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Abstract

Background: The introduction of new medical technologies such as sensors has accel erated the process of collecting patient
data for relevant clinical decisions, which has led to the introduction of a new technology known as digital biomarkers.

Objective:  This study aims to assess the methodological quality and quality of evidence from meta-analyses of digital
biomarker—based interventions.

Methods: This study follows the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guideline
for reporting systematic reviews, including original English publications of systematic reviews reporting meta-analyses of clinical
outcomes (efficacy and safety endpoints) of digital biomarker—based interventions compared with alternative interventions without
digital biomarkers. Imaging or other technologies that do not measure objective physiological or behavioral data were excluded
from this study. A literature search of PubMed and the Cochrane Library was conducted, limited to 2019-2020. The quality of
the methodology and evidence synthesis of the meta-analyses were assessed using AMSTAR-2 (A Measurement Tool to Assess
Systematic Reviews 2) and GRADE (Grading of Recommendations, Assessment, Devel opment, and Evaluations), respectively.
This study was funded by the National Research, Development and Innovation Fund of Hungary.

Results: A total of 25 studies with 91 reported outcomes were included in the final analysis; 1 (4%), 1 (4%), and 23 (92%)
studies had high, low, and critically low methodol ogic quality, respectively. Asmany as6 clinical outcomes (7%) had high-quality
evidence and 80 outcomes (88%) had moderate-quality evidence; 5 outcomes (5%) were rated with a low level of certainty,
mainly dueto risk of bias (85/91, 93%), inconsistency (27/91, 30%), and imprecision (27/91, 30%). Thereishigh-quality evidence
of improvementsin mortality, transplant risk, cardiac arrhythmiadetection, and stroke incidence with cardiac devices, albeit with
low reporting quality. High-quality reviews of pedometers reported moderate-quality evidence, including effects on physical
activity and BMI. No reports with high-quality evidence and high methodological quality were found.

Conclusions: Researchersin thisfield should consider the AMSTAR-2 criteria and GRADE to produce high-quality studiesin
thefuture. In addition, patients, clinicians, and policymakers are advised to consider the results of this study before making clinical
decisions regarding digital biomarkers to be informed of the degree of certainty of the various interventions investigated in this
study. The results of this study should be considered with its limitations, such as the narrow time frame.
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Introduction

The introduction of new medical technologies such as sensors
has accel erated the process of collecting patient datafor relevant
clinical decisions[1], which hasled to theintroduction of anew
technology known as digital biomarkers (DBMs). “Digital
biomarkers are objective, measurable, physiological, and
behavioral parameters collected using wearable, portable,
implantable, or digestible digital devices’ [2]. DBMs can play
animportant rolein daily clinical practiceand clinical trials[3].
By providing timely and reliable disease-related information,
DBMs can increase diagnostic accuracy, improve treatment
decisions and help minimize clinical errors, and contribute to
better patient outcomes [4-6]. Digital biomarkers can provide
more reliable results than cross-sectional surveillance or
prospective follow-up, allowing fewer patient visits[7]. Because
of their growing importance in the health care value chain, the
market of DBMs is expected to grow at a compound annual
growth rate of 40.4% between 2019 and 2025, reaching aglobal
revenue of US $5.64 hillion by 2025 [8,9].

The rapid development of digital health technologies such as
software [10], sensors[11], or robots[12,13] requiresthorough
examination and demonstration of their clinical effectiveness
and economic benefits before they are widely deployed in
publicly funded health systems. Assessing the value of digital
health technologies is complex, with considerations beyond
normal health economic analyses[14-18]. The evidencerequired
for the value assessment of digital health technologies usually
reflectstheir risk category ranging from basic consumer health
monitoring to interventionsimpacting therapy or diagnosis. For
high-risk technologies, itisessential to demonstrate the clinical
benefit of randomized clinical trials conducted in a relevant
health system or meta-analyses of randomized controlled trials
[17,18].

In recent years, the clinical outcomes of DBMs have been
extensively synthesized in systematic reviews and meta-analyses
with inconsistent results, calling for amore systematic approach
to evaluating the evidence concerning DBM interventions[19].
When interpreting systematic reviews, it isessential to appraise
the quality of evidence and estimates of the effect size. Among
the several methods for ng the quality of evidence [20],
the GRADE (Grading of Recommendations, Assessment,
Development, and Evaluations) approach is used most
commonly in systematic reviews, health technol ogy assessments,
and treatment guidelines[19]. GRADE classifies the quality of
evidenceinto 4 categoriesfrom high to very poor [19]. However,
poor reporting may limit the assessment of the quality of the
evidence presented in systematic reviews. The AMSTAR-2 (A
Measurement Tool to Assess Systematic Reviews 2) tool was
developed to assess the methodological quality of systematic
reviews[21].

Our goal, therefore, isto provide innovators and policymakers
with actionable guidance on the level of evidence generation
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for DBMs, a rapidly growing area of medicine [2]. This
systematic review of systematic reviews assesses the overall
strength of evidence and methodological quality of systematic
reviews that present a quantitative synthesis of the effects of
digital biomarkers on health outcomes compared with
interventions that do not include digital biomarkers. The
AMSTAR-2 technigque examines the methodological quality of
studies, while GRADE assesses the overall quality of evidence
based on digital biomarker technol ogies and reported outcomes.

Methods

Design and Praotaocol

This study followsthe PRISMA (Preferred Reporting Itemsfor
Systematic Reviewsand Meta-Analyses) guidelinesfor reporting
systematic reviews (Multimedia Appendix 1) [22]. The protocol
of the current systematic review was published in JMIR
Research Protocols [23].

Eligibility for Inclusion

DBMsare* objective, measurable, physiological, and behavioral
parameters collected using wearable, portable, implantable, or
digestible digital devices’ [2]. In this research, we defined
DBMs as either behavioral/physiological data or the digital
devices used to collect these data. Wearable, implantable, or
digestible medical devices or sensorsthat generate physiologic
or behavioral data were considered digital biomarkers (eg,
fitnesstrackers and defibrillators). Imaging or other technologies
that do not measure physiological or behavioral data were
excluded from this study. Weinterpret portable as* portable by
patients or consumers’; therefore, portable devices operated by
health care professionals (eg, digital stethoscopes) were
excluded. We note that the definition of DBMs may overlap
with sensor applications in the general population, such as
citizen sensing [24]. In this search, we only considered
systematic reviews that use digital devices deployed by
clinicians or patients to collect clinical data in the context of
treatment.

We included systematic reviews reporting meta-analyses of
clinical outcomes of DBM-based interventions compared with
aternative interventions without DBMs. In particular, we
considered systematic reviews summarizing DBM-related
evidence in a human population for any condition, age group,
or sex. All interventionsthat use DBMsfor any purposerelated
to diagnosing patients, monitoring outcomes, or influencing a
therapeutic intervention were considered. There were no
restrictions on comparators as long as the comparator arm did
not involve using DBMsfor the af orementioned purposes. Only
meta-analyses of clinical outcomeswere considered (ie, intended
or unintended change in participants’ health status due to an
intervention). Systematic reviews focused on the measurement
properties, or other technical or utilization characteristics of
DBMsthat do not result inachangein participants health status
werenot eligiblefor thisreview. We considered full-text articles
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published in English in peer-reviewed journal s between January
1, 2019, and December 31, 2020.

Search Strategies

A literature search was conducted in PubM ed and the Cochrane
Library, with atimeframelimited to 2019 and 2020. In addition,
we checked thereferencelists of systematic reviews potentially
relevant to our research. The literature search used keywords
related to “digital biomarkers’ [2] in conjunction with The
National Library of Medicine'sfilter for “systematic reviews”
[25] and the publication date. Multimedia Appendix 2 contains
the complete search syntax.

Screening and Selection

After removing duplicates, 2 reviewers (HM-N and MMA)
independently screened titlesand abstractsusing 2 main criteria:
(1) systematic reviews and (2) interventions that included
DBMs. Reviewer calibration was performed after screening the
titles/abstracts of the first 100 records using the following
method. Both screening criteriawere scored as either 1 (criterion
not met) or O (criterion met or uncertain). Therefore, reviewers
can evaluate each record with a score of 1, 2, 3, and 4,
corresponding to the response patterns (0,0), (1,0), (0,1), and
(1,2), respectively. Interrater agreement and k statistics were
calculated for scoring, and reviewers were retrained if worse
than substantial agreement (k=0.6) was observed [26]. A third
reviewer (ZZ) made the decision in the case of nonmatching
SCOres.

Full-text articles were assessed by 2 independent reviewers
against all eligibility criteria: (1) English language; (2) human
research; (3) publication date; (4) meta-analysis of clinical
outcomes; (5) the intervention involved a DBM used for
diagnosis, patient monitoring, or influencing therapy; (6) the
comparator arm lacked a DBM for the same purposes. All 6
criteria had to be answered “yes’ for inclusion. Discrepancies
were resolved by the 2 reviewers. In case of disagreement, a
third reviewer took a decision.

Data Extraction and Quality Assessment

Data extraction and the assessments of methodological quality
and the quality of evidence were performed by 2 independent
researchers (HM-N, HA-A, or MF). Interrater agreement was
assessed after completing data extraction from 20% of the
included studies. Disagreements between reviewers were
resolved by consensus, and a third reviewer (ZZ) resolved the
remaining differences.

Study-L evel Variables

The following study-level variables were recorded: Year of
publication; country of the first author; number of included
studies in the qualitative/quantitative synthesis overal and
separately for each outcome; study designs of the included
studies (randomized controlled trial/nonrandomized controlled
trial/cohort study/case-control study/cross-sectiona study) [27];
population and its age range; the disease condition evaluated
using the International Classification of Diseases 11th Revision
(ICD-11) coding [28]; the number of included studies,
intervention; type of intervention using the International
Classification of Health Interventions (ICHI) coding [29];
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comparator; type of comparator; the DBM; role of the DBM
(diagnosis/patient monitoring/influencing intervention); body
function quantified by the digital biomarker using the
International Classification of Functioning, Disability and Health
(ICF) coding [30]; and the list of synthesized outcomes.

Outcome-L evel Variables

We extracted the outcome measured, the total number of studies
that examined that outcome, the total number of patients and
the number receiving the intervention, the effect size and its
95% CI (upper and lower limits), and the type of effect size (eg,
standardized mean difference/odds ratio/risk ratio).

Assessment of the Methodological Quality of the
Systematic Reviews

The methodological quality of theincluded systematic reviews
was assessed using the AMSTAR-2 tool [21]. AMSTAR-2 is
a recognized and reliable 16-item tool for evaluating the
methodological quality of systematic reviews of health care
treatments [21,31]. We performed a consistent assessment [32]
using the AMSTAR-2 website and categorized the reporting
quality of reviews accordingly as critically low, low, medium,
and high [21].

Assessing the Quality of the Evidence

We assessed the quality of evidencefor each outcome using the
GRADE system[19,33]. By default, GRADE classifiesevidence
from randomized controlled trials as high quality. However,
this rating can be downgraded based on the assessment of the
following 5 quality domains: (1) risk of bias [34], (2)
inconsistency [35], (3) imprecision [36], (4) publication bias
[37], and (5) indirectness [38]. Depending on the severity of
the quality concerns, adowngrade of 0, 1, or 2 can be proposed
for each domain.

We assessed the risk of bias according to the following criteria:
if 75% or more than 75% of the included studies had alow risk
of bias for a given outcome, no downgrade was applied. If less
than 75% of the included studies had alow risk of bias or risk
of biaswas not reported, 1 downgrade was used [39].

Inconsistency was assessed by the reported heterogeneity for
each outcome. If the 12 statistic was less than or equal to 75%,

no downgrading was performed. If the 12 statistic was greater
than 75%, 1 downgrade was assigned. If only a single study
was included for the outcome, no downgrade was applied. If
heterogeneity was not reported, a downgrade was applied [39].

Imprecision was assessed by evaluating the sample size [40].
The evidence was not downgraded if the pooled sample size
exceeded 2000 [33]. We applied 1 downgrade if the pooled
sample size was less than 200. Between a pooled sample size
of 200 and 2000, we evaluated the optimal information size by
power analysis using Stata version 16 (StataCorp LLC) as
follows [33]: assuming a weak effect size [41], we calculated
the sample size for a randomized controlled trial assuming a
balanced sample, apower of 0.8, and asignificancelevel of .05.
One downgrade was applied when the calculated sample size
was larger than the pooled sample size [33,40]. The following
procedure was used for the small effect size: a Cohen d of 0.2
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for continuous measures and 1.68 for the odds ratio. A weak
effect size of 1.68 was also estimated for the risk ratio and
hazard ratio, assuming anonexposed prevalence of 0% [41,42].

The potential effect of publication bias on the effect size
estimates was assessed for each outcome using the trim-and-fill
method proposed by Duval and Tweedie [43]. Potentially
missing studies were imputed, and the pooled effect size of the
full data set was recalculated. If the imputation changed the
conclusions of the analysis (eg, asignificant effect size became
no longer significant or the magnitude of effect size changed),
we applied adowngrade dueto publication bias[43]. According
to the recommendations of the Cochrane Handbook [42], we
assessed publication bias only in meta-analyses involving at
least ten studies due to the limited power of risk of bias tests
when applied on fewer studies.

When assessing indirectness for each outcome, we considered
discrepancies between the included studies and the research
question of the metaanalysis [44]. If the population,
interventions, or comparators of the studies did not match the
main objectives of the meta-analysis, a downgrade of 1 or 2
was considered, depending on the severity of this nonmatch,
based on the consensus of the 2 independent investigators
involved in data extraction.

Theoverall grading of the quality of evidence for each outcome
was based on consensus, following the recommendation of
Pollock et al [39]. The evidence was considered as high quality
if further research was very unlikely to change our confidence
in the estimate of effect (O downgrades); moderate quality if
further research was likely to have an important effect on our
confidence in the estimate of effect and might change the
estimate (1-2 downgrades); low quality if further research was
very likely to have an important effect on our confidence in the
estimate of effect and might change the estimate (3-4
downgrades); and very low quality if any estimate of the effect
was very uncertain (5-6 downgrades) [19,39].

Evidence Synthesis

Descriptive statistics including frequency and percentage were
used to describe the characteristics of the studies using Stata
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version 16 and M S Excel 2016. The graphswere designed using
R programming language 4.1.3 (R Core Team/R Foundation
for Statistical Computing). In the designed graphs (Figures 2
and 3), the letters on the horizontal axis correspond to the
interventions because the types of interventions were
heterogeneous; for example, in 1 study, the intervention was a
singledigita device (such asan implantable cardiac defibrillator
[ICD]), whereas in another, it was a combination of devices
(such as Fitbit, Jawbone UP24, combined heart rate monitor,
and accelerometer [Actiheart], wrist-worn accelerometer, FIT
Core, Body Media, Fitbug Orb, Polar FA20 accelerometer).
Given the diversity of populations and treatments studied, we
tabulated the GRADE evidence summary for each DBM by
type of intervention and outcome.

Results

Screening and Selection of Studies

Searches of the PubMed and Cochrane Library electronic
databasesyiel ded 307 and 82 documents, respectively, bringing
the total number of studies found to 389. After removing
duplicates (n=14), 375 studies were considered eligible for
title/abstract screening. In the screening phase, we removed 176
studies, of which 11 were not systematic reviews and 165 did
not involve DBMs (87 disagreements between reviewers during
title/abstract screening; Cohen k=0.54). During the screening
phases of thetitles/abstracts, “ digital biomarker” was associated
with 82 disagreements and “systematic review” with 5.
Therefore, 199 studieswere included in the full-text screening.
In accordance with the eligibility criteria, 176 full-text papers
were excluded (between-reviewers k=0.76) for the following
reasons: publication date outside the acceptable range (n=1),
no meta-anaysis of results (n=157), studies without DBMs
(n=15), retraction (n=1) [45], and DBMs in the control group
(n=2). The list of excluded studies with reasons are presented
in Multimedia Appendix 3. In addition, when reviewing the
reference lists of the final eligible studies, 2 more reviews met
the inclusion criteria. Therefore, 25 systematic reviews were
included in the final analysis (Figure 1).
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Figurel. PRISMA (Preferred Reporting Itemsfor Systematic Reviews and Meta-Analyses) diagram selecting/screening process.

Characteristics of the Included Systematic Reviews

Most studies were published by authors from Australia (5/25,
20%) [46-50] followed by those from the United States (3/25,
12%) [51-53], Taiwan (3/25, 12%) [54-56], Canada (2/25, 8%)
[57,58], Hong Kong (2/25, 8%) [59,60], and the United
Kingdom of Great Britain and Northern Ireland (1/25, 4%) [61].
The other 9 reviews (36%) were published by researchers from
Belgium[62], China[63], France[64], Greece[65], Japan [66],
the Netherlands [67], Portugal [68], Saudi Arabia [69], and
Thailand [70].

Populations

Using ICD-11, most participants in the included systemic
reviews were assigned to circulatory system diseases
[47,48,51,56,57,60,62,65,67-70], followed by patients with
endocrine, nutritional, or metabolic disorders[58,60,62,67] and
respiratory system diseases [57,60-62,67]. Patients with
nutritional disorders[47,60,62], diseases of the nervous system
[47,60,67], and problems associated with health behaviors
[47,59,67] were included in 3 reviews each. The other
populations were classified in the presence of device, implants,
or grafts [55,67]; diseases of the musculoskeletal system or
connective tissue [47,64]; causes of health care—related harm
or injury [52,53]; diseases of the urinary system [63]; injury or
harm arising from surgical or medical care [55]; neoplasms
[47]; and injury, poisoning, or certain other consequences of

https://www.jmir.org/2022/12/e41042

oy
c PubMed Cochrane Library
.0 (n=307) (n=82)
2
[F]
il
‘—‘f Duplicates removed (n=14) ]
- L
Y .
Citations screened by title/abstract ]
n=375
. \ (n=375)
=
w . .
g Citations excluded
E »| = Not systematic review (n=11)
* Not digital biomarker (n=165)
— A 4
) . .
Full-text systematic reviews checked
(n=199)
£z -
E Full-text articles excluded \
EO * Language not English (n=0)
L * Not human studies {n=0)
* Date out of range (n=1)
N Not meta-analysis of outcomes
PR (n=157)
Systematic reviews added ] * No digital biomarker involved
from the citations of eligible > (n=15)
T studies (n=2) J * Biomarker in control (n=2)
E v * Retracted article (n=1) /
(%]
£ Full-text systematic reviews included
(n=25)
—_—

external causes[66]. In addition, 4 reviews examined nonclinical
populations [46,49,50,54]. In some reviews, nonclinical cases
such as healthy individuals[57,60], employees[57], and students
[57] wereincluded in addition to patients with clinical diseases
that could not be categorized using the ICD-11 tool.

Interventions

In accordance with the ICHI instrument, 14 diverseintervention
categories were discovered, and the majority of digital
biomarkers were used as interventions on physical activity
behaviors (eg, Fithit) [46-50,57-62,64,67], conversion of cardiac
rhythm (eg, cardiac defibrillators) [51-53,63,68,69], cardiac
electrophysiological monitoring (eg, iPhone-based rhythm
monitoring device) [55,65,70], weight maintenance functions
(eg, Garmin or Jawbone UP24) [49,54,57], and whole-body
measurement (eg, wristbands and smartwatches) [50,54]. Other
interventions identified were associated with cardiopulmonary
resuscitation (eg, metronome with a siren) [56], assisting and
leading exercise for exercise tol erance function (eg, GEx sensor
of vital signsand smartphone) [48], body measurement of trunk
(eg, wristhands, smartwatches) [54], pain (eg, accelerometer,
pedometers) [64], test of functions (eg, YAMAX, Fithit) [64],
quality of life (eg, pedometers) [64], test of muscle endurance
(eg, fitnesstrackers) [64], body measurement of lower limb (eg,
accelerometer-based navigation system) [66], and test of
maintai ning body position (eg, accelerometer-based navigation
system) [66].
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Outcomes

According to the ICF system, the vast majority of reported
outcomes concerned physical activity (looking after one'shealth;
€9, moderate-to-vigorous physical activity, step counts)
[46-50,58-62,64,67], followed by mortality (demographic
change, eg, al-cause mortality, sudden cardiac death)
[51-53,63,68-70], and heart functions (eg, return of spontaneous
circulation, incidence of ventricular arrhythmia) [52,55,65,70].
A total of 11 studiesalso reported weight maintenance functions
(eg, weight, BMI, and waist circumference) [49,54,57], health
services, systemsand policies (eg, quality of life and prevention)
[55,63,64], maintaining one's health (such as hospitalization
and readmission rate) [51,52,69], and managing one's own
activity level (actions and behaviorsto arrange the requirements
in energy and time day-to-day procedures or duties, eg,
sedentary behaviors) [46,57]. Because of the difference between
sedentary behavior and physical activity, these 2 outcomeswere
considered different endpoints, as physical activity and sedentary
behavior are measured differently and do not affect risksin the
same way [71]. The other remaining reported outcomes were
aerobic capacity [48], pain [64], fatigability [64], socia security
services, systems and policies (eg, disability) [64], body
functions (eg, functiona tests) [64], and mobility of joint
functions (such as coronal femora component alignment or
coronal tibial component alignment) [66].

Baodily Functions Quantified by Digital Biomarkers

The most commonly used physiological/behaviora datacaptured
by digital biomarkersto modify participants’ health statuswere
heart functions/rhythm [51-53,55,56,63,65,68,70] and physical
activity (looking after one's health) [46,47,50,57-60,64,67],
followed by walking [46-49,59-62,64,67], weight maintenance
functions [49,54,57], gait pattern functions [57], running [59],
aerobic capacity [48], and involuntary movement reaction
functions [66]. For further information regarding population,
intervention, outcome, and digital biomarkers, see Multimedia
Appendix 4.

The Methodological Quality of Systematic Reviews

Most studies (23/25, 92%) [46-49,51-55,57-70] had critically
low methodological quality according to the assessment using
AMSTAR-2. The remaining studies also received high (1/25,
4%) [50] and low methodological quality (1/25, 4%) ratings
[56]. The only study of high methodological quality was
assigned to areview that investigated the effect of workplace
pedometer interventions to increase physical activity [50].
Although all studies were able to meet criteria 3 (inclusion
criteria), 9 (risk of bias assessment), and 11 (appropriate
statistical methods) of AMSTAR-2, criteria 4 (comprehensive
literature search), 7 (list of excluded studies), 10 (funding
report), and 13 (account for risk of biaswhen reporting results)
were met by only 2 [50,64], 2 [50,65], 2 [50,69], and 7 studies
[46,50,54,56,58,60,66], respectively. Detailed information on
the methodological quality of the studies for each criterion can
be found in Multimedia Appendix 5.

Quiality of Evidence Synthesis Results

The 25 reviews included in the study comprised a total of 91
outcomes. Of the 91 outcomes, only 6 (7%) were rated as
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high-quality evidence, whereas 80 (88%) were rated as
moderate-quality and 5 (5%) as low-quality evidence. The
results showed that the effect of an ICD on all-cause mortality
received high-quality evidence for ICDs implanted after and
with continuousflow left ventricular assist devices. Furthermore,
based on the analyses, we are highly confident about the impact
of the ICD on the probability of transplantation, the detection
rate of atrial arrhythmias, and the incidence of stroke. By
contrast, some outcomes were found to have low-quality
evidence, including the effect of wearable activity trackers on
steps in chronic respiratory disease as well as on steps in
overweight and sedentary older adults. A tota of 2
meta-analyses that examined the effect of wearable activity
trackers on moderate-to-vigorous physical activity were also
rated as low-quality evidence. Concerning the criteria of
GRADE, risk of biaswasfound in most outcomes (85/91, 93%),
followed by inconsistency (27/91, 30%) and imprecision (27/91,
30%). Publication bias was detected in a small number of
outcomes (2/91, 2%). By contrast, no indirectnesswas revealed
in the outcomes. In addition, 67 outcomes (74%) were not
examined for publication bias because the minimum number
of included studies wasinsufficient; 3 outcomes (3%) were also
not assessed for inconsistency because only 1 study was
included. See Multimedia Appendix 6 for more details.

Discussion

Principal Findings

To our knowledge, this study is the first to analyze the
methodological and evidence-based quality of systematic
reviews providing meta-analyses of digital biomarker—based
interventions' effect on human populations' health-related
outcomes. A total of 25 systematic reviews evaluating the
clinical impact of digital biomarkers on human health were
included in our study, comprising atotal of 91 outcomes. There
were no reviews of high methodological quality on digital
biomarker—based interventions with high quality of evidence.
Most outcomes had moderate-quality evidence synthesis. Al
implantable cardiac devices and monitors had significant results
with  moderate-quality evidence and criticaly low
methodological quality. Most activity trackers aso had
significant effects on steps and weight with moderate certainty
of evidence and critically low methodological quality. By
contrast, the evidence synthesis and methodological quality of
activity trackers were rated moderate and critically low,
respectively, for quality of life, pain, fatigue, and disability.
Still, the results of the meta-analyses showed a honsignificant
effect of activity trackers on the aforementioned endpoints.

The Methodological Quality of Systematic Reviews

The results of the methodological quality of the studies using
the AMSTAR-2 tool showed that most studies had critically
low methodological quality, mainly due to factor numbers 7
(excluded studies) and 10 (source of funding) of the AMSTAR-2
tool, leaving concerns about the unbiasedness of results and
indicating the need for quality improvement. Researchers in
thisfield need to follow the AMSTAR-2 guidelines and criteria
to produce high-quality systematic reviews. Thelist of excluded
studies and therational e for del eting each study are critical parts
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of the AMSTAR-2 tool for assessment [21]. This limitation is
included in the majority of some previoudly published systematic
reviews in digital interventions for reducing behavioral risks
[72], synchronousdigital mental health systematic reviews[73],
and interventions involving antibacterial envelopes to reduce
cardiac implantable electronic device—related infections [74].

Aslisting excluded studies and the rationale for their deletion
are critical components of the methodology of systematic
reviews according to the AMSTAR-2 criteria[21], researchers
are advised to provide excluded studies with rationale for their
exclusion when conducting systematic reviews. In addition, the
source of funding for the research included in the systematic
reviews should be indicated. Most systematic reviews included
in this study could not meet this criterion. The results of this
study are consistent with those of many previous studies
[72,73,75]. Prior studies on digital interventions for reducing
behavioral risks [72] and systematic review of synchronous
digital mental health reviews[ 73] also rated the methodol ogical
quality of most systematic reviewsascritically low. By contrast,
the methodological quality of most systematic reviewson digital
health interventions on palliative care [75] and the use of
eHealth with immunizations [ 76] was rated low and moderate,
respectively.

Quiality of Evidence

Of the 91 outcomes assessed, only 6 had high-quality evidence,
meaning that we can be highly confident that the actual effect
is close to the estimated effect and that further studies are
unlikely to change our confidence in the estimate of the effect
[77]. Considering that a substantial proportion of digital
biomarker—based outcomes had evidence of moderate quality,
we have moderate confidence in the effect estimate. Although
the actual effect is likely to be similar to the estimated effect,
there is a possibility that it will be significantly different, and
additional research is expected to have a significant impact on
our confidencein the effect estimate and alter the estimate [77].
In addition, some outcomeswere of low quality, suggesting that
our confidence in the impact estimate is limited and that the
actual effect may differ substantially from the impact estimate

[77].

Most outcomes were downgraded mainly because of the risk
of biasin theincluded studies. In addition, the analysisreveaed
that most of the included systematic reviews did not assess and
discuss the impact of risk of bias on the measured outcomes.
Therefore, clinical researchersin this field are advised first to
determine the impact of risk of bias on their effect estimates
and then discuss the likely impact of risk of bias on outcomes
to produce high-quality results. High heterogeneity was another
detrimental factor observed in nearly one-third of the outcomes.
However, most of the included systematic reviews were able
to meet AMSTAR criterion 14, investigated the sources of any
heterogeneity in the results, and discussed this criterion’simpact
on the review results. Researchers can study heterogeneity in
several ways, such as by performing subgroup analyses or
meta-regressions, using afixed-effects or random-effects model
[42], changing the statistical measure from risk difference to
relative risk, and deleting studies [78]. Another critical factor
in the deterioration of the quality of some outcomes was
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imprecision. Clinical researchers should consider the optimal
information size for their measured outcomes using power
calculations to obtain a high-quality effect estimate without
imprecision.

Some previous studies also assessed the quality of evidencein
someresearch areas. A study evaluating the quality of evidence
of systematic reviews of acupuncture for stroke rehabilitation
concluded that the quality of evidence for ailmost all outcomes
was low, mainly because of inconsistency, imprecision, and
risk of bias, respectively [79]. Another study that assessed the
quality of meta-analyses of Chinese herbal preparationsfor the
treatment of rheumatoid arthritis concluded that most outcomes
(55%) were of low quality. In comparison, 25% and 20% were
of moderate and very low quality, respectively, primarily
because of the risk of bias and inconsistency [80]. Quality
assessment of the evidence on therole of the dietary supplement
curcumin in the treatment of ulcerative colitis yielded 10
moderate, 6 low, and 3 very low certainties of the evidence.
Themost deteriorating reasonswereimprecision and publication
bias[81]. Thequality of evidence synthesisfrom meta-analyses
on the effect of antibacterial envelopes in reducing infections
associated with cardiac implantable el ectronic deviceswasfound
to be moderate in 60% of the outcomesin arecent paper, mostly
due to the risk of bias and inconsistency [74].

As shown in Figure 2, al digital device interventions had
significant effects on cardiac-related outcomes. According to
the analyses results, we are highly confident that ICD has an
impact on all-cause mortality (in 2 cases) and on the likelihood
of transplantation. Moreover, we are highly confident about the
impact of implantable and monitoring devices (ICD,
iPhone-based rhythm monitoring device, and pacemakers) on
the detection rate of atrial arrhythmiasand stroke. Furthermore,
the effect of some cardiac electronic devices (Metronome with
asiren, HeartStart-MRx, Zoll AED, Cardio First Angel) on the
return of spontaneous circulation created high-quality evidence
but they come from studies with low and critically low
methodological quality, which may raise some concerns about
their results. The other interventions all have moderate-quality
evidence synthesis, and we are moderately confident in the
effect estimate. Furthermore, the actua effect is probably close
to the effect estimate, but there is a possibility that it is
substantially different. By contrast, these studies’ low and
critically low methodological quality raise concerns about the
validity of the effect estimates. More than 263,000 electronic
cardiac devices have been implanted annually in Germany,
France, and the United Kingdom [82]. Device therapy has
become increasingly important in treating life-threatening heart
disease [83]. Asaresult, patients, clinicians, and policymakers
are advised to consider the results of this study when making
medical decisions.

Regarding the interventions with activity trackers (Figure 3),
the vast majority had significant effects on human outcomes,
whereas 16 outcomes were found to be ineffective in changing
human health, including the effects of accelerometer,
pedometers, YAMAX, Fitbit on disability, fatigue, functional
tests, pain, and quality of life; the effects of activity monitor,
portable tablet computers with touch screens, Fitbit, Jawbone
UP24 wearable device, pedometer, and accelerometer on
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moderate-to-vigorous physical activity; the effect of Fitbit on
sedentary behavior; the effect of Fithit, Jawbone UP, Polar
Active, Misfit Flash, Gruve Solution, LUMOback, BodyMedia
FIT, SenseWear, Activelink, InBodyBand on
moderate-to-vigorous physical activity (in 1 case) and on steps
(in 1 case); the effect of Fitbit, Jawbone UP24, combined heart
rate monitor and accelerometer (Actiheart), wrist-worn
accelerometer, FIT Core, Body Media, Fitbug Orb, and Polar
FA20 accelerometer on physical activity (in one case) and on
weight; the effect of Fitbit, Jawbone UP24, Gruve, LUM Oback,
Polar Active, Fitbug, Pebblet, Fitmeter, personal activity
monitor, Withings Pulse on sedentary behavior; the effect of
Garmin, Pedometer, Fitbit, Accelerometer, YAMAX
Digi-walker, GEx sensor of vital signs, and smartphone on steps,
the effect of wristbands and smartwatches on waist
circumference; and the effect of pedometer on BMI. Most of
these had moderate-quality evidence synthesis from studies
with critically low methodological quality. By contrast, our
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confidence in some effect estimates is limited, and the actual
effects may differ substantially from the estimated effects,
including the effect of pedometer on stepsin chronic respiratory
diseases, obesity, and in sedentary older adults; the effect of
Fitbit, YorBody, AiperM otion on moderate-to-vigorous physical
activity; and the effect of activity monitor, portable tablet
computers with touch screens, Fithit, Jawbone UP24 wearable
device, pedometer, accelerometer on moderate-to-vigorous
physical activity, which did not have even significant effect.
Our distrust increases when we find that these results come
from critically low methodological quality studies. Evidence
of moderate quality, as shown in Figure 3, suggeststhat the use
of pedometers may increase physical activity; these results are
from a study with high methodological quality [50]. Other
reported outcomes had moderate-quality evidencewith critically
low methodological quality. According to our analysis, and as
shown in Figure 3, there is no high-quality evidence of the
impact of activity trackers on human health behavior change.

Figure 2. Cardiovascular-related interventions, outcomes, and methodological and evidence synthesis quality. HF: heart failure; 1ICD: implantable
cardiac defibrillator. A: Cardiac resynchronization therapy, Implantable cardiac defibrillator [52], B: Fragmented QRS (fQRS) [70], C: Implantable
cardiac defibrillator [53,63,68,69], D: Implantable cardiac defibrillator, iPhone-based rhythm monitoring device, pacemakers[55], E: Impedance devices
[51], F: Implantable cardiac monitor, Holter-Electrocardiogram [65], G: Metronome with a siren, HeartStart-MRX, Zoll AED, Cardio First Angel TM
[56], H: Pressure sensors [51], |: Pressure sensors and Impedance devices (Cardio MEMS, RV P sensor, Chronicle, ICD- OptiVol, InSync Sentry, lung

impedance) [51].
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Figure 3. Activity trackers related to interventions, outcomes, and methodological and evidence synthesis quality. A: wristbands, smartwatches [54],
B: Accelerometer, Dynaport MoveMonitor, Pedometer, Yamax Digi-walker CW700, ActivPal, ActiGraph, Personal Activity Monitor [67], C:
Accelerometer, pedometer [60], D: Accelerometer, pedometers, Yamax, Fitbit [64], E: Accelerometer-based navigation system [66], F: wearable activity
trackers (pedometer) [62], G: Activity monitor, portable tablet computers with touch screens, Fitbit, Jawbone UP24 wearable device, pedometer,
accelerometer [59], H: Fitbit [57], |: Fithit, Jawbone UP, Polar Active, Misfit Flash, Gruve Solution, LUMOback, BodyMediaFit, SenseWear, ActiveLink,
InBodyBand [47], J: Fitbit, Jawbone Up24, Combined heart rate monitor and accelerometer (Actiheart), Wrist-worn accelerometer, FIT Core, Body
Media, Fitbug Orb, Polar FA20 accelerometer [49], K: Fithit, Jawbone UP24, Gruve, LumoBack, Polar Active, Fitbug, Pebble+, Fitmeter, Personal
Activity Monitor, Withings Pulse [46], L: Fitbit, Yorbody, AiperMotion [58], M: Garmin, Pedometer, Fitbit, Accelerometer, Yamax Digiwalker, Gex
sensor of vital signs and smartphone [48], N: Pedometer [50], O: pedometer-based physical activity promotion [61], P: Pedometer physical activity

promotion + pulmonary rehabilitation promotion [61].
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Strengths

Most systematic review studies performed in thefield of digital
biomarkers in recent years have mainly been conducted with a
specific focus on 1 or more disease areas or technologies, such
as the effects of wearable fitness trackers on motivation and
physical activity or ICD troubleshooting in patients with left
ventricular assist devices. To our knowledge, no comprehensive
systematic review of systematic reviews of all types of digital
biomarkers has been published in all populations and in all
diseases. Therefore, our review aims to assess the quality of
methods and evidence of systematic reviews without limiting
it to a specific domain or technology, using validated tools and
standard methods. As aresult, the strength of evidence can be
compared between different types of interventions, providing
practical guidance for clinicians and policymakers. To our
knowledge, thisisthe first comprehensive study to address the
methodological and evidence-based quality of systematic
reviews of digital biomarker—based interventions. To categorize
populations, interventions, outcomes, and
behavioral/physiological data in digital biomarkers, we used
World Health Organization (WHO) standard tools such as
ICD-11, ICHI, and ICF. In addition, the most validated
assessment tools, AMSTAR-2 and GRADE, were used to assess
the methodological quality and quality of evidence synthesis
of the systematic reviews.

Limitations

Despite the rigorous methodology, this study has some
limitations, and readers are asked to consider the study’sresults

https://www.jmir.org/2022/12/e41042

inlight of itslimitations. One of the study’s possible weaknesses
is the short search duration (2019 and 2020). Only systematic
reviews published in 2019 and 2020 were considered in this
study according to the published protocol [23]. Because of the
scope of thetopic, welimited our assessment to ashorter period.
However, given the new European Medical Devices Regulation
(MDR) enacted in 2017 [84], we assumed this would be an
exceptionally important period for evaluating clinical data
collected before the regulations were implemented. While the
2-year period provides important insights into evidence
syntheses published before MDR, longer periods would be
needed to allow generalization of our findings.

As mentioned earlier, publication bias was assessed only in
meta-analyses with at least ten studies. Of the 91 outcomes
assessed, 67 included fewer than 10 studies, and we assessed
publication bias in only 24 outcomes. In addition, the
trim-and-fill approach, like any other method, may identify
publication biasincorrectly in meta-analyses with ahigh degree
of heterogeneity [85]. There were 2 outcomeswhere effect sizes
were presented as a ratio of means. Thus, we interpreted the
reported effect sizes as a mean difference to determine the
optimal information size for assessing the imprecision. In 3
cases, the number of included studiesin the meta-analyses was
only 1. Therefore, an assessment of the quality of evidence was
not possible for any of the GRADE criteria (risk of bias,
publication bias, inconsistency, imprecision, and indirectness).

In our search, we operationalized the definition of digital
biomarkers. However, we did not evaluate the sensitivity and
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specificity of our search filter for articleson digital biomarkers.
Besides the broad terms we used in our search strategy, digital
biomarkers can be identified using terms related to the
technology or type of data collected [3]. However, creating a
complete list of appropriate search terms for all available
technologies was beyond the scope of this study and remains
an unresolved research topic. Specific sensor applications in
the general population may raise health concerns (eg, COVID-19
contact-tracking apps [86]) that were not considered in this
research. As recommended in the relevant guidelines for the
systematic review of systematic reviews, we searched only the
PubMed and Cochrane databases for reviews, and we did not
search the Database of Abstracts of Reviews of Effectiveness
(DARE) [87]. The DARE was not used in this study because it
does not contain reviews from 2015. In addition, our published
protocol required us to search gray literature; however, due to
the large number of outcomes from peer-reviewed sources, we
did not search gray literature.

In our search based on the definition of digital biomarkers and
theinclusion criteria, we may have overlooked paperson digital
biomarkers that were not defined by terms without the key
adjectives used in the definition, as described earlier. Examples

Motahari-Nezhad et al

include thermometers and continuous glucose monitors. Thus,
because of the ambiguity of definitionsin digital health, more
comprehensive keyword collections in this area are needed, as
these were concluded in arecently accepted scoping review of
digital biomarkers [88] and an ISPOR (International Society
for Pharmacoeconomics and Outcomes Research) report [89].

Conclusion

In summary, we systematically reviewed the current evidence
from systematic reviews on the use of digital biomarkers as
interventionsto change the health status of human populations.
Overal, the 25 included current systematic reviews had critically
low methodological quality, which may negatively affect the
findings of the reported outcomes. In addition, most reported
outcomes of interventions based on digital biomarkers had a
moderate quality of evidence, implying that we have only
moderate confidencein them. Only asmall number of reported
outcomes had high-quality evidence. Therefore, researchersin
the field should consider the AMSTAR-2 criteriaand GRADE
to create future high-quality studies. Furthermore, patients,
clinicians, and policymakers are advised to consider the results
of this study before making clinical decisionsrelating to digital
biomarkers.

Acknowledgments

This research under project no. TKP2020-NK A-02 has been implemented with the support provided from the National Research,
Development and Innovation Fund of Hungary, financed under the Témateriileti Kivaldsagi Program funding scheme. During
this research, HM-N, ZZ, MP, and LG received grant support from National Research, Development, and Innovation Fund of

Hungary (TKP2021-NKTA-36 funding scheme).

Authors Contributions

HM-N, LG, MP, and ZZ devel oped the concept. HM-N wrote the first manuscript draft. HA-A, HM-N, MF, and MMA performed
the screening and data extraction. Data analysis was performed by HM-N and ZZ. All authors have commented on and approved

the final manuscript. ZZ supervised the research.

Conflictsof Interest
None declared.

Multimedia Appendix 1

PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) checklist.

[DOCX File, 18 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Search strategies.
[DOCX File, 20 KB-Multimedia Appendix 2]

Multimedia Appendix 3

List of excluded studies.
[DOCX File, 70 KB-Multimedia Appendix 3]

Multimedia Appendix 4

Characteristics of the included studies.
[DOCX File, 47 KB-Multimedia Appendix 4]

https://www.jmir.org/2022/12/e41042

JMed Internet Res 2022 | vol. 24 | iss. 12 | e41042 | p. 10
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app1.docx&filename=f596c16c66789f35291a365d2d71900c.docx
https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app1.docx&filename=f596c16c66789f35291a365d2d71900c.docx
https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app2.docx&filename=a6a180fcf240431037f20865ec153f13.docx
https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app2.docx&filename=a6a180fcf240431037f20865ec153f13.docx
https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app3.docx&filename=bf627b177494bb0e01fbf6965086c0d6.docx
https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app3.docx&filename=bf627b177494bb0e01fbf6965086c0d6.docx
https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app4.docx&filename=dea6b236e023d7297801203bdc8e2241.docx
https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app4.docx&filename=dea6b236e023d7297801203bdc8e2241.docx
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Motahari-Nezhad et &

Multimedia Appendix 5

Assessment of the methodological quality of reviews using the AMSTAR-2 (A Measurement Tool to Assess Systematic Reviews
2) tool.
[DOCX File, 29 KB-Multimedia Appendix 5]

Multimedia Appendix 6

Evidence summary and quality assessment by the GRADE (Grading of Recommendations, Assessment, Development, and
Evaluations) tool.
[DOCX File, 52 KB-Multimedia Appendix 6]

References

1.  Cdliff RM. Biomarker definitions and their applications. Exp Biol Med (Maywood). Feb 2018;243(3):213-221. [FREE Full
text] [doi: 10.1177/1535370217750088] [Medline: 29405771]

2. Babrak L, Menetski J, Rebhan M, Nisato G, Zinggeler M, Brasier N, et al. Traditional and Digital Biomarkers: Two Worlds
Apart? Digit Biomark. Aug 16, 2019;3(2):92-102. [EREE Full text] [doi: 10.1159/000502000] [Medline: 32095769]

3. Coravos A, Khozin S, Mandl KD. Developing and adopting safe and effective digital biomarkers to improve patient
outcomes. NPJ Digit Med. 2019;2(1):40. [FREE Full text] [doi: 10.1038/s41746-019-0090-4] [Medline: 30868107]

4.  Lipsmeier F, Taylor KI, Kilchenmann T, Wolf D, Scotland A, Schjodt-Eriksen J, et al. Evaluation of smartphone-based
testing to generate exploratory outcome measures in a phase 1 Parkinson's disease clinical trial. Mov Disord. Aug
2018;33(8):1287-1297. [FREE Full text] [doi: 10.1002/mds.27376] [Medline: 29701258]

5. Insel TR. Digital Phenotyping: Technology for aNew Science of Behavior. JAMA. Oct 03, 2017;318(13):1215-1216. [doi:
10.100V/jama.2017.11295] [Medline: 28973224]

6. Shin EK, Mahajan R, Akbilgic O, Shaban-Nejad A. Sociomarkers and biomarkers: predictive modeling in identifying
pediatric asthma patients at risk of hospital revisits. NPJ Digit Med. Oct 2, 2018;1(1):50. [FREE Full text] [doi:
10.1038/s41746-018-0056-y] [Medline: 31304329]

7.  Guthrie NL, Carpenter J, Edwards KL, Appelbaum KJ, Dey S, Eisenberg DM, et al. Emergence of digital biomarkersto
predict and modify treatment efficacy: machine learning study. BMJ Open. Jul 23, 2019;9(7):e030710. [EREE Full text]
[doi: 10.1136/bmjopen-2019-030710] [Medline: 31337662]

8.  BisResearch. Global Digital Biomarkers Market Focuson Key Trends, Growth Potential, Competitive Landscape, Components
(Data Collection and Integration), End Users, Application (Sleep and Movement, Neuro, Respiratory and Cardiological
Disorders) and Region — Analysis Internet. BisResearch. 2020. URL: https://bisresearch.com/industry-report/digital-bio
markers-market.html [accessed 2022-06-22]

9. Maeister S, Deiters W, Becker S. Digital health and digital biomarkers — enabling value chains on health data. Curr Dir
Biomed Eng. Sep 1, 2016;2(1):577-581. [doi: 10.1515/cdbme-2016-0128]

10. LundeP, Nilsson BB, Bergland A, Kvaaner KJ, Bye A. The Effectiveness of Smartphone Appsfor Lifestyle Improvement
in Noncommunicable Diseases: Systematic Review and Meta-Anayses. JMed Internet Res. May 04, 2018;20(5):e162.
[EREE Full text] [doi: 10.2196/jmir.9751] [Medline: 29728346]

11. Lenouvel E, Novak L, Nef T, Kloppel S. Advancesin Sensor Monitoring Effectiveness and Applicability: A Systematic
Review and Update. Gerontologist. May 15, 2020;60(4):e299-e308. [doi: 10.1093/geront/gnz049] [Medline: 31102436]

12. Nagy TD, Haidegger T. A DVRK-based Framework for Surgical Subtask Automation. APH. Sep 09, 2019;16(8):61-78.
[doi: 10.12700/aph.16.8.2019.8.5]

13. Haidegger T. Probabilistic Method to Improve the Accuracy of Computer-Integrated Surgical Systems. APH. Sep 09,
2019;16(8):119-140. [doi: 10.12700/aph.16.8.2019.8.8]

14. BiggsJS, Willcocks A, Burger M, Makeham MA. Digital health benefits evaluation frameworks: building the evidence to
support Australia's National Digital Health Strategy. Med JAust. Apr 2019;210 Suppl 6:S9-S11. [doi: 10.5694/mja2.50034]
[Medline: 30927475]

15. EnamA, Torres-BonillaJ, Eriksson H. Evidence-Based Evaluation of eHealth Interventions. Systematic Literature Review.
JMed Internet Res. Nov 23, 2018;20(11):e10971. [FREE Full text] [doi: 10.2196/10971] [Medline: 30470678]

16. LauF, Kuziemsky C. Handbook of eHealth Evaluation: An Evidence-based Approach Internet. Victoria, BC, Canada.
University of Victoria; 2017.

17. NICE. Evidence Standards Framework for Digital Health Technologies. NICE. 2019. URL : https://www.nice.org.uk/about/
what-we-do/our-programmes/evidence-standards-framework-for-digital -heal th-technol ogies [accessed 2022-05-12]

18. ZahV, Burrel A, Zrubka ZA, Asche C. HTA30 Paying for Digital Health Interventions: A Rapid Review of Payers
Evidence Frameworks. Value in Health. Jul 2022;25(7):S509. [doi: 10.1016/j.jval.2022.04.1162]

19. Guyatt GH, Oxman AD, Vist GE, Kunz R, Falck-Ytter Y, Alonso-Coello P, et al. GRADE Working Group. GRADE: an
emerging consensus on rating quality of evidence and strength of recommendations. BMJ. Apr 26, 2008;336(7650):924-926.
[EREE Full text] [doi: 10.1136/bmj.39489.470347.AD] [Medline: 18436948]

https://www.jmir.org/2022/12/e41042 JMed Internet Res 2022 | vol. 24 | iss. 12 | e41042 | p. 11
(page number not for citation purposes)

RenderX


https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app5.docx&filename=d865bc3e756739eac8ea1e31dbb6e2dc.docx
https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app5.docx&filename=d865bc3e756739eac8ea1e31dbb6e2dc.docx
https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app6.docx&filename=a8fc5a94fff5472fa29510ac77df4b01.docx
https://jmir.org/api/download?alt_name=jmir_v24i12e41042_app6.docx&filename=a8fc5a94fff5472fa29510ac77df4b01.docx
https://europepmc.org/abstract/MED/29405771
https://europepmc.org/abstract/MED/29405771
http://dx.doi.org/10.1177/1535370217750088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29405771&dopt=Abstract
https://europepmc.org/abstract/MED/32095769
http://dx.doi.org/10.1159/000502000
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32095769&dopt=Abstract
https://doi.org/10.1038/s41746-019-0090-4
http://dx.doi.org/10.1038/s41746-019-0090-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30868107&dopt=Abstract
https://europepmc.org/abstract/MED/29701258
http://dx.doi.org/10.1002/mds.27376
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29701258&dopt=Abstract
http://dx.doi.org/10.1001/jama.2017.11295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28973224&dopt=Abstract
https://doi.org/10.1038/s41746-018-0056-y
http://dx.doi.org/10.1038/s41746-018-0056-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31304329&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=31337662
http://dx.doi.org/10.1136/bmjopen-2019-030710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31337662&dopt=Abstract
https://bisresearch.com/industry-report/digital-biomarkers-market.html
https://bisresearch.com/industry-report/digital-biomarkers-market.html
http://dx.doi.org/10.1515/cdbme-2016-0128
https://www.jmir.org/2018/5/e162/
http://dx.doi.org/10.2196/jmir.9751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29728346&dopt=Abstract
http://dx.doi.org/10.1093/geront/gnz049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31102436&dopt=Abstract
http://dx.doi.org/10.12700/aph.16.8.2019.8.5
http://dx.doi.org/10.12700/aph.16.8.2019.8.8
http://dx.doi.org/10.5694/mja2.50034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30927475&dopt=Abstract
https://www.jmir.org/2018/11/e10971/
http://dx.doi.org/10.2196/10971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30470678&dopt=Abstract
https://www.nice.org.uk/about/what-we-do/our-programmes/evidence-standards-framework-for-digital-health-technologies
https://www.nice.org.uk/about/what-we-do/our-programmes/evidence-standards-framework-for-digital-health-technologies
http://dx.doi.org/10.1016/j.jval.2022.04.1162
https://europepmc.org/abstract/MED/18436948
http://dx.doi.org/10.1136/bmj.39489.470347.AD
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18436948&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Motahari-Nezhad et &

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

AtkinsD, EcclesM, Flottorp S, Guyatt GH, Henry D, Hill S, et al. GRADE Working Group. Systemsfor grading the quality
of evidence and the strength of recommendations I: critical appraisal of existing approaches The GRADE Working Group.
BMC Health Serv Res. Dec 22, 2004;4(1):38. [FREE Full text] [doi: 10.1186/1472-6963-4-38] [Medline: 15615589)]
SheaBJ, Reeves BC, Wells G, Thuku M, Hamel C, Moran J, et al. AMSTAR 2: acritical appraisal tool for systematic
reviewsthat include randomised or non-randomised studies of healthcareinterventions, or both. BMJ. Sep 21, 2017;358:j4008.
[FREE Full text] [doi: 10.1136/bmj.j4008] [Medline: 28935701]

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et a. The PRISMA 2020 statement: An
updated guideline for reporting systematic reviews. Int J Surg. Apr 2021;88:105906. [doi: 10.1016/].ijsu.2021.105906]
[Medline: 33789826]

Motahari-Nezhad H, Péntek M, Gulécsi L, Zrubka Z. Outcomes of Digital Biomarker-Based Interventions: Protocol for a
Systematic Review of Systematic Reviews. IMIR Res Protoc. Nov 24, 2021;10(11):e28204. [EREE Full text] [doi:
10.2196/28204] [Medline: 34821568]

Coulson S, Woods M. Citizen Sensing: An Action-Orientated Framework for Citizen Science. Front. Commun. Apr 16,
2021;6:1-13. [doi: 10.3389/fcomm.2021.629700]

National Institutes of Health (NIH). Search Strategy Used to Create the PubMed Systematic Reviews Filter. National Library
of Medicine. 2018. URL : https://www.nlm.nih.gov/bsd/pubmed subsets/sysreviews strategy.html [accessed 2021-06-15]
McHugh ML. Interrater reliability: the kappa statistic. Biochem Med. 2012.:276-282. [doi: 10.11613/BM.2012.031]
Grimes DA, Schulz KF. An overview of clinical research: the lay of the land. Lancet. Jan 05, 2002;359(9300):57-61. [doi:
10.1016/S0140-6736(02)07283-5] [Medline: 11809203]

World Health Organization (WHO). ICD-11 International Classification of Diseases 11th Revision The global standard for
diagnostic health information Internet. World Health Organization (WHO). Geneva, Switzerland. World Health Organization
(WHO); 2020. URL : https://icd.who.int/en [accessed 2022-02-25]

World Health Organization (WHO). International Classification of Health Interventions (ICHI) Internet. World Health
Organization (WHO). Geneva, Switzerland. World Health Organization (WHO); 2020. URL : https.//www.who.int/standards/
classificationg/international -cl assifi cation-of -heal th-interventions [accessed 2022-02-25]

World Health Organization (WHO). |CF browser. World Health Organization (WHO). Geneva, Switzerland. World Health
Organization (WHO); 2017. URL: https://apps.who.int/classifications/icfbrowser/ [accessed 2022-02-25]

Lorenz RC, Matthias K, Pieper D, Wegewitz U, Morche J, Nocon M, et a. A psychometric study found AMSTAR 2 to be
avalid and moderately reliable appraisal tool. JClin Epidemiol. Oct 2019;114:133-140. [doi: 10.1016/j.jclinepi.2019.05.028]
[Medline: 31152864]

Pieper D, Lorenz RC, Rombey T, Jacobs A, Rissling O, Freitag S, et al. Authors should clearly report how they derived
the overall rating when applying AMSTAR 2-a cross-sectional study. J Clin Epidemiol. Jan 2021;129:97-103. [doi:
10.1016/].jclinepi.2020.09.046] [Medline: 33049325]

Schiinemann H, Brozek J, Guyatt G, Oxman A. Introduction to GRADE Handbook Handbook for grading the quality of
evidence and the strength of recommendations using the GRADE approach. Gradepro. 2013. URL : https://gdt.gradepro.org/
app/handbook/handbook.html#h.9rdbel snudiy [accessed 2022-02-07)

Guyatt GH, Oxman AD, Vist G, Kunz R, Brozek J, Alonso-Coello P, et al. GRADE guidelines: 4. Rating the quality of
evidence--study limitations (risk of bias). JClin Epidemiol. Apr 2011;64(4):407-415. [doi: 10.1016/].jclinepi.2010.07.017]
[Medline: 21247734]

Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al. GRADE Working Group. GRADE guidelines:
7. Rating the quality of evidence--inconsistency. J Clin Epidemiol. Dec 2011;64(12):1294-1302. [doi:
10.1016/j.jclinepi.2011.03.017] [Medline: 21803546]

Guyatt GH, Oxman AD, Kunz R, Brozek J, Alonso-Coello P, Rind D, et al. GRADE guidelines 6. Rating the quality of
evidence--imprecision. J Clin Epidemiol. Dec 2011;64(12):1283-1293. [doi: 10.1016/j.jclinepi.2011.01.012] [Medline:
21839614]

Guyatt GH, Oxman AD, Montori V, Vist G, Kunz R, Brozek J, et al. GRADE guidelines: 5. Rating the quality of
evidence--publication bias. JClin Epidemiol. Dec 2011;64(12):1277-1282. [doi: 10.1016/j.jclinepi.2011.01.011] [Medline:
21802904]

Guyatt GH, Oxman AD, Kunz R, Woodcock J, Brozek J, Helfand M, et al. GRADE Working Group. GRADE guidelines:
8. Rating the quality of evidence--indirectness. J Clin Epidemiol. Dec 2011;64(12):1303-1310. [doi:
10.1016/j.jclinepi.2011.04.014] [Medline: 21802903]

Pollock A, Farmer SE, Brady MC, Langhorne P, Mead GE, Mehrholz J, et al. An algorithm was devel oped to assign GRADE
levels of evidence to comparisons within systematic reviews. J Clin Epidemiol. Feb 2016;70:106-110. [FREE Full text]
[doi: 10.1016/j.jclinepi.2015.08.013] [Medline: 26341023]

Zhang Y, Coello PA, Guyatt GH, Yepes-Nufiez JJ, Akl EA, Hazlewood G, et al. GRADE guidelines: 20. Assessing the
certainty of evidencein theimportance of outcomes or values and preferences-inconsi stency, imprecision, and other domains.
JClin Epidemiol. Jul 2019;111:83-93. [doi: 10.1016/}.jclinepi.2018.05.011] [Medline: 29800687]

Cohen J. Statistical Power Analysisfor the Behavioral Sciences. London, UK. Routledge; 1988;1-567.

https://www.jmir.org/2022/12/e41042 JMed Internet Res 2022 | vol. 24 | iss. 12 | e41042 | p. 12

(page number not for citation purposes)


https://bmchealthservres.biomedcentral.com/articles/10.1186/1472-6963-4-38
http://dx.doi.org/10.1186/1472-6963-4-38
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15615589&dopt=Abstract
http://www.bmj.com/lookup/pmidlookup?view=long&pmid=28935701
http://dx.doi.org/10.1136/bmj.j4008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28935701&dopt=Abstract
http://dx.doi.org/10.1016/j.ijsu.2021.105906
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33789826&dopt=Abstract
https://www.researchprotocols.org/2021/11/e28204/
http://dx.doi.org/10.2196/28204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34821568&dopt=Abstract
http://dx.doi.org/10.3389/fcomm.2021.629700
https://www.nlm.nih.gov/bsd/pubmed_subsets/sysreviews_strategy.html
http://dx.doi.org/10.11613/BM.2012.031
http://dx.doi.org/10.1016/S0140-6736(02)07283-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11809203&dopt=Abstract
https://icd.who.int/en
https://www.who.int/standards/classifications/international-classification-of-health-interventions
https://www.who.int/standards/classifications/international-classification-of-health-interventions
https://apps.who.int/classifications/icfbrowser/
http://dx.doi.org/10.1016/j.jclinepi.2019.05.028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31152864&dopt=Abstract
http://dx.doi.org/10.1016/j.jclinepi.2020.09.046
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33049325&dopt=Abstract
https://gdt.gradepro.org/app/handbook/handbook.html#h.9rdbelsnu4iy
https://gdt.gradepro.org/app/handbook/handbook.html#h.9rdbelsnu4iy
http://dx.doi.org/10.1016/j.jclinepi.2010.07.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21247734&dopt=Abstract
http://dx.doi.org/10.1016/j.jclinepi.2011.03.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21803546&dopt=Abstract
http://dx.doi.org/10.1016/j.jclinepi.2011.01.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21839614&dopt=Abstract
http://dx.doi.org/10.1016/j.jclinepi.2011.01.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21802904&dopt=Abstract
http://dx.doi.org/10.1016/j.jclinepi.2011.04.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21802903&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0895-4356(15)00389-3
http://dx.doi.org/10.1016/j.jclinepi.2015.08.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26341023&dopt=Abstract
http://dx.doi.org/10.1016/j.jclinepi.2018.05.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29800687&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Motahari-Nezhad et &

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

Higgins J, Thomas J, Chandler J, Cumpston M, Li T, Page M, et al. Cochrane Handbook for Systematic Reviews. London,
UK. Cochrane; 2019;1-694.

Duva S, Tweedie R. Trim and fill: A simple funnel-plot-based method of testing and adjusting for publication biasin
meta-analysis. Biometrics. Jun 2000;56(2):455-463. [doi: 10.1111/j.0006-341x.2000.00455.x] [Medline: 10877304]
Terrin N, Schmid CH, Lau J. In an empirical evaluation of the funnel plot, researchers could not visually identify publication
bias. J Clin Epidemiol. Sep 2005;58(9):894-901. [doi: 10.1016/j.jclinepi.2005.01.006] [Medline: 16085192)

Hodkinson A, Kontopantelis E, Adeniji C, van Marwijk H, McMillan B, Bower P, et a. Accel erometer- and pedometer-based
physical activity interventions among adults with cardiometabolic conditions: a systematic review and meta-analysis. AMA
Netw Open. Oct 02, 2019;2(10):€1912895. Retracted in: JAMA Netw Open. 2020 Dec 1;3(12):e2032700. [doi:
10.1001/jamanetworkopen.2020.32700] [Medline: 31596494]

Brickwood K, Watson G, O'Brien J, Williams AD. Consumer-Based Wearable Activity Trackers Increase Physical Activity
Participation: Systematic Review and Meta-Analysis. IMIR Mhealth Uhealth. Apr 12, 2019;7(4):€11819. [FREE Full text]
[doi: 10.2196/11819] [Medline: 30977740]

Lynch C, Bird S, Lythgo N, Selva-Raj |. Changing the Physical Activity Behavior of Adults With Fitness Trackers: A
Systematic Review and Meta-Analysis. Am JHealth Promot. May 2020;34(4):418-430. [doi: 10.1177/0890117119895204]
[Medline: 31858812]

Hannan AL, Harders MP, Hing W, Climstein M, Coombes JS, Furness J. Impact of wearable physical activity monitoring
devices with exercise prescription or advice in the maintenance phase of cardiac rehabilitation: systematic review and
meta-analysis. BMC Sports Sci Med Rehabil. Jul 30, 2019;11(1):14. [FREE Full text] [doi: 10.1186/s13102-019-0126-8]
[Medline: 31384474]

Tang MSS, Moore K, McGavigan A, Clark RA, Ganesan AN. Effectiveness of Wearable Trackers on Physical Activity in
Healthy Adults: Systematic Review and Meta-Analysis of Randomized Controlled Trials. IMIR Mhealth Uhealth. Jul 22,
2020;8(7):€15576. [FREE Full text] [doi: 10.2196/15576] [Medline: 32706685]

Freak-Poli RL, Cumpston M, Albarqouni L, Clemes SA, Peeters A. Workplace pedometer interventions for increasing
physical activity. Cochrane Database Syst Rev. Jul 21, 2020;7:CD009209. [FREE Full text] [doi:
10.1002/14651858.CD009209.pub3] [Medline: 32700325]

Halawa A, Enezate T, Flaker G. Device monitoring in heart failure management: outcomes based on a systematic review
and meta-analysis. Cardiovasc Diagn Ther. Aug 2019;9(4):386-393. [FREE Full text] [doi: 10.21037/cdt.2019.01.02]
[Medline: 31555544

Voruganti DC, Briasoulis A, Chaudhry M, Alvarez P, Cotarlan V, Bhama JK, et al. Cardiac resynchronization therapy and
outcomesin patients with left ventricular assist devices: a systematic review and meta-analysis. Heart Fail Rev. Mar
2019;24(2):229-236. [doi: 10.1007/s10741-018-9740-x] [Medline: 30259285]

Elkaryoni A, Badarin FA, Khan MS, Ellakany K, Potturi N, Poonia J, et al. Implantable cardioverter-defibrillators and
survival in advanced heart failure patients with continuous-flow |eft ventricular assist devices: a systematic review and
meta-analysis. Europace. Sep 01, 2019;21(9):1353-1359. [doi: 10.1093/europace/euz125] [Medline: 31086951]

Yen H, Chiu H. The effectiveness of wearable technologies as physical activity interventionsin weight control: A systematic
review and meta-analysis of randomized controlled trials. Obes Rev. Oct 2019;20(10):1485-1493. [doi: 10.1111/0br.12909]
[Medline: 31342646]

Jang J,LinH, ChenY, Hsieh M, Huang Y. Role of Remote Monitoring in Detection of Atrial Arrhythmia, Stroke Reduction,
and Use of Anticoagulation Therapy - A Systematic Review and Meta-Analysis. Circ J. Oct 23, 2020;84(11):1922-1930.
[doi: 10.1253/circj.CJ-20-0633] [Medline: 33012748]

Wang S, Su C, Fan H, Hou W, Chen Y. Effects of real-time feedback on cardiopulmonary resuscitation quality on outcomes
in adult patients with cardiac arrest: A systematic review and meta-analysis. Resuscitation. Oct 2020;155:82-90. [doi:
10.1016/j.resuscitation.2020.07.024] [Medline: 32755666]

Ringeval M, Wagner G, Denford J, Paré G, Kitsiou S. Fitbit-Based I nterventionsfor Healthy Lifestyle Outcomes: Systematic
Review and Meta-Analysis. JMed Internet Res. Oct 12, 2020;22(10):€23954. [FREE Full text] [doi: 10.2196/23954]
[Medline: 33044175]

Kirk MA, Amiri M, Pirbaglou M, Ritvo P. Wearable Technology and Physical Activity Behavior Change in Adults With
Chronic Cardiometabolic Disease: A Systematic Review and Meta-Analysis. Am JHealth Promot. Jun 2019;33(5):778-791.
[doi: 10.1177/0890117118816278] [Medline: 30586996]

Liu JY, Kor PP, Chan CP, Kwan RY, Sze-Ki D. The effectiveness of a wearable activity tracker (WAT)-based intervention
toimprove physical activity levelsin sedentary older adults: A systematic review and meta-analysis. Arch Gerontol Geriatr.
Jul 26, 2020;91:104211. [doi: 10.1016/j.archger.2020.104211] [Medline: 32739713]

Kwan RYC, Salihu D, Lee PH, Tse M, Cheung DSK, Roopsawang |, et al. The effect of e-health interventions promoting
physical activity in older people: a systematic review and meta-analysis. Eur Rev Aging Phys Act. Apr 21, 2020;17(1):7.
[FREE Full text] [doi: 10.1186/s11556-020-00239-5] [Medline: 32336996]

Armstrong M, Winnard A, Chynkiamis N, Boyle S, Burtin C, Vogiatzis |. Use of pedometers as atool to promote daily
physical activity levelsin patients with COPD: a systematic review and meta-analysis. Eur Respir Rev. Dec 31,
2019;28(154):190039. [FREE Full text] [doi: 10.1183/16000617.0039-2019] [Medline: 31722891]

https://www.jmir.org/2022/12/e41042 JMed Internet Res 2022 | vol. 24 | iss. 12 | e41042 | p. 13

(page number not for citation purposes)


http://dx.doi.org/10.1111/j.0006-341x.2000.00455.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10877304&dopt=Abstract
http://dx.doi.org/10.1016/j.jclinepi.2005.01.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16085192&dopt=Abstract
http://dx.doi.org/10.1001/jamanetworkopen.2020.32700
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31596494&dopt=Abstract
https://mhealth.jmir.org/2019/4/e11819/
http://dx.doi.org/10.2196/11819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30977740&dopt=Abstract
http://dx.doi.org/10.1177/0890117119895204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31858812&dopt=Abstract
https://bmcsportsscimedrehabil.biomedcentral.com/articles/10.1186/s13102-019-0126-8
http://dx.doi.org/10.1186/s13102-019-0126-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31384474&dopt=Abstract
https://mhealth.jmir.org/2020/7/e15576/
http://dx.doi.org/10.2196/15576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32706685&dopt=Abstract
https://europepmc.org/abstract/MED/32700325
http://dx.doi.org/10.1002/14651858.CD009209.pub3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32700325&dopt=Abstract
https://doi.org/10.21037/cdt.2019.01.02
http://dx.doi.org/10.21037/cdt.2019.01.02
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31555544&dopt=Abstract
http://dx.doi.org/10.1007/s10741-018-9740-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30259285&dopt=Abstract
http://dx.doi.org/10.1093/europace/euz125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31086951&dopt=Abstract
http://dx.doi.org/10.1111/obr.12909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31342646&dopt=Abstract
http://dx.doi.org/10.1253/circj.CJ-20-0633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33012748&dopt=Abstract
http://dx.doi.org/10.1016/j.resuscitation.2020.07.024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32755666&dopt=Abstract
https://www.jmir.org/2020/10/e23954/
http://dx.doi.org/10.2196/23954
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33044175&dopt=Abstract
http://dx.doi.org/10.1177/0890117118816278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30586996&dopt=Abstract
http://dx.doi.org/10.1016/j.archger.2020.104211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32739713&dopt=Abstract
https://eurapa.biomedcentral.com/articles/10.1186/s11556-020-00239-5
http://dx.doi.org/10.1186/s11556-020-00239-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32336996&dopt=Abstract
http://err.ersjournals.com/cgi/pmidlookup?view=long&pmid=31722891
http://dx.doi.org/10.1183/16000617.0039-2019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31722891&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Motahari-Nezhad et &

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Franssen WMA, Franssen GHLM, Spaas J, Solmi F, Eijnde BO. Can consumer wearabl e activity tracker-based interventions
improve physical activity and cardiometabolic health in patientswith chronic diseases? A systematic review and meta-analysis
of randomised controlled trials. Int J Behav Nutr Phys Act. May 11, 2020;17(1):57. [FREE Full text] [doi:
10.1186/s12966-020-00955-2] [Medline: 32393357]

LiuY, SunJ, ZhuY, Li Z, Li K, Wang R. Association between CRT(D)/ICD and renal insufficiency: A systematic review
and meta-analysis. Semin Dial. Jan 2021;34(1):17-30. [doi: 10.1111/sdi.12937] [Medline: 33296540]

Davergne T, Pallot A, Dechartres A, Fautrel B, Gossec L. Use of Wearable Activity Trackersto Improve Physical Activity
Behavior in Patients With Rheumatic and Muscul oskeletal Diseases: A Systematic Review and Meta-Analysis. Arthritis
Care Res (Hoboken). Jun 2019;71(6):758-767. [doi: 10.1002/acr.23752] [Medline: 30221489]

Tsivgoulis G, Katsanos AH, Grory BM, Kéhrmann M, Ricci BA, TsioufisK, et al. Prolonged Cardiac Rhythm Monitoring
and Secondary Stroke Prevention in Patients With Cryptogenic Cerebral Ischemia. Stroke. Aug 2019;50(8):2175-2180.
[doi: 10.1161/STROKEAHA.119.025169] [Medline: 31216964]

Shigemura T, Murata Y, Yamamoto Y, Mizuki N, Toki Y, Wada Y. No definite advantage of a portable accel erometer-based
navigation system over conventional techniquein total knee arthroplasty: A systematic review and meta-analysis. Orthop
Traumatol Surg Res. Jun 2019;105(4):619-626. [FREE Full text] [doi: 10.1016/j.0tsr.2019.03.006] [Medline: 31040097]
Braakhuis HEM, Berger MAM, Bussmann JBJ. Effectiveness of healthcare interventions using objective feedback on
physical activity: A systematic review and meta-analysis. J Rehabil Med. Mar 13, 2019;51(3):151-159. [FREE Full text]
[doi: 10.2340/16501977-2522] [Medline: 30843082]

GamaF, FerreiraJ, Carmo J, Costa FM, Carvalho S, Carmo P, et a. Implantable Cardioverter-Defibrillatorsin Trials of
Drug Therapy for Heart Failure: A Systematic Review and Meta-Analysis. JAm Heart Assoc. Apr 21, 2020;9(8):e015177.
[FREE Full text] [doi: 10.1161/JAHA.119.015177] [Medline: 32290732]

Alotaibi S, Hernandez-Montfort J, Ali OE, El-Chilai K, Perez BA. Remote monitoring of implantable cardiac devicesin
heart failure patients: a systematic review and meta-analysis of randomized controlled trials. Heart Fail Rev. May
2020;25(3):469-479. [doi: 10.1007/s10741-020-09923-1] [Medline: 32002732]

Kanitsoraphan C, Rattanawong P, Mekraksakit P, Chongsathidkiet P, Riangwiwat T, Kanjanahattakij N, et al. Baseline
fragmented QRS is associated with increased all-cause mortality in heart failure with reduced gjection fraction: A systematic
review and meta-analysis. Ann Noninvasive Electrocardiol. Mar 17, 2019;24(2):e12597. [EREE Full text] [doi:
10.1111/anec.12597] [Medline: 30329201]

Stamatakis E, Gale J, Bauman A, Ekelund U, Hamer M, Ding D. Sitting Time, Physical Activity, and Risk of Mortality
in Adults. JAm Coll Cardiol. Apr 30, 2019;73(16):2062-2072. [EREE Full text] [doi: 10.1016/].jacc.2019.02.031] [Medline:
31023430]

Gold N, Yau A, Rigby B, Dyke C, Remfry EA, Chadborn T. Effectiveness of Digital Interventionsfor Reducing Behavioral
Risks of Cardiovascular Disease in Nonclinical Adult Populations: Systematic Review of Reviews. JMed Internet Res.
May 14, 2021;23(5):€19688. [ FREE Full text] [doi: 10.2196/19688] [Medline: 33988126]

Villarreal-Zegarra D, Alarcon-Ruiz CA, Melendez-Torres G, Torres-Puente R, Navarro-Flores A, Cavero V, et al.
Development of aFramework for the Implementation of Synchronous Digital Mental Health: Realist Synthesis of Systematic
Reviews. IMIR Ment Health. Mar 29, 2022;9(3):e34760. [ FREE Full text] [doi: 10.2196/34760] [Medline: 35348469]
Motahari-nezhad H, Miribonjar M, Sadeghdaghighi A. Methodological and Evidence Synthesis Quality Evaluation of
Meta- Analyses Assessing the Effect of Antibacterial Envelopesto Reduce CIED-Related Infections. Int JMed Res Heal
Sci. Apr 2022;11(2):65-76. [FREE Full text]

Finucane AM, O'Donnell H, Lugton J, Gibson-Weatt T, Swenson C, Pagliari C. Digital health interventionsin paliative
care: asystematic meta-review. NPJDigit Med. Apr 06, 2021;4(1):64. [FREE Full text] [doi: 10.1038/s41746-021-00430-7]
[Medline: 33824407]

Dumit EM, Novillo-Ortiz D, Contreras M, Velandia M, Danovaro-Holliday MC. The use of eHealth with immunizations:
An overview of systematic reviews. Vaccine. Dec 18, 2018;36(52):7923-7928. [FREE Full text] [doi:
10.1016/j.vaccine.2018.06.076] [Medline: 29983255]

Balshem H, Helfand M, Schiinemann HJ, Oxman AD, Kunz R, Brozek J, et al. GRADE guidelines: 3. Rating the quality
of evidence. J Clin Epidemiol. Apr 2011;64(4):401-406. [doi: 10.1016/j.jclinepi.2010.07.015] [Medline: 21208779]
Deeks JJ. Issuesin the selection of asummary statistic for meta-analysis of clinical trials with binary outcomes. Stat Med.
Jun 15, 2002;21(11):1575-1600. [doi: 10.1002/sim.1188] [Medline: 12111921]

XinZ, Xue-TingL, De-Ying K. GRADE in Systematic Reviews of Acupuncturefor Stroke Rehabilitation: Recommendations
based on High-Quality Evidence. Sci Rep. Nov 12, 2015;5:16582. [FREE Full text] [doi: 10.1038/srep16582] [Medline:
26560971]

Liang M, Yan L, Mei Z, Luo Y, Hou X, Feng Z. Methodological and reporting quality evaluation of meta-analyses on the
Chinese herbal preparation Zheng Qing Feng Tong Ning for the treatment of rheumatoid arthritis. BMC Complement Med
Ther. Jun 26, 2020;20(1):195. [FREE Full text] [doi: 10.1186/s12906-020-02978-5] [Medline: 32586308]

Shi H, Wang D, Chen W, Li Y, S G, Yang T. Quality of Evidence Supporting the Role of Supplement Curcumin for the
Treatment of Ulcerative Colitis: An Overview of Systematic Reviews. Gastroenterol Res Pract. 2022;2022:3967935. [FREE
Full text] [doi: 10.1155/2022/3967935] [Medline: 35251163]

https://www.jmir.org/2022/12/e41042 JMed Internet Res 2022 | vol. 24 | iss. 12 | e41042 | p. 14

(page number not for citation purposes)


https://ijbnpa.biomedcentral.com/articles/10.1186/s12966-020-00955-2
http://dx.doi.org/10.1186/s12966-020-00955-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32393357&dopt=Abstract
http://dx.doi.org/10.1111/sdi.12937
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33296540&dopt=Abstract
http://dx.doi.org/10.1002/acr.23752
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30221489&dopt=Abstract
http://dx.doi.org/10.1161/STROKEAHA.119.025169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31216964&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1877-0568(19)30113-6
http://dx.doi.org/10.1016/j.otsr.2019.03.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31040097&dopt=Abstract
https://www.medicaljournals.se/jrm/content/abstract/10.2340/16501977-2522
http://dx.doi.org/10.2340/16501977-2522
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30843082&dopt=Abstract
https://www.ahajournals.org/doi/10.1161/JAHA.119.015177?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%3dpubmed
http://dx.doi.org/10.1161/JAHA.119.015177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32290732&dopt=Abstract
http://dx.doi.org/10.1007/s10741-020-09923-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32002732&dopt=Abstract
https://europepmc.org/abstract/MED/30329201
http://dx.doi.org/10.1111/anec.12597
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30329201&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(19)33789-1
http://dx.doi.org/10.1016/j.jacc.2019.02.031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31023430&dopt=Abstract
https://www.jmir.org/2021/5/e19688/
http://dx.doi.org/10.2196/19688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33988126&dopt=Abstract
https://mental.jmir.org/2022/3/e34760/
http://dx.doi.org/10.2196/34760
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35348469&dopt=Abstract
https://www.ijmrhs.com/abstract/methodological-and-evidence-synthesis-quality-evaluation-of-metaanalyses-assessing-the-effect-of-antibacterial-envelopes-87038.html
https://doi.org/10.1038/s41746-021-00430-7
http://dx.doi.org/10.1038/s41746-021-00430-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33824407&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0264-410X(18)30931-9
http://dx.doi.org/10.1016/j.vaccine.2018.06.076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29983255&dopt=Abstract
http://dx.doi.org/10.1016/j.jclinepi.2010.07.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21208779&dopt=Abstract
http://dx.doi.org/10.1002/sim.1188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12111921&dopt=Abstract
https://doi.org/10.1038/srep16582
http://dx.doi.org/10.1038/srep16582
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26560971&dopt=Abstract
https://bmccomplementmedtherapies.biomedcentral.com/articles/10.1186/s12906-020-02978-5
http://dx.doi.org/10.1186/s12906-020-02978-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32586308&dopt=Abstract
https://doi.org/10.1155/2022/3967935
https://doi.org/10.1155/2022/3967935
http://dx.doi.org/10.1155/2022/3967935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35251163&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Motahari-Nezhad et &

82. Hindricks G, Padeletti L, Raatikainen P, Arnar D. The current status of cardiac electrophysiology in ESC member countries.
The EHRA White Book 2014. 2014.:1-572.

83. Hussein AA, Wilkoff BL. Cardiac Implantable Electronic Device Therapy in Heart Failure. Circ Res. May 24,
2019;124(11):1584-1597. [doi: 10.1161/CIRCRESAHA.118.313571] [Medline: 31120815]

84. Thacker N, Singh P. Regulation (EU) 2017/745 of the European Parliament and of the Council of 5 April 2017 on Medical
Devices, amending Directive 2001/83/EC, Regulation (EC) No 178/2002 and Regulation (EC) No 1223/2009 and Repealing
Council Directives 90/385/EEC and 93/42/EE. MDR. Aug 2017. URL: https://www.medical-device-regul ation.eu/down
load-mdr/ [accessed 2022-11-06]

85. Shi L, LinL. Thetrim-and-fill method for publication bias: practical guidelines and recommendations based on alarge
database of meta-analyses. Medicine (Baltimore). Jun 2019;98(23):€15987. [FREE Full text] [doi:

10.1097/M D.0000000000015987] [Medline: 31169736]

86. Garous V, Cutting D, Felderer M. Mining user reviews of COVID contact-tracing apps: An exploratory analysis of nine
European apps. J Syst Softw. Feb 2022;184:111136. [FREE Full text] [doi: 10.1016/j.jss.2021.111136] [Medline: 34751198]

87. SmithV, Devane D, Begley CM, Clarke M. Methodology in conducting a systematic review of systematic reviews of
healthcareinterventions. BMC Med Res Methodol. Feb 03, 2011;11(1):15. [FREE Full text] [doi: 10.1186/1471-2288-11-15]
[Medline: 21291558]

88. Motahari-Nezhad H, Fgaier M, Mahdi Abid M, Péntek M, Gulacsi L, ZrubkaZ. Digital Biomarker-Based Studies: Scoping
Review of Systematic Reviews. IMIR Mhealth Uhealth. Oct 24, 2022;10(10):e35722. [FREE Full text] [doi: 10.2196/35722]
[Medline: 36279171]

89. Burrdl A, ZrubkaZ, Champion A, Zah V, Vinuesa L, Holtorf A, et a. ISPOR Digital Health Special Interest Group Key
Project. How Useful Are Digital Health Terms for Outcomes Research? An ISPOR Special Interest Group Report. Value
Hesalth. Sep 2022;25(9):1469-1479. [doi: 10.1016/j.jval.2022.04.1730] [Medline: 36049797]

Abbreviations

AMSTAR-2: A Measurement Tool to Assess Systematic Reviews 2

DARE: Database of Abstracts of Reviews of Effectiveness

DBM: digital biomarker

GRADE: Grading of Recommendations, Assessment, Development, and Evaluations
HF: heart failure

ICD: implantable cardiac defibrillator

ICD-11: International Statistical Classification of Diseases and Related Health Problems
ICF: International Classification of Functioning, Disability and Health

ICHI: International Classification of Health Interventions

ISPOR: Internationa Society for Pharmacoeconomics and Outcomes Research
MDR: Medical Devices Regulation

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses
WHO: World Health Organization

Edited by R Kukafka, G Eysenbach; submitted 13.07.22; peer-reviewed by N Mir, A Roghanizad; commentsto author 17.08.22; revised
version received 22.09.22; accepted 07.10.22; published 21.12.22

Please cite as:

Motahari-Nezhad H, Al-Abdulkarim H, Fgaier M, Abid MM, Péntek M, Gulécsi L, Zrubka Z
Digital Biomarker—Based Interventions. Systematic Review of Systematic Reviews

J Med Internet Res 2022;24(12):e41042

URL: https.//www.jmir.org/2022/12/e41042

doi: 10.2196/41042

PMID: 36542427

©Hossein Motahari-Nezhad, Hana Al-Abdulkarim, Meriem Fgaier, Mohamed Mahdi Abid, Marta Péntek, Laszl6 Gulacsi,
Zsombor Zrubka. Originally published in the Journal of Medical Internet Research (https.//www.jmir.org), 21.12.2022. Thisis
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.

https://www.jmir.org/2022/12/e41042 JMed Internet Res 2022 | vol. 24 | iss. 12 | e41042 | p. 15
(page number not for citation purposes)


http://dx.doi.org/10.1161/CIRCRESAHA.118.313571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31120815&dopt=Abstract
https://www.medical-device-regulation.eu/download-mdr/
https://www.medical-device-regulation.eu/download-mdr/
https://doi.org/10.1097/MD.0000000000015987
http://dx.doi.org/10.1097/MD.0000000000015987
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31169736&dopt=Abstract
https://europepmc.org/abstract/MED/34751198
http://dx.doi.org/10.1016/j.jss.2021.111136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34751198&dopt=Abstract
https://bmcmedresmethodol.biomedcentral.com/articles/10.1186/1471-2288-11-15
http://dx.doi.org/10.1186/1471-2288-11-15
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21291558&dopt=Abstract
https://mhealth.jmir.org/2022/10/e35722/
http://dx.doi.org/10.2196/35722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36279171&dopt=Abstract
http://dx.doi.org/10.1016/j.jval.2022.04.1730
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36049797&dopt=Abstract
https://www.jmir.org/2022/12/e41042
http://dx.doi.org/10.2196/41042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36542427&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

