads and initiatives reassured people,
even in the northern areas, to continue to live their normal lives;
all of this contributed to creating a climate of uncertainty. The
first and second phases, instead, were characterized by
national-level and long-term measures, with a strict lockdown
and suspension of nonnecessary activities in all Italian regions,
which gradually loosened at the beginning of May. These 2
phases marked a tragic and dramatic situation but were more

stable and predictable in their restrictions. These differences
between the very first and the other phases could account for
the differences retrieved in our summary variables. Uncertainty
about future events, as people may experience during the
outbreak phase about future restrictions and development of the
emergency, is common in threat contexts and could elicit
negative emotions, such as anxiety and fear [41]. After the
situation became more stable in the subsequent phases, with
less uncertainty, emotional tone may increase. This emotional
tone pattern confirms other results retrieved in the COVID-19
pandemic and in other trauma contexts: Sadiković and
colleagues [42] found decreased worry, fear, and boredom over
5 weeks after the first COVID-19–confirmed case in Serbia.
Cohn and colleagues [10] found that, immediately after the
September 11 attacks, emotional tone measured in a sample of
online journals was low, returning slowly to baseline after 1
week. Experiencing negative emotions is a typical reaction after
an emotional upheaval and uncertain and threatening situation,
even representing a specific criterion for PTSD disorder [33];
experiencing positive emotions after a crisis acts as a buffer
against depression in resilient individuals [14], and positive
emotions in trauma narratives are linked to better adaptation or
less severe PTSD symptoms [37,43]. So, after the initial,
negative reaction, the situation changed, becoming more
predictable and less uncertain, and people enact their resilience
and coping strategies, using more positive emotions to overcome
the emotional upheaval and resulting again in a more positive
way of expressing themselves.

The uncertainty of the outbreak situation—with different
restrictions and even contradictory circulating messages—may
also have had an impact on people's analytical thinking and use
of words: Reasoning and trying to make sense of events are
difficult in such contexts [41]. People might have reacted with
a more logical thinking style, trying to find meaning from the
situation only during the first and second phases when things
were more stable, the gravity and seriousness of the emergency
became clearer, and a consistent view was reached. This result
seems in contrast with the one obtained by Cohn and colleagues
[10], who highlighted a rapid increase in cognitive word use
immediately after the attacks; their level returned to baseline
after some days and then decreased again. We have to point out
that our study and the study by Cohn et al [10] used different
writing samples (tweets vs journal entries) and also different
words in the analysis: Even if theoretically tapping the same
construct, such as a sort of thinking style, analytical thinking is
based on function words while the cognitive processing index
used by Cohn and colleagues [10] reflects words such as
because, think, and question. However, we think that these
differences in results could be due to the reasons already
explained: September 11 was a punctual, intense, and disruptive
outbreak, leading to a rapid need to make sense of what was
happening. This pandemic outbreak phase, instead, was very
different, with a slower unravelling and uncertainty that persisted
for weeks and weeks.

As COVID-19 could be considered “the cause of individual and
collective traumas” [11], we discussed our results considering
previous studies both concerning individual (for example, traffic
accidents or relationship breakups [18,34]) and collective trauma
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(for example, the September 11 attacks [10]). With
heterogeneous yet similar consequences for individuals, more
research is needed to highlight pandemic-specific
psycholinguistic trauma at both individual and collective levels.

Limitations
Our study is not exempt from certain limitations. Our data
consist of publicly available Italian tweets, so our results could
not be generalized to other Twitter users with private accounts
nor to the general Italian population. Even if it is used by a
considerable amount of people—3.7 million users as of January
2020—Twitter is now only the sixth most used social media
platform in Italy.

Moreover, we did not collect any information about users
actually writing the analyzed tweets: Some demographic and
other characteristics (eg, gender, age, working status, coping
strategies) could account for differences in reactions to official
COVID-19 data and for different use of words in their tweets.
Specifically, some studies showed that even the area from which
people tweet could account for some differences in their tweets:
Gore et al [44], for example, showed that geotagged tweets in
US areas with lower obesity rates have, among other results, a
higher level of happiness. Another study [45] found that weather,
days, and type of activities done during the day impact on
emotions expressed in tourists’ tweets.

So, specifically regarding our context, we might think that urban
areas and their characteristics, days, and seasonal weather could
have influenced the emotional tone and, globally, the words
people use in their tweets.

Implications and Future Work
We think that our study could have relevant implications for
actionable policies in the health care context and for future
related works expanding our research questions.

These results prove the feasibility and importance of
infodemiological indicators and psycholinguistic analysis to
monitor mental health–related variables in a fast and
cost-effective way. While traditional psychology instruments
and measures (such as self-reported questionnaires and surveys)
provide a one-time measure of the variable of interest in a
limited sample, this method could provide longitudinal and
population-level data. Considering all the limitations and
influences, this method could be used as active surveillance of
the impact of a pandemic and the related daily sharing of
information on people’s mental health, providing dynamic
knowledge to inform relevant health policies. Knowing in
advance or in real time which type of information—as new daily
cases, new daily deaths, or the phase of the pandemic—could

have an impact and how it impacts emotions, analytical thinking,
and the mental health of a population could allow the
implementation of ad hoc and concrete responses. As a
pandemic is constantly and heavily affecting our daily lives and
mental health [11,12,13], we think that monitoring psychological
health and intervening to prevent costly consequences or
improve well-being with tailored psychological interventions
are essential.

Future studies are needed to approach this active surveillance
approach as a useful and concrete instrument for institutions
and health policy.

Moreover, as our study contributes to the growing field of
infodemiology in the pandemic context, further research could
expand our research questions, analyzing and controlling for
other factors that could influence word use in tweets in this
pandemic period, such as geotagging, days, and seasonal weather
[44,45], as well as age, gender, working status, and other
sociodemographic and spatial-temporal characteristics.

Conclusions
An increasing amount of literature has demonstrated the vast
effects this pandemic is having on mental health, emotions, and
cognition of the global and Italian populations. However, to the
best of our knowledge, this is the first study analyzing
psycholinguistic summary variables and their relationships with
official COVID-19 Italian data and phases of managing the
pandemic in a sample of Italian tweets during the first phases
of the pandemic.

Our results show a powerful picture of the effects of
COVID-19–related data and phases on emotions, analytical
thinking, and somatosensory processes of Italian Twitter users:
Specifically, when there was an increase in daily deaths and
daily new cases, negative emotions and somatosensory words,
often linked to traumatic events and PTSD symptoms, increased
too. Moreover, emotional tone and analytic thinking were lower
in the first phase of the pandemic, which was characterized by
uncertainty, and increased during the first and second phases.
As new instruments are implemented to monitor patients’
psychological status [46], having information on how the
pandemic may affect the use of words with its relationships
with psychosocial variables could be useful for institutions and
health policies to develop specific interventions in order to
mitigate the effects of this or future situations on the
population’s mental health. Even if more studies are necessary,
our results showed the feasibility and importance of
infodemiological indicators and psycholinguistic analysis to
monitor mental health–related variables in these unprecedented
situations.
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Abstract

Background: ClinicalTrials.gov (CT.gov) is the most comprehensive internet-based register of different types of clinical studies.
Expanded access is the use of unapproved drugs, biologics, or medical devices outside of clinical trials. One of the key problems
in expanded access is the availability to both health care providers and patients of information about unapproved treatments.

Objective: We aimed to evaluate CT.gov as a potential source of information about expanded access programs.

Methods: We assessed the completeness of information in the records of 228 expanded access programs registered with CT.gov
from February 2017 through May 2020. Moreover, we examined what percentage of published expanded access studies has been
registered with CT.gov. Logistic regression (univariate and multivariate) and mediation analyses were used to identify the
predictors of the absence of some information and a study’s nonregistration.

Results: We found that some important data were missing from the records of many programs. Information that was missing
most often included a detailed study description, facility information, central contact person, and eligibility criteria (55.3%, 54.0%,
41.7%, and 17.5% of the programs, respectively). Multivariate analysis showed that information about central contact person
was more likely to be missing from records of studies registered in 2017 (adjusted OR 21.93; 95% CI 4.42-172.29; P<.001). This
finding was confirmed by mediation analysis (P=.02). Furthermore, 14% of the programs were registered retrospectively. We
also showed that only 33 of 77 (42.9%) expanded access studies performed in the United States and published from 2014 through
2019 were registered with CT.gov. However, multivariate logistic regression analysis showed no significant association between
any of the variables related to the studies and the odds of study nonregistration (P>.01).

Conclusions: Currently, CT.gov is a quite fragmentary source of data on expanded access programs. This problem is important
because CT.gov is the only publicly available primary source of information about specific programs. We suggest the actions
that should be taken by different stakeholders to fully exploit this register as a source of information about expanded access.

(J Med Internet Res 2021;23(10):e26890)   doi:10.2196/26890

KEYWORDS

ClinicalTrials.gov; expanded access; expanded access program; compassionate use; unapproved drug; investigational drug

Introduction

Expanded access, also termed compassionate use, is the use of
unapproved drugs, biologics, or medical devices outside of
clinical trials [1,2]. Regulations to permit expanded access to
unapproved treatments have been introduced in many countries

worldwide including the United States, many Member States
of the European Union (EU), Canada, Australia, Japan, and
Brazil [3-5]. In short, expanded access is a regulatory pathway
that enables doctors to use unapproved treatments for patients
with serious or life-threatening diseases who have run out of
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approved treatments and are not eligible for enrollment in a
clinical trial [6].

ClinicalTrials.gov (CT.gov) is a comprehensive web-based
repository of information about clinical studies performed both
in the United States and other countries [7]. Originally, it was
established to provide potential study participants with
information about interventional clinical trials [8]. However,
with time, other types of studies started to be registered with
CT.gov, especially observational studies and expanded access
programs. As of May 29, 2021, 758 expanded access programs
have been registered with CT.gov [7]. According to the
terminology adopted by CT.gov, those programs are termed
expanded access studies; the latter term will be used throughout
the article.

Importantly, not all types of studies have to be registered with
CT.gov. Current regulations oblige the responsible parties to
register, in particular, so-called applicable clinical trials, that
is, trials meeting certain criteria. In addition, if the drug being
investigated in an applicable clinical trial is available through
expanded access and the responsible party in the trial is also
the drug’s manufacturer, then the corresponding expanded
access study has to be registered by statute as well [9]. However,
there are no regulations to mandate the registration of
observational studies.

Since expanded access involves the use of unapproved
treatments, one of the key problems that can be encountered by
both health care providers and patients is the availability of
information about those treatments [10,11]. Access to data about
unapproved treatments will certainly be more limited compared
with standard approved therapies that are commonly known
and used by many doctors. The objective of this study was to
evaluate CT.gov as a source of information about expanded
access studies. We focused on 3 main problems: (1)
completeness of information required when registering an
expanded access study with CT.gov, (2) mode of registration
(prospective vs retrospective), (3) the percentage of expanded
access studies that has been registered with CT.gov. These 3
problems are key in the evaluation of CT.gov because, to be
helpful for patients and health care providers, CT.gov has to
present complete data that are posted prospectively.

Methods

Selection of Expanded Access Studies Registered With
ClinicalTrials.gov
Eligible studies were searched for in CT.gov [7] on June 8,
2020. Using the “Advanced Search” function, we selected
expanded access studies involving the use of a drug, biologic,
or medical device, registered with CT.gov from February 2017
through May 2020. We did not include studies registered by
February 2017 because, in January 2017, some changes were
introduced to the range of data that are required when registering
expanded access studies with CT.gov. In particular, expanded
access type and facility information started to be required in
accordance with the Food and Drug Administration (FDA)
Amendments Act (FDAAA) 801 final rule (42 CFR Part 11)
[12].

Extraction of Data From Records of
ClinicalTrials.gov-Registered Expanded Access Studies
The record of each expanded access study registered with
CT.gov includes a range of data classified either as required,
conditionally required, or optional [12]. The range of data that
we evaluated included unique protocol identification number;
brief title; expanded access type; record verification date;
expanded access status; responsible party, by official title; name
of the sponsor; brief summary; detailed description; condition
or focus of the study; intervention type; intervention name;
eligibility including patient sex, age limits, and eligibility
criteria; central contact person; facility information; citations
to publications related to the expanded access; and links to web
sites directly relevant to the expanded access.

Moreover, from the “History of Changes” field, we extracted
the first recruitment status (“Available,” “No longer available,”
“Temporarily not available,” or “Approved for marketing”).

Publications on Expanded Access
We searched for publications on expanded access in Medline
through Pubmed using the following search string:
“Compassionate Use Trials” [MeSH] OR “expanded access”
OR “compassionate use” OR “early access” OR “managed
access” OR “named patient” OR “humanitarian device
exemption.” The following inclusion criteria were used: (1)
publication year 2014-2019; (2) a study involving the use of a
drug, biologic, or medical device, with an explicit statement in
the published article that the treatment was performed in an
expanded accesss program or on a compassionate use basis; (3)
at least 1 center located in the United States. We included
expanded access studies regardless of the number of participants
and study design (case studies, case series, and cohort studies;
prospective and retrospective). The search for eligible
publications was performed in May 2020.

For each of the included publications, we searched for a
corresponding entry in CT.gov. This search was performed in
2 stages. First, we searched for an identifier typical of CT.gov
using an automated search function (Ctrl-F). Since each CT.gov
identifier starts with the prefix “NCT,” this prefix was used as
the search term. In the second stage, for each publication that
did not contain a CT.gov identifier, we searched CT.gov using
keywords from the publication, especially intervention name
and disease. This search was limited to expanded access studies
performed in the United States (field “Country”). When
assessing whether an article matched a study registered with
CT.gov, we considered the type of study (expanded access), the
intervention that was used, and center location.

Statistical Analysis
Summary statistics were used to show absolute numbers and
frequencies of main study characteristics. Different statistical
tests were employed to evaluate whether the variables related
to the expanded access studies are interrelated. These included
a chi-square test (a discrete variable vs a discrete variable),
Mann-Whitney test (a continuous variable vs a binary variable),
analysis of variance (a continuous variable vs a discrete variable
with more than 2 levels). For these tests, P<.05 was considered
significant. Multicollinearity of the variables was assessed by

J Med Internet Res 2021 | vol. 23 | iss. 10 |e26890 | p.1185https://www.jmir.org/2021/10/e26890
(page number not for citation purposes)

Borysowski & GórskiJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


determining the generalized variance inflation factor (GVIF).
We considered that a GVIF value >5 may be indicative of
multicollinearity.

Logistic regression (univariate and multivariate) analyses were
performed to check whether posting of some data and
registration of published expanded access studies depended on
different variables. All variables with P<.05 in univariate
analysis were entered into the multivariate model. For each
regression analysis, the level of statistical significance was set
using Bonferroni correction. The results of the logistic regression
analyses were verified by mediation analysis. All computations
were performed in R v. 3.6.1.

Results

Selection and Characteristics of Expanded Access
Studies
Eligible expanded access studies were identified in CT.gov [7].
The flow diagram showing the selection process is presented
in Figure 1. We selected 228 studies registered with CT.gov
from February 2017 through May 2020. The detailed
characteristics of those studies are presented in Table 1. Overall,
195 different interventions were used in those studies. Most
studies concerned oncology (96; 42.1%), neurology (29; 12.7%),
or infectious diseases (28; 12.3%).

Figure 1. Flow diagram showing the selection of ClinicalTrials.gov-registered expanded access studies.
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Table 1. Characteristics of the 228 ClinicalTrials.gov-registered, expanded access studies.

Number of studies, n (%)Characteristics

Medical specialty

96 (42.1)Oncology

29 (12.7)Neurology

28 (12.3)Infectious diseases

16 (7.0)Hematology

15 (6.6)Metabolic diseases

8 (3.5)Gastroenterology

7 (3.1)Cardiovascular diseases

5 (2.2)Pulmonology

17 (7.5)Other

7 (3.1)Unknown

Intervention type

162 (71.1)Drug

61 (26.8)Biologic

5 (2.2)Medical device

Sponsor

182 (79.8)Industry

32 (14.0)Nonindustry

14 (6.1)Mixed

Center location

75 (32.9)United States

16 (7.0)International

14 (6.1)Other

123 (54.0)Unknown

Expanded access type

103 (45.2)IPa

44 (19.3)ISb

46 (20.2)Tr. IND/Pr.c

24 (10.5)Mixedd

11 (4.8)Unknown

Multicenter studies

50 (21.9)Yes

55 (24.1)No

123 (54.0)Unknown

Multinational studies

16 (7.0)Yes

91 (39.9)No

121 (53.1)Unknown

aIP: individual patients.
bIS: intermediate-size population.
cTr. IND/Pr.: treatment investigational new drug (IND)/protocol.
dAny combination of individual patients, intermediate-size population, and treatment IND/protocol.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e26890 | p.1187https://www.jmir.org/2021/10/e26890
(page number not for citation purposes)

Borysowski & GórskiJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Assessment of Data Contained in Records of Expanded
Access Studies
We evaluated the completeness of information that is required
or optional when registering an expanded access study with
CT.gov. Remarkably, detailed description, facility information,

central contact person, and eligibility criteria were missing from
the records of 126 (126/228, 55.3%), 123 (123/228, 54.0%), 95
(95/228, 41.7%), and 40 (40/228, 17.5%) studies, respectively
(Table 2). Except for detailed description, all those data are
required by CT.gov.

Table 2. ClinicalTrials.gov-registered expanded access studies (n=228) with different missing data.

Number of studies, n (%)Data missing from the record

126 (55.3)Detailed descriptiona

123 (54.0)Facility informationb

95 (41.7)Central contact personb

40 (17.5)Eligibility criteriac

31 (13.6)Sex of patientsc

11 (4.8)Expanded access typeb

7 (3.1)Conditions or focus of studyc

0 (0)Expanded access statusb

0 (0)Responsible partyb

0 (0)Name of the sponsorb

0 (0)Brief summaryb

0 (0)Intervention typeb

0 (0)Intervention nameb

0 (0)Patient age limitsc

0 (0)Unique protocol identification numberb

0 (0)Brief titleb

0 (0)Record verification dateb

0 (0)Responsible partyb

aOptional data.
bRequired data.
cData conditionally required.

In this analysis, as a comparator for expanded access studies,
we used a random sample of 220 clinical trials registered with
CT.gov in the same period of time. We found that detailed
description, facility information, and central contact person
were missing from the records of 88 (88/220, 40.0%), 6 (6/220,
2.7%), and 82 (82/220, 37.3%) trials, respectively. However,
eligibility criteria, as well as all other types of required data
were contained in each clinical trial record that we examined.

Using logistic regression analysis, we also determined the
predictors of the absence of some data in the records of
expanded access studies. This analysis was performed for
detailed description, central contact person, and facility location
(ie, the data that were missing from the records most often).
The following variables were entered into the analysis:
registration year, funding source, US involvement, whether the
study was multicenter and multinational, and type of expanded
access. Registration year is the year in which a study was

registered with CT.gov (we examined studies registered between
2017 and 2020). Funding sources were divided into industry
and nonindustry based on information contained in the
“Sponsor” field of an expanded access study record (the category
“Industry” included all for-profit organizations, especially
pharmaceutical companies, while nonindustry sources included
all non-for-profit organizations such as universities, academic
reasearch centers, and federal agencies). The variable “US
involvement” refers to the presence of at least 1 center located
in the United States. A multicenter study was defined as a study
performed at 2 or more centers. Studies performed in at least 2
countries were considered multinational. The type of expanded
access was divided into 3 categories: (1) individual patients,
(2) intermediate-size population, (3) treatment investigational
new drug (IND)/protocol (ie, use of an unapproved treatment
in a large population of patients). This division is in line with
the FDA regulations [1] and was also adopted by CT.gov [12].
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In this analysis, we adjusted for multiple comparisons using
Bonferroni correction. The adjusted level of statistical
significance was set at P=.002. In addition, prior to performing
logistic regression analysis, we evaluated the multicollinearity
of the variables. However, the GVIF value for each variable
was between 1.0 and 1.7, indicative of a lack of multicollinearity
(detailed data not shown).

Detailed results of the logistic regression analysis are shown in
Table 3, Table 4, and Table 5. Univariate analysis showed that

facility location was less likely to be missing from records of
treatment IND/protocol studies related to individual patient
expanded access studies (odds ratio [OR] 0.76; 95% CI 0.64-0.9;
P=.001). Information about the central contact person was more
likely to be missing in studies registered in 2017 (OR 1.53; 95%
CI 1.26-1.86; P<.001) compared with those registered in 2020.
Multivariate analysis showed that information about central
contact person was more likely to be missing from records of
studies registered in 2017 (adjusted OR [aOR] 21.93; 95% CI
4.42-172.29; P<.001).

Table 3. Predictors of the absence of study detailed description in the records of expanded access studies registered with ClinicalTrials.gov.

Multivariate analysisUnivariate analysisVariables

P valueAdjusted odds ratio (95% CI)aP valueOdds ratio (95% CI)a

First posted date

N/AreferentN/Abreferent2020

N/AN/A.841.02 (0.84-1.23)2019

N/AN/A.221.12 (0.93-1.36)2018

N/AN/A.981.0 (0.81-1.23)2017

Sponsor

N/AreferentN/AreferentIndustry

.070.46 (0.19-1.08).0030.76 (0.63-0.91)Nonindustry

Multicenter study

N/AreferentN/AreferentNo

N/AN/A.411.08 (0.63-0.91)Yes

Multinational study

N/AreferentN/AreferentNo

N/AN/A.570.93 (0.89-1.31)Yes

US involvement

N/AreferentN/AreferentNo

N/AN/A.660.95 (0.71-1.21)Yes

Type of expanded access

N/AreferentN/AreferentIPc

.420.75 (0.36-1.55).330.92 (0.75-1.2)ISd

.030.47 (0.23-0.96).020.82 (0.77-1.09)Tr. IND/Pr.e

aFor each variable (first posted date; sponsor; multicenter study; multinational study; US involvement; type of expanded access), odds ratios and 95%
CI are shown related to the referent value.
bN/A: not applicable.
cIP: individual patients.
dIS: intermediate-size population.
eTr. IND/Pr.: Treatment IND/protocol.
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Table 4. Predictors of the absence of information about the central contact person in the records of expanded access studies registered with
ClinicalTrials.gov.

Multivariate analysisUnivariate analysisVariables

P valueAdjusted odds ratio (95% CI)aP valueOdds ratio (95% CI)a

First posted date

N/AreferentN/Abreferent2020

.133.62 (0.8-26.08).101.17 (0.97-1.4)2019

.00411.9 (2.5-89.64).011.26 (1.05-1.51)2018

<.00121.93 (4.42-172.29)<.0011.53 (1.26-1.86)2017

Sponsor

N/AreferentN/AreferentIndustry

N/AN/A.190.89 (0.74-1.07)Nonindustry

Multicenter study

N/AreferentN/AreferentNo

.010.33 (0.13-0.79).010.79 (0.65-0.95)Yes

Multinational study

N/AreferentN/AreferentNo

N/AN/A.180.83 (0.64-1.09)Yes

US involvement

N/AreferentN/AreferentNo

N/AN/A.731.04 (0.83-1.31)Yes

Type of expanded access

N/AreferentN/AreferentIPc

N/AN/A.050.84 (0.71-1.0)ISd

N/AN/A.540.95 (0.8-1.13)Tr. IND/Pr.e

aFor each variable (first posted date; sponsor; multicenter study; multinational study; US involvement; type of expanded access), odds ratios and 95%
CIs are shown related to the referent value.
bN/A: not applicable.
cIP: individual patients.
dIS: intermediate-size population.
eTr. IND/Pr.: Treatment IND/protocol.
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Table 5. Predictors of the absence of information about the facility location in the records of expanded access studies registered with ClinicalTrials.gov.

Multivariate analysisUnivariate analysisVariables

P valueAdjusted odds ratio (95% CI)aP valueOdds ratio (95% CI)a

First posted date

N/AreferentN/Abreferent2020

.941.0 (0.9-1.1).050.83 (0.68-1.0)2019

.101.09 (0.98-1.22).991.0 (0.83-1.21)2018

.981.0 (0.9-1.11).120.85 (0.7-1.04)2017

Sponsor

N/AreferentN/AreferentIndustry

.650.98 (0.9-1.07).210.89 (0.74-1.07)Nonindustry

Multinational study

N/AreferentN/AreferentNo

N/AN/A.550.98 (0.91-1.05)Yes

Type of expanded access

N/AreferentN/AreferentIPc

.850.99 (0.91-1.08).050.84 (0.71-1.0)ISd

.301.04 (0.96-1.13).0010.76 (0.64-0.9)Tr. IND/Pr.e

aFor each variable (first posted date; sponsor; multicenter study; multinational study; US involvement; type of expanded access), odds ratios and 95%
CIs are shown related to the referent value.
bN/A: not applicable.
cIP: individual patients.
dIS: intermediate-size population.
eTr. IND/Pr.: Treatment IND/protocol.

In order to verify the results of the logistic regression analysis,
we checked whether the variable “Registration date” was related
with the other variables. Indeed, we found that this variable was
related to the variable “Type of expanded access” (P=.002). By
contrast, the relationships between “Registration date” and all
the remaining variables were not statistically significant (P>.05).
Therefore, we performed mediation analysis to verify whether
the effect of registration date on the risk of the absence of
information about the central contact person was significant per
se or rather is a result of its relationship with the variable “Type
of expanded access” (potential mediator). This analysis showed
that the average causal mediation effect, that is the effect
dependent on the mediator, was not statistically significant
(P>.05; Table 6). By contrast, the average direct effect, that is
the effect of the variable “Registration date” itself, was
significant (P=.02; Table 6). Thus, the effect of the registration
date on the risk of the absence of information about the central
contact person is in itself statistically significant and is not a
result of its relationship with the variable “Type of expanded
access.”

We also found that the records of very few studies contained
citations to publications (17/228, 7.5%) and links (31/228,

13.6%). Most of the links provided access to sponsors’ general
web sites (12/31, 39%) or sponsors’general policies of expanded
access (8/31, 26%). As few as 3 links provided access to further
information about a given expanded access program. The
remaining links provided access to other related information.

Moreover, we examined the mode of registration of expanded
access studies. Most of the studies (193/228, 84.7%) had the
status “Available” in the first entry. This means that expanded
access for a given intervention is available to patients. However,
there were also several studies that, in the first entry, had the
status “Temporarily not available” (16/228, 7.0%), “No longer
available” (15/228, 6.6%), or “Approved for marketing” (1/228,
0.4%). According to the definitions of those statuses [11], each
of them means that expanded access for a given intervention
was available in the past. Thus, 32 studies (32/228, 14.0%) were
de facto registered retrospectively. Remarkably, 21 studies
(21/228, 9.2%) were not available to patients at any point. Three
studies (3/228, 1.3%) had the status “Not yet recruiting” in the
first entry; this is an unexpected finding because this status is
typical of interventional clinical trials and not of expanded
access studies [13].
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Table 6. Mediation analysis to evaluate whether the effect of registration date on the risk of the absence of information about the central contact person
is mediated by the type of expanded access.

P valueb95% CIaEstimateVariable

.18–0.009-0.2000.05ACMEc

.020.08-0.760.48ADEd

<.0010.19-0.770.53TEe

.18–0.01-0.590.05PMf

aQuasi-Bayesian 95% CI.
bP value as determined by mediation analysis.
cACME: average causal mediation effect.
dADE: average direct effect.
eTE: total effect.
fPM: proportion mediated.

Registration With ClinicalTrials.gov of the Published
Expanded Access Studies
Another important problem that we addressed is the percentage
of expanded access studies that has been registered with CT.gov.
To that end, we examined papers reporting on results of
expanded access treatment, with at least 1 center located in the
United States, and published from 2014 through 2019. We
excluded from this analysis studies that did not involve at least
1 US center because most expanded access studies registered
with CT.gov were available to patients in the United States. Our
inclusion criteria were met by 77 papers, and 70 different
interventions were used in the published studies. In most of the
studies, a drug was used (38/77, 49%), followed by a biologic
(28/77, 36%) and medical device (11/77, 14%). The studies
mostly concerned oncology (30/77, 39%), infectious diseases
(10/77, 13%), cardiovascular diseases (10/77, 13%), and other
medical specialties (27/77, 35%); 24 (24/77, 31%) studies were
multinational, and 51 (51/77, 66%) were multicenter; 39 (39/77,
51%) studies were funded from industry sources, 9 (9/77, 12%)
studies were funded from nonindustry sources, and the
remaining 29 studies (29/77, 38%) did not receive any funding.
The median number of patients was 23 (interquartile range,
3-149).

Only 21 papers (21/77, 27%) included an identifier typical of
CT.gov. However, we assumed that some studies may have
been registered without providing a relevant identifier in the
corresponding publication. Therefore, using keywords from the
publications, we examined whether CT.gov contains records
matching the remaining 56 studies. We found that 12 of these
(12/77, 16%) were actually registered. Thus, overall, 33 of the
77 published studies (43%) were registered with CT.gov.

To put these findings into broader context, we also evaluated
the registration of clinical trials. In the first step, for each
expanded access study, we tried to identify a corresponding
clinical trial in PubMed of the same therapeutic intervention
that involved at least 1 center located in the United States and
was published in the same period of time. We identified 71 such

trials (for the remaining 6 expanded access studies, there was
no trial evaluating the same intervention). We found that 68 of
71 (96%) trials were registered with CT.gov. As few as 3 (3/71,
4%) trials were unregistered.

In addition, using logistic regression analysis, we identified the
predictors of an expanded access study not being registered
(Table 7). The following variables were entered into the
analysis: funding source, number of patients, and whether the
study was multicenter and multinational. Number of patients
(sample) was a continuous variable. Funding sources (sponsors)
were divided into 3 categories: (1) industry (when a study was
at least in part funded by the pharmaceutical industry), (2)
nonindustry (when a study was funded solely from nonindustry
sources), and (3) none (when a study received no funding). A
multicenter study was defined as a study performed at 2 or more
centers. Studies performed in at least 2 countries were
considered multinational. Logistic regression analysis was
preceded by the evaluation of the multicollinearity of the
variables. However, the GVIF value for each variable was
between 1.1 and 1.4, indicative of a lack of multicollinearity
(detailed data not shown).

In this analysis, we adjusted for multiple comparisons using
Bonferroni correction. The adjusted level of statistical
significance was set at P=.01. In the univariate analysis, studies
with a lower number of participants and studies funded from
nonindustry sources were more likely to be unregistered (P=.009
and P=.008, respectively; Table 7). We also found that
single-center studies were less likely to be unregistered (P=.002;
Table 7). However, none of the analyzed variables was a
predictor of study nonregistration in the multivariate analysis
(P>.01; Table 7).

While it was a lower number of patients that was a predictor of
study nonregistration in the univariate analysis, a substantial
percentage of studies involving a higher number of participants
has not been registered either. In particular, 14 of 40 studies
(35%) involving at least 20 participants have not been registered.
Among the studies involving at least 100 participants, 5 of 22
(23%) have not been registered.
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Table 7. Predictors of nonregistration of the published expanded access studies.

Multivariate analysisUnivariate analysisVariables

P valueAdjused odds ratio (95% CI)aP valueOdds ratio (95% CI)a

.480.99 (0.99-1.0).0090.99 (0.99-0.99)Sample

Sponsor

N/AN/AbreferentIndustry

.021.55 (1.08-2.24).0081.6 (1.14-2.23)Nonindustry

.051.6 (1.0-2.55).021.63 (1.06-2.51)None

Multicenter study

N/AN/AN/AreferentYes

.871.02 (0.73-1.43).0020.7 (0.56-0.87)No

Multinational study

N/AN/AN/AreferentYes

N/AN/A.400.9 (0.7-0.1.14)No

aExcept for sample (which is a continuous variable), odds ratios and 95% CIs are shown related to the referent value for each of the remaining variables
(sponsor, multicenter study, multinational study).
bN/A: not applicable.

Discussion

Overall, our results show that the information about expanded
access studies posted on CT.gov is quite fragmentary.
Remarkably, less than one-half of expanded access studies
performed in the United States have been registered with
CT.gov. In some cases, this may result from noncompliance
with the statutory requirement to register some expanded access
studies with CT.gov. The FDAAA of 2007 obliges the
responsible party of each applicable clinical trial being registered
with CT.gov to specify whether the drug (or other intervention)
evaluated in the trial is also available through expanded access
[14]. If expanded access is available and the responsible party
is the drug’s manufacturer, then the sponsor has to register the
corresponding expanded access with CT.gov [8]. However, as
shown by our results, some sponsors failed to meet this
requirement. Other studies, especially those not linked with
applicable clinical trials may remain unregistered because there
are simply no regulations to mandate their posting on CT.gov.

A specific form of expanded access studies that are very likely
to remain unregistered is small studies performed outside of
expanded access programs. In general, expanded access has 2
different forms [10]. The first is expanded access programs
(some of which are linked with applicable clinical trials). Those
programs are launched by manufacturers of investigational
treatments and open to patients who meet specific eligibility
criteria. However, even in the absence of a specific program
providing access to an investigational drug, a doctor can submit
to the manufacturer a request for that drug for a limited number
of patients under his or her care. Thus, some published expanded
access studies (especially those involving a small number of
participants) can be a result of not expanded access programs
but treatment of single patients outside of a formal program. It
is rather unlikely that studies performed outside of a formal
expanded access program have been registered with CT.gov.

Indeed, the univariate logistic regression analysis showed that
studies with a lower number of participants are significantly
less likely to be registered. While multivariate analysis did not
confirm this finding, a subgroup analysis for the published
studies involving a higher number of patients revealed that the
proportion of unregistered studies was also considerable (eg,
almost one-quarter for studies involving at least 100
participants). Thus, study nonregistration is an important
problem even in the case of large expanded access programs.

For each of the 228 CT.gov-registered expanded access studies,
we also evaluated the completeness of the posted information.
We found that the records of many studies were incomplete,
and the information that was missing most often included the
detailed description of a study, facility information, central
contact person, and eligibility criteria. The absence of some of
those data depended on specific variables, especially the
registration year. Specifically, study registration in 2017
significantly increased the odds of the absence of information
about the central contact person. This may be associated with
the FDAAA 801 Final Rule. It expanded requirements for the
submission of clinical trial registration and results information
to CT.gov [8]. While this rule was issued in September 2016,
it became effective in January 2017, and the responsible parties
were expected to be in compliance by April 18, 2017 [8]. We
believe that at that time, many sponsors devoted most of their
resources to ensure compliance with these regulations. This
may have resulted in a situation where fewer resources could
be devoted to expanded access (from a point of view of drug
development, expanded access is certainly not as important as
clinical trials). Therefore, for some responsible parties, it might
take some time to improve standards of posting of information
about expanded access studies on CT.gov.

However, we were unable to identify a single factor associated
with an increased risk of nonposting of all types of data. In
particular, in the multivariate analysis, whether the data were
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missing from records was not significantly associated with the
funding source. Lack of some of those data, especially facility
information, can result from the nature of expanded access.
While some studies can be open to patients at specific medical
centers, investigational drugs can also used by doctors residing
in different locations [11]. In such cases, information about
facility location would be irrelevant. However, we cannot see
any justification for a lack of data such as central contact person
or eligibility criteria (at least the main criteria should be listed).
These are data that are particularly important for doctors and
patients who seek access to unapproved tretments.

We also asked whether the absence of some of the required data
is specific to expanded access studies or rather is a broader
problem that pertains to clinical trials as well. We found that
certain data were indeed missing from the records of some
clinical trials. However, in the case of clinical trials, the scale
of this problem was much smaller. Furthermore, we found that
the percentage of unregistered clinical trials was very low
compared with expanded access studies. Overall, CT.gov is a
more complete source of information about clinical trials than
expanded access studies, at least for studies performed in the
United States.

An important question is whether, apart from CT.gov, there are
other publicly available comprehensive sources of information
about expanded access studies. Generally, information about
investigational treatments can be obtained from a few different
sources. The first of these are patient advocacy organizations’
web sites. However, it was shown that, while most of these
present data on clinical trials, very few post any information
about expanded access studies [15]. Another potential source
of information is web-based expanded access navigators. In the
United States, the primary navigator of that kind was developed
by the Reagan-Udall Foundation for the FDA [16]. However,
it posts data about single-patient expanded access only.
Furthermore, data on specific expanded access studies posted
by this resource are actually pulled from CT.gov [16]. Thus, if
the information posted on CT.gov is incomplete, this navigator
will not present complete data about single-patient expanded
access studies. Furthermore, unlike CT.gov, the navigator posts
no information about programs dedicated to intermediate-sized
groups of patients and treatment IND/protocols. Overall, the
navigator is a much less complete source of information about
expanded access than CT.gov.

Some information about expanded access can be also found on
pharmaceutical companies’ web sites [17]. In particular, in the
United States, the 21st Century Cures Act of 2016 required
manufacturers of investigational drugs to post key information
about their general policies on evaluating and responding to
expanded access requests [18]. However, this act does not
explicitly require the manufacturers to post full listings of
available expanded access studies. Rather, it obliges them to
post a reference (eg, a hyperlink) to pertinent information on
CT.gov.

Thus, currently CT.gov is the only primary source of information
about specific expanded access studies, at least in the United
States. In our opinion, CT.gov could be a very useful resource
for patients and health care providers because it enables

searching studies based on several criteria that are important in
practice, including disease, intervention name, facility location,
sponsor, or any combination thereof. However, some actions
have to be undertaken to fully exploit the potential of CT.gov
as a source of information about expanded access. First, CT.gov
should implement some measures to promote submission of all
data that are required when registering expanded access studies.
Moreover, further research should be performed to evaluate
what percentage of expanded access studies linked with
applicable clinical trials have been registered with CT.gov. Such
research could be performed on the data collected by the FDA.
All expanded access studies in the United States have to be
approved by the FDA [1]. Thus, by comparing the FDA’s data
with CT.gov records, one could determine the extent of
noncompliance with the statutory requirement to register
expanded access studies linked with applicable clinical trials
on CT.gov. If a substantial number of such studies have not
been registered, then some measures should be introduced to
enforce higher compliance. It is noteworthy that FDA-affiliated
authors have already published some reports on expanded access
based on the data contained in expanded access requests
submitted to the FDA [19-21].

Moreover, we postulate registration with CT.gov of all expanded
access studies available to patients in the United States
(regardless of whether these are linked with applicable clinical
trials). Since the registration of the latter category is not
mandatory, a decision about possible registration rests with the
manufacturer of the unapproved drug, biologic, or medical
device. However, to ensure fair access of patients and health
care providers to information about unapproved treatments, all
planned expanded access studies should be registered. We hope
that this article will raise awareness of this problem among
sponsors of expanded access studies.

Our study also enabled us to make some interesting observations
about the included expanded access studies. First, we found that
most studies involved drugs used in oncology, neurology, and
infectious diseases. In the case of oncology, this is likely caused
by generally poor prognosis of patients with different kinds of
cancer who have run out of approved treatments [22]. The high
number of expanded access studies in neurology may be
associated with the fact that some relatively frequent chronic
neurological diseases (eg, Alzheimer’s disease) do not have
effective treatments [23]. The high demand for unapproved
treatments in infectious diseases can be a result of the
development of resistance to approved drugs [24,25]. We also
showed that only a small subset of studies in our cohort was
funded by nonindustry sources. Therefore, in our view, in the
future, noncommercial sponsors might consider more
involvement in expanded access studies.

A limitation to our study is that we relied on data posted by
CT.gov only and did not verify their validity. For instance, most
of the included expanded access studies had the status
“Available” in the first entry in the “History of Changes” field.
However, theoretically, it is possible that in some of those
studies, the actual start date was earlier and preceded the date
of registration with CT.gov of a given study.

J Med Internet Res 2021 | vol. 23 | iss. 10 |e26890 | p.1194https://www.jmir.org/2021/10/e26890
(page number not for citation purposes)

Borysowski & GórskiJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Another limitation is that we were unable to get access to some
data about the factors that may impact the availability of
information about expanded access. These include, in particular,
the factors related to the sponsors of individual studies. For
instance, the number of the staff members to prepare and enter
relevant data into CT.gov records will likely affect the efficiency
of the posting of information. Another important factor is
whether the sponsor has any previous experience with posting
on CT.gov of expanded access studies. Unfortunately, those
data are generally unavailable, so we were unable to include
them in our statistical analyses. We also could not analyze the
exact number of patients that were treated in individual studies
because CT.gov records do not contain relevant data. We hope

that the publication of this article will encourage some sponsors
to share their experiences with posting on CT.gov of expanded
access studies.

In conclusion, CT.gov is the only primary, publicly available
source of information about expanded access studies, especially
those available in the United States. However, the data posted
by this register are fragmentary, which is an important factor
restricting access to information about investigational treatments.
Introduction of the measures postulated in this paper will be
beneficial to patients and health care providers who seek
information about possibilities to use unapproved drugs,
biologics, and medical devices.
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Abstract

Background: A 24-week self-directed digitally delivered intervention was found to improve pain and function in people with
knee osteoarthritis (OA). However, it is possible that this intervention may be better suited to certain subgroups of people with
knee OA compared to others.

Objective: The aim of this study was to explore whether certain individual baseline characteristics moderate the effects of a
self-directed digitally delivered intervention on changes in pain and function over 24 weeks in people with knee OA.

Methods: An exploratory analysis was conducted on data from a randomized controlled trial involving 206 people with a clinical
diagnosis of knee OA. This trial compared a self-directed digitally delivered intervention comprising of web-based education,
exercise, and physical activity program supported by automated exercise behavior change mobile phone text messages to web-based
education alone (control). The primary outcomes were changes in overall knee pain (assessed on an 11-point numerical rating
scale) and physical function (assessed using the Western Ontario and McMaster Universities Osteoarthritis Index function subscale
[WOMAC]) at 24 weeks. Five baseline patient characteristics were selected as the potential moderators: (1) number of comorbidities,
(2) number of other painful joints, (3) pain self-efficacy, (4) exercise self-efficacy, and (5) self-perceived importance of exercise.
Separate linear regression models for each primary outcome and each potential moderator were fit, including treatment group,
moderator, and interaction between treatment group and moderator, adjusting for the outcome at baseline.

Results: There was evidence that pain self-efficacy moderated the effect of the intervention on physical function compared to
the control at 24 weeks (interaction P=.02). Posthoc assessment of the mean change in WOMAC function by treatment arm
showed that each 1-unit increase in baseline pain self-efficacy was associated with a 1.52 (95% CI 0.27 to 2.78) unit improvement
in the control group. In contrast, a reduction of 0.62 (95% CI –1.93 to 0.68) units was observed in the intervention group with
each unit increase in pain self-efficacy. There was only weak evidence that pain self-efficacy moderated the effect of the intervention
on pain and that number of comorbidities, number of other painful joints, exercise self-efficacy, or exercise importance moderated
the effect of the intervention on pain or function.

Conclusions: With the exception of pain self-efficacy, which moderated changes in function but not pain, we found limited
evidence that our selected baseline patient characteristics moderated intervention outcomes. This indicates that people with a
range of baseline characteristics respond similarly to the unsupervised digitally delivered exercise intervention. As these findings
are exploratory in nature, they require confirmation in future studies.
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Introduction

Osteoarthritis (OA) is a condition of the synovial joints [1],
with the knee being commonly affected [2]. Knee OA causes
joint pain and stiffness, which can often lead to reduced physical
function and quality of life [3,4]. Knee OA is a highly prevalent
condition and a leading contributor to disability globally [5].
Exercise is the core treatment in the management of knee OA,
which is recommended in all clinical guidelines [6-9]. However,
the effects of exercise on knee OA pain and function are modest
overall [10]. This may be due to the existence of subgroups of
people with certain baseline characteristics that cause them to
respond in different ways to exercise [11]. Baseline patient
characteristics that affect how a patient responds to treatment
are called moderators [12]. A better understanding of potential
moderators of the effects of exercise in knee OA will enable
the identification of subgroups of people who respond more or
less favorably to exercise treatments. This will facilitate the
targeting of exercise treatments in knee OA and thus, may
improve the effects of exercise on patient outcomes. The
evaluation and identification of moderators of treatment effects
has been named a major research priority in OA clinical
guidelines [9,13].

The use of digitally delivered interventions to support chronic
condition management is rapidly increasing as a means of
improving access to evidence-based health care [14]. Recently,
we developed and evaluated a 24-week self-directed digitally
delivered intervention, designed to support people with knee
OA to access and participate in an evidence-based exercise
program [15]. In a randomized controlled trial (RCT), we found
that this intervention led to greater improvements in pain and
function compared to an education control at 24 weeks in people
with knee OA. We also found that 72% and 68% of the
participants in the intervention group (compared to 42% and
41% in the control group) experienced clinically meaningful
improvements in pain and function, respectively. This
demonstrates that most, but not all, people benefited from the
intervention and could indicate the existence of subgroups of
people who responded more (or less) favorably to the
unsupervised, digitally delivered exercise intervention.

To our knowledge, no previous studies have conducted formal
moderation analyses to explore baseline patient characteristics
associated with the effect of self-directed digitally delivered
exercise for people with OA although 2 studies have explored
baseline characteristics as predictors of outcomes from
self-directed exercise. One study identified that increased age
and the presence of a comorbidity at baseline predicted nonusage
of a self-directed web-based physical activity intervention for
patients with knee and hip OA [16]. Another study found that
the presence of comorbidity was associated with lower physical
activity levels, while greater baseline arthritis self-efficacy was
associated with greater physical activity, following a 12-week

self-directed exercise program in adults with arthritis [17]. As
these studies only examined associations between baseline
characteristics and outcomes in the intervention arms with no
control group comparisons, it is possible that these findings
could have occurred, regardless of the interventions received.
Therefore, these findings do not enable identification of potential
subgroups of people who benefit (or not) from self-directed
exercise interventions.

This exploratory study sought to identify moderators of the
effect of a self-directed digitally delivered exercise intervention
on changes in pain and physical function at 24 weeks relative
to the control in people with knee OA. The findings of this study
will address a key knee OA research priority and provide
direction for future confirmatory studies.

Methods

Study Design
We conducted exploratory moderation analyses [18] by using
data from a two-arm participant-blinded and assessor-blinded
RCT [15]. The RCT evaluated the effects of self-directed
digitally delivered exercise compared to an education control.
Limited disclosure was used to blind the participants. All
participants provided consent prior to enrolment into the RCT,
which included the use of their deidentified data in secondary
analysis. The RCT was approved by the University of
Melbourne Human Research Ethics Committee (1851085) and
prospectively registered (ACTRN12618001167257).

Participants
In the RCT, 206 people with knee OA were recruited from the
Australia-wide community via internet sources (social media
and web-based newspapers) and a volunteer database. Full RCT
eligibility criteria are reported elsewhere [19] and included ≥45
years of age, a clinical diagnosis of knee OA, and internet
access.

Intervention
Full details of the self-directed digitally delivered exercise
intervention have previously been published [19,20]. To
summarize, participants in the intervention received access to
the same standardized custom-built website, “My Knee
Exercise” and received a 24-week automated behavior change
mobile phone text messaging program. The website was
developed by the researchers (RKN, KLB, RSH) and feedback
was provided by 3 people with knee OA. The website contained
(1) educational information about OA, exercise, and sought to
address common misconceptions about OA, (2) prescribed a
24-week lower limb strengthening exercise regimen, and (3)
provided general physical activity guidance. The 24-week
strengthening exercise regimen was divided into 3 programs,
each of 8-weeks duration. The website advised that the 3
programs be completed consecutively. Each program contained
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5-6 exercises. Participants were asked in the website to perform
these exercises 3 times per week. The strengthening exercises
focused on the hip, knee, and ankle (eg, sit-to-stand, seated knee
extension, calf raise). Detailed exercise instructions, including
when and how to increase an exercise challenge, were provided
in both text and visual formats (photo, video) and were available
to download. Exercise equipment (eg, ankle weights, resistance
bands) was recommended, and suggestions about where to
purchase equipment was provided. Exercise and physical activity
logbooks were also provided and available to download.

Augmenting the strengthening exercise regimen was a 24-week
automated exercise behavior change mobile phone text
messaging program. The text messages were designed to monitor
weekly exercise session completion and address exercise
facilitators and barriers commonly encountered by people with
knee OA. Program development systematically followed the
Behavior Change Wheel Framework, which is a universally
accepted approach to designing behavior change interventions
[21]. The program functioned by prompting self-report of how
many strengthening exercise sessions were completed in the
previous week (each Monday initially, reducing to fortnightly
by 24 weeks) and then provided tailored support depending on
the level of exercise adherence (≥3 exercise sessions/week =
adherent). Participants who self-reported ≥3 exercise
sessions/week received a positive reinforcement message.
Participants self-reporting <3 exercise sessions/week received
a follow-up message asking them to select 1 reason (from a
prespecified list of exercise barriers), which best explained the
reason for <3 exercise sessions/week. Participants then received
a message containing a behavior change suggestion linked to
their selected barrier. Participants also received regular messages
designed to facilitate ≥3 exercise sessions/week (twice weekly
initially, reducing to fortnight by week 24). Dependent on
weekly responses, participants received on average 2-5 messages
per week. The frequency of messages sent to participants was
designed to decline over the 24 weeks.

After randomization and enrolment into the study, intervention
participants received an email containing website access,
information about receiving text messages, the recommendation

to access the website within a week to commence their exercise
program, and were told they could continue to access the website
at any time over the 24 weeks. Participants also received a text
message encouraging website access. The control group received
access to another custom-built website containing the same
educational information as the intervention website. After
randomization and enrolment into the study, control participants
received an email containing website access, the
recommendation to access the website within a week, and were
told they could access the website at any time after the 24 weeks.
Participants also received a single text message encouraging
website access.

Dependent Variables
All RCT outcomes were participant-reported and collected via
REDCap electronic surveys at baseline and at 24 weeks. The 2
primary outcomes were (1) overall pain in the last week,
measured using an 11-point numerical rating scale (terminal
descriptors, 0=no pain to 10=worst pain possible) and (2)
physical function, measured using the physical function subscale
of the Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC) (score range 0=no dysfunction, 68=maximum
dysfunction). These measures are reliable and valid measures
recommended for knee OA clinical trials [22-24]. At 24 weeks,
the change in pain and function was calculated as baseline minus
24-week values of each.

Selected Moderators
The selection of moderators was based on evidence and
theoretical rationale and involved a review of the literature
[16,17,25-29] and consensus by all authors (Multimedia
Appendix 1). Five baseline variables were selected.

Number of Comorbidities
Number of comorbidities was collected via a question asking
participants to select from a list of 13 comorbidities any of
which were relevant to them (see Textbox 1). A participant’s
selected comorbidities were then added to create a continuous
score of the total number of comorbidities per participant. This
resulted in a score range of 0 to 4.

Textbox 1. List of comorbidities.

1. Heart disease (eg, angina, heart attack, heart failure)

2. High blood pressure

3. Problems caused by a stroke

4. Leg pain when walking due to poor circulation

5. Lung disease (eg, asthma, chronic bronchitis, emphysema)

6. Diabetes

7. Kidney disease

8. Diseases of the nervous system (eg, Parkinson disease, multiple sclerosis)

9. Liver disease

10. Cancer (within the last 5 years)

11. Depression

12. Arthritis in your back or other condition affecting your spine

13. Rheumatoid arthritis or another kind of arthritis in addition to osteoarthritis
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Number of Other Joints With Pain
The number of other joints with pain was collected via a
question asking participants to select any other joint they
currently experience pain in, from a list of 9 joints, with
responses converted into a continuous score of number of other
joints with pain per participant. This resulted in a score range
of 0 to 9.

Pain Self-efficacy
Pain self-efficacy relates to one’s confidence in their ability to
control or manage pain [30,31]. Pain self-efficacy was measured
using the pain subscale of the Arthritis Self-Efficacy Scale. The
score range of the pain subscale is 1 to 10, with higher scores
indicating greater pain self-efficacy [31].

Exercise Self-efficacy
Exercise self-efficacy relates to one’s ability to continue
exercising in the face of barriers to exercise [32]. Exercise
self-efficacy was measured using the Self-efficacy for Exercise
Scale. The score range for this scale is 0 to 90, with higher
scores indicating greater exercise self-efficacy [32].

Self-perceived Importance of Exercise
Exercise importance was measured in response to the question
“How important is it to you to do regular exercise to manage
your knee condition?” Responses were collected using a 7-point
Likert scale with a score range of 1 to 7, with higher scores
indicating greater importance.

Statistical Analysis
Separate linear regression models were fit for each primary
outcome with the baseline of the relevant outcome, treatment

group, and one of the 5 potential moderators as covariates,
including an interaction between treatment group and the
relevant potential moderator. Results were calculated as the
estimated mean effect of a 1-unit increase in the potential
moderator for each treatment group. Using complete case data,
fractional polynomials were employed to determine if nonlinear
interaction models were warranted. All other analyses were
performed on complete case data and multiply imputed data,
including assessing regression assumptions of linearity and
homoscedasticity using standard diagnostic plots. These
potential moderator interactions were also assessed visually via
plots of the difference in the change in the primary outcomes
between groups versus the potential moderator. Multiply
imputed data were the primary analysis in all interpretations.
All statistical analyses were performed using Stata version 16.1
(StataCorp LLC, College Station).

Results

Baseline Descriptive Information
In this study, 206 people with a clinical diagnosis of knee OA
were recruited from all Australian states and territories and were
enrolled into the study (126/206, 61.2% female, mean age 60
[SD 8.4] years). Baseline characteristics of participants in both
groups were similar (Table 1). At the 24-week follow-up, 88.3%
(91/103) and 87.3% (90/103) of the participants in the
intervention group and 89.3% (92/103) and 87.3% (90/103) of
the participants in the control group provided pain and function
primary outcomes, respectively.

Table 1. Baseline descriptive characteristics by treatment group.

Control group (n=103)Intervention group (n=103)Baseline variable

59.0 (8.5)60.3 (8.2)Age (years), mean (SD)

66 (64.1)60 (58.2)Female, n (%)

0.8 (0.9)0.8 (1)Number of comorbiditiesa, mean (SD)

1.9 (1.7)1.7 (1.5)Number of other joints with painb, mean (SD)

6.0 (1.7)6.0 (1.7)Arthritis self-efficacy pain subscalec, mean (SD)

58.8 (18.6)60.6 (21.5)Self-efficacy for exercised, mean (SD)

6.1 (1.2)6.1 (1.2)Exercise importancee, mean (SD)

aCollected via a question asking participants to select from a list of 13 comorbidities any of which were relevant to them. A participant’s selected
comorbidities were then added to create a continuous score of the total number of comorbidities per participant; this resulted in a range of 0 to 4.
bCollected via a question asking participants to select from a list of 9 joints any of which they currently experience pain in. Responses were converted
into a continuous score of number of other joints with pain per participant, ranging from 0 to 9.
cScores range from 1 to 10, with higher scores indicating greater self-efficacy for pain.
dScores range from 0 to 90, with higher scores indicating greater self-efficacy for exercise.
eMeasured via the response to the question “How important is it to you to do regular exercise to manage your knee condition?” Scores range from 1 to
7; higher score indicates higher importance.

Moderators of the Effect of the Intervention on Change
in Physical Function
Findings from the fractional polynomial assessment indicated
that the models assuming a linear relationship between each

potential moderator and change in physical function provided
the best fit; therefore, more complex models were not needed
(refer to scatter plots in Multimedia Appendix 2). Results of
linear models using multiply imputed data are presented in Table
2 and visually in Figure 1 and Figure 2. There was evidence
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that pain self-efficacy moderated the effect of the intervention
on physical function compared to the control at 24 weeks using
multiply imputed data (estimated mean difference –2.14, 95%
CI –3.96 to –0.33; P=.02). Posthoc assessment of the mean
change in WOMAC function by treatment arm following
identification of an interaction effect showed that each 1-unit
increase in baseline pain self-efficacy was associated with a
1.52 (95% CI 0.27 to 2.78) WOMAC units improvement in the
control group. In contrast, with each unit increase in pain
self-efficacy, a reduction of 0.62 (95% CI –1.93 to 0.68)
WOMAC units was observed in the intervention group. There
was only weak evidence that the other selected baseline variables

moderated the effect of the intervention on physical function
compared to the control at 24 weeks (Table 2). Additionally,
results show positive associations between each number of
comorbidities, self-efficacy for exercise and exercise
importance, and change in WOMAC function for both control
and intervention groups (Figure 2). There appears to be a
negative relationship between number of other joints with pain
and change in WOMAC function for the intervention group but
a positive relationship for the control group (Figure 2). Results
using complete case data were similar (Multimedia Appendix
3 and Multimedia Appendix 4).

Table 2. Results of the moderation analysis presented in terms of the effect on change in Western Ontario and McMaster Universities Osteoarthritis
Index function of a 1-unit increase in the potential moderators in each of the control and intervention groups using multiply imputed data.

Interaction P valueEstimated moderator coefficient (95% CI)Moderator (taken at baseline)

Control groupIntervention group

.242.41 (0.01 to 4.81)0.49 (–1.68 to 2.66)Number of comorbiditiesa

.160.76 (–0.55 to 2.07)–0.68 (–2.21 to 0.84)Number of other joints with painb

.021.52 (0.27 to 2.78)–0.62 (–1.93 to 0.68)Arthritis self-efficacy pain subscalec

.540.09 (–0.03 to 0.20)0.04 (–0.07 to 0.14)Self-efficacy for exercise scaled

.611.00 (–0.81 to 2.81)0.33 (–1.48 to 2.13)Exercise importancee

aCollected via a question asking participants to select from a list of 13 comorbidities any of which were relevant to them. A participant’s selected
comorbidities were then added to create a continuous score of the total number of comorbidities per participant; this resulted in a range of 0 to 4.
bCollected via a question asking participants to select from a list of 9 joints any of which they currently experience pain in. Responses were converted
into a continuous score of number of other joints with pain per participant, ranging from 0 to 9.
cScores range from 1 to 10, with higher scores indicating greater self-efficacy for pain.
dScores range from 0 to 90, with higher scores indicating greater self-efficacy for exercise.
eMeasured via the response to the question “How important is it to you to do regular exercise to manage your knee condition?” Scores range from 1 to
7; higher score indicates higher importance.
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Figure 1. Differences in the mean change in Western Ontario and McMaster Universities Osteoarthritis Index function (baseline minus 24 weeks)
between treatment groups (intervention minus control) for each potential continuous moderator by using multiply imputed data. Positive values favor
the intervention. The solid line indicates the difference between the control and intervention arms. Dashed line indicates no difference between the
control and intervention arms. Shaded areas indicate 95% confidence intervals. WOMAC: Western Ontario and McMaster Universities Osteoarthritis
Index.
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Figure 2. Mean change in Western Ontario and McMaster Universities Osteoarthritis Index function (baseline minus 24 weeks) in each treatment group
for each potential continuous moderator by using multiply imputed data. Positive changes indicate improvement. The solid line indicates the average
change in each treatment group. Bars indicate 95% confidence intervals. WOMAC: Western Ontario and McMaster Universities Osteoarthritis Index.

Moderators of the Effect of the Intervention on Change
in Overall Pain
The models assuming a linear relationship between each
potential moderator and change in overall pain provided the
best fit; therefore, more complex models were not needed (refer
to scatter plots in Multimedia Appendix 5). The results of linear
models using multiply imputed data are presented in Table 3
and visually in Figure 3 and Figure 4. There was only weak

evidence that any of the investigated variables moderated the
effect of the intervention on pain compared to the control at 24
weeks. In general, positive relationships were observed between
each of the baseline characteristics and change in overall pain
for both intervention and control arms, with little difference in
the magnitude of the slope for each group (Figure 4). Results
using complete case data were similar (Multimedia Appendix
3 and Multimedia Appendix 6).
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Table 3. Results of the moderation analysis, presented in terms of the effect on change in the numerical rating scale of overall knee pain of a 1-unit
increase in the potential moderators in each of the control and intervention groups using multiply imputed data.

Interaction P valueEstimated moderator coefficient (95% CI)Moderator (taken at baseline)

Control groupIntervention group

.760.13 (–0.35 to 0.62)0.23 (–0.21 to 0.68)Number of comorbiditiesa

.560.10 (–0.16 to 0.36)–0.02 (–0.32 to 0.28)Number of other joints with painb

.600.14 (–0.10 to 0.38)0.23 (–0.02 to 0.49)Arthritis self-efficacy pain subscalec

.130.02 (0.00 to 0.05)0.00 (–0.02 to 0.02)Self-efficacy for exercise scaled

.150.47 (0.12 to 0.83)0.11 (–0.23 to 0.45)Exercise importancee

aCollected via a question asking participants to select from a list of 13 comorbidities any of which were relevant to them. A participant’s selected
comorbidities were then added to create a continuous score of the total number of comorbidities per participant; this resulted in a range of 0 to 4.
bCollected via a question asking participants to select from a list of 9 joints, any of which they currently experience pain in. Responses were converted
into a continuous score of number of other joints with pain per participant, ranging from 0 to 9.
cScores range from 1 to 10, with higher scores indicating greater self-efficacy for pain.
dScores range from 0 to 90, with higher scores indicating greater self-efficacy for exercise.
eMeasured via the response to the question “How important is it to you to do regular exercise to manage your knee condition?” Scores range from 1 to
7; higher scores indicate higher importance.
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Figure 3. Differences in the mean change in the numerical rating scale for overall knee pain (baseline minus 24 weeks) between treatment groups
(intervention minus control) for each potential continuous moderator by using multiply imputed data. Positive values favor the intervention. The solid
line indicates the difference between the control and intervention arms. The dashed line indicates no difference between the control and intervention
arms. Shaded areas indicate 95% confidence intervals. NRS: numerical rating scale.
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Figure 4. Mean change in the numerical rating scale for overall knee pain (baseline minus 24 weeks) in each treatment group for each potential
continuous moderator by using multiply imputed data. Positive changes indicate improvement. The solid line indicates the average change in each
treatment group. Bars indicate 95% confidence intervals. NRS: numerical rating scale.

Discussion

Principal Findings
This study explored potential moderators of the effect of a
self-directed digitally delivered exercise intervention for people
with knee OA on changes in pain and physical function over
24 weeks. Except for pain self-efficacy, we found little evidence
that our selected patient characteristics moderated treatment
outcomes. Regarding pain self-efficacy, the hypothesis generated
from this exploratory study is that participants with higher pain
self-efficacy at baseline experienced smaller improvements in
function with the self-directed digitally delivered exercise
intervention compared to the control. Conversely, participants
with lower pain self-efficacy at baseline experienced greater

improvements in function from the intervention compared to
the control. After identifying an interaction effect between pain
self-efficacy and function, we further explored our finding by
treatment group. We identified that the interaction effect was
driven by changes in the control group. Specifically, each unit
increase in pain self-efficacy was associated with a 1.52-unit
(95% CI 0.27 to 2.78) improvement in function in the control
group. In contrast, there was a reduction in function of 0.62
units (95% CI –1.93 to 0.68) for each unit increase in pain
self-efficacy in the intervention group, although this finding is
equivocal, given the confidence interval crossed zero. Pain
self-efficacy refers to one’s confidence in their ability to control
their pain and function while in pain [30] and determines how
much effort people will expend and how long they will persist
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while experiencing pain [33]. Therefore, it may be possible that
participants in the control group who had higher baseline pain
self-efficacy were more confident and may have felt more
willing to act upon the general knee exercise information offered
in the control website while experiencing pain. Hence, this may
be why people in the control group with greater baseline pain
self-efficacy (over 4/10) experienced improvements in function
while those with lower pain self-efficacy (less than 4/10)
experienced worsening function. This suggests that for people
with knee OA and low pain self-efficacy, interventions that
combine exercise with strategies to improve pain self-efficacy
such as evidence-based pain education and psychological
interventions (eg, pain coping skills training) [34] may be more
appropriate than education only.

There is limited research investigating the moderating effects
of self-efficacy on exercise outcomes in knee OA. One
exploratory study found evidence that pain self-efficacy
moderated the effect of a telehealth-delivered
physiotherapist-prescribed exercise program combined with an
automated pain coping skills training program for people with
knee OA on changes in pain but not function when compared
to an education control [25]. This contrasts our findings where
pain self-efficacy moderated changes in function but not pain.
The reason for the variation in the findings between the 2 studies
is unclear; however, it may relate to the vast differences between
the interventions. For example, the former study included
physiotherapist-prescribed exercise and psychological treatment
addressing pain coping, while the intervention in our study
comprised fully self-directed exercise and automated exercise
adherence support. Even so, these differences in findings
highlight the need for future, adequately powered studies to rule
out chance findings and rigorously explore the moderating role
of pain self-efficacy on exercise effects and the related
mechanisms that may be at play in people with knee OA.
Regarding self-efficacy for exercise, one study has conducted
a secondary analysis of data from an RCT comparing exercise,
self-management, and active coping strategies
(individual-delivered and group-delivered) to usual care on
function in people with chronic knee pain [35]. Similar to our
findings, this study found no evidence that baseline self-efficacy
for exercise (measured in this study via a subscale of an exercise
health beliefs and self-efficacy questionnaire) moderated the
effect of the intervention on function at 6 months compared to
the usual care control. A possible explanation for these findings
may relate to uncertainties about the effect of exercise adherence
on knee OA outcomes. For example, although self-efficacy for
exercise is associated with higher levels of physical
activity/exercise participation in people with knee pain [26],
greater exercise adherence may not actually translate to
improved knee OA outcomes [36]. As these findings are all
exploratory in nature, further studies are required to explore the
potential of self-efficacy to moderate the effects of exercise on
OA symptoms. Nonetheless, our findings do demonstrate that
patients with all levels of self-efficacy experienced
improvements in function and reductions in knee pain from the
self-directed digitally delivered exercise intervention, which
supports the use of this intervention for people with knee OA
and all levels of self-efficacy at baseline.

To our knowledge, this is the first study to investigate multi-joint
pain and comorbidities as moderators of the effect of
self-directed exercise on outcomes in people with OA. We found
that neither of these baseline characteristics moderated the effect
of the intervention on changes in pain or function relative to
the control. Despite this, an interesting observation was a
negative relationship between number of other joints with pain
and changes in physical function for the intervention group (ie,
those with a greater number of joints with pain experienced
smaller improvements in function). Although, this was supported
by only weak evidence of an interaction effect (P=.16), this
observation may indicate that the self-directed digitally delivered
intervention may be less beneficial for people with pain in
multiple joints. Multi-joint pain can be indicative of complex
pain presentations such as widespread pain and fibromyalgia
[37], and people with knee OA and widespread pain have been
found to have poorer self-reported function when compared to
people with knee OA only [27,38]. Furthermore, personalized
exercise prescription and monitoring (eg, via a health
professional) and psychological treatments such as cognitive
behavior therapy are recommended for people with widespread
pain [39]. Therefore, people with knee OA and pain in multiple
other joints may be better suited to a tailored approach to
management over a self-directed digitally delivered exercise
intervention. Regarding comorbidity, 2 studies have explored
the potential for the number of comorbidities present at baseline
to moderate the effect of therapist-led exercise on pain and
function in people with knee OA and support our findings
[40,41]. A systematic review of subgroup analyses from 14
RCTs found that the number of comorbidities present at baseline
did not moderate the effects of exercise interventions on pain
or function compared to nonexercise controls for people with
knee or hip OA [40]. Similarly, a recent secondary analysis of
RCT data found that the number of comorbidities present at
baseline did not moderate the effect of a course of
physiotherapist-led exercise on pain and function at 6 months
compared with a nonexercise control [41]. Although these
findings are exploratory and require confirmation in future
studies, they do indicate that people with knee OA and multiple
comorbid conditions may respond to exercise in similar ways
as those without comorbidity. This may be unsurprising,
considering exercise is safe and effective for people with
multimorbidity and is recommended for a broad range of chronic
conditions [42].

There appears to be currently no research exploring patient
characteristics as potential moderators of the effects of digitally
delivered exercise in populations with OA and limited research
in adult populations more broadly. We found 2 studies that
conducted subgroup analyses of RCT data exploring potential
moderators of the effect of digitally delivered physical activity
interventions in adults. One study explored potential moderators
of the effect of computer-tailored physical activity on changes
in total weekly minutes of physical activity at 12 months in
people aged 50 years and older [43]. Moderation analysis found
participants with a higher age, lower body mass index, and
higher self-reported intention to be physically active at baseline
were not responsive to computer-tailored physical activity
relative to a waitlist control. Another study explored potential
moderators of the effect of computer-tailored physical activity
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intervention on changes in physical activity behavior
(accelerometry measured moderate-to-vigorous physical activity
per week and steps per day) at 3 months in inactive adults [44].
This study found that the intervention was more effective for
women than men, relative to the usual care control. Owing to
the differences in the selected moderators and outcomes, direct
comparisons cannot be made with our findings. However, our
findings add to the scant literature regarding the role of patient
characteristics as moderators of the effect of digitally delivered
exercise in adult populations and may provide direction for the
selection of potential moderators in future research.

Overall, our findings suggest that our self-directed digitally
delivered exercise intervention is similarly effective for pain
for a range of people with knee OA. With respect to function,
it may be that our 24-week intervention is less beneficial when
compared to control for people with high baseline pain
self-efficacy (eg, a score of over 9/10; see Figure 2). Conversely,
the intervention may be more beneficial when compared to
control for people with lower levels of pain self-efficacy.
Therefore, it may be a novel treatment approach for people with
knee OA and low pain self-efficacy who typically report greater
levels of disability [45].

Strengths and Limitations
The strengths of this study include its robust design using
reliable and valid clinical outcome measures [22-24] and
appropriate methods of statistical analyses of
interaction/moderation [18]. Further, our selection of potential

moderator variables was evidence-informed and explicitly
described a priori while the selection of only a few variables
aimed to minimize the risk of potentially erroneous findings.
Our findings and the hypothesis generated can also be
considered generalizable to the broader knee OA population
owing to the limited inclusion criteria and nationwide
community recruitment of participants in the RCT. Several
limitations must also be acknowledged. This study was
exploratory as the original RCT was powered to detect changes
in pain and function and not to detect moderator effects. As this
was exploratory, no adjustment for multiple testing was
conducted. It is possible that a lack of power prevented the
identification of potential moderators rather than the absence
of an effect or that our finding occurred by chance, although a
chance finding was controlled for by limiting the number of
potential moderators to analyze. As such, further confirmatory
studies are required. Additionally, despite our selection of
variables being evidence-informed, it is possible that baseline
variables other than those selected could be potential moderators.

Conclusion
With the exception of pain self-efficacy, we found little evidence
that our selected patient characteristics moderated treatment
outcomes. Although these findings are exploratory in nature,
they do contribute to the sparse literature regarding moderators
of the effect of digitally delivered exercise in adult populations
and may inform future research aiming to improve the targeting
of exercise treatments.
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