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Abstract

Background: Conventional diet assessment approaches such as the 24-hour self-reported recall are burdensome, suffer from
recall bias, and are inaccurate in estimating energy intake. Wearable sensor technology, coupled with advanced algorithms, is
increasingly showing promise in its ability to capture behaviors that provide useful information for estimating calorie and
macronutrient intake.

Objective: This paper aimed to summarize current technological approachesto monitoring energy intake on the basis of expert
opinion from a workshop panel and to make recommendations to advance technology and algorithms to improve estimation of
energy expenditure.

Methods: A 1-day invitational workshop sponsored by the National Science Foundation was held at Northwestern University.
A total of 30 participants, including population health researchers, engineers, and intervention developers, from 6 universities
and the National Institutes of Health participated in a panel discussing the state of evidence with regard to monitoring calorie
intake and eating behaviors.

Results. Calorie monitoring using technological approaches can be characterized into 3 domains: (1) image-based sensing (eg,
wearable and smartphone-based cameras combined with machine learning algorithms); (2) eating action unit (EAU) sensors (eg,
to measure feeding gesture and chewing rate); and (3) biochemica measures (eg, serum and plasma metabolite concentrations).
We discussed how each domain functions, provided examples of promising solutions, and highlighted potential challenges and
opportunitiesin each domain. | mage-based sensor research requiresimproved ground truth (context and known information about
the foods), accurate food image segmentation and recognition algorithms, and reliable methods of estimating portion size.
EAU-based domain research islimited by the understanding of when their systems (device and inference algorithm) succeed and
fail, need for privacy-protecting methods of capturing ground truth, and uncertainty in food categorization. Although an exciting
novel technology, the challenges of biochemical sensing range from alack of adaptability to environmental effects (eg, temperature
change) and mechanical impact, instability of wearable sensor performance over time, and single-use design.

Conclusions; Conventional approaches to calorie monitoring rely predominantly on self-reports. These approaches can gain
contextual information from image-based and EAU-based domains that can map automatically captured food images to afood
database and detect proxiesthat correlate with food volume and caloric intake. Although the continued devel opment of advanced
machine learning techniques will advance the accuracy of such wearables, biochemical sensing provides an electrochemical
analysis of sweat using soft bioelectronics on human skin, enabling noninvasive measures of chemical compounds that provide
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insight into the digestive and endocrine systems. Future computing-based researchers should focus on reducing the burden of
wearable sensors, aligning data across multiple devices, automating methods of data annotation, increasing rigor in studying
system acceptability, increasing battery lifetime, and rigorously testing validity of the measure. Such research requires moving
promising technological solutions from the controlled laboratory setting to the field.

(J Med Internet Res 2019;21(12):€14904) doi:10.2196/14904

KEYWORDS

computer vision systems; computing methodol ogies; diet; energy intake; eating; eHealth; feeding behavior; mHealth; nutritional

status; obesity; wearabl e technology

Introduction

The marked rise in obesity, particularly in the United States, is
acomplex sociodemographic and public health problem that is
largely driven by poor diet, excessive caloric intake, and
insufficient caloric expenditure [1]. Weight loss interventions
in clinical and research settings have sought to curb thisgrowing
health concern by providing recommendations on decreasing
caloric intake and increasing caloric expenditure [2]. Thus,
subjective diet assessments—including food records, 24-hour
dietary recall, and food frequency questionnaires (FFQs)—are
often used in weight lossinterventionsto evaluate diet adherence
and behavior change, although they are burdensome and prone
to biased measurements of dietary intake and physical activity
[3,4]. There is increasing interest in using health and fitness
wearable devices to measure eating behaviors as they address
the limitations of subjective diet assessments; these devices are
set to become a US $48.2 hillion market by 2023 [5]. Broad
deployment of wearable activity trackers and heart rate monitors
in the last decade has coincided with the need to reduce errors
and improve our understanding of diet behaviors, calorie count,
and nutrient intake. Using wearable technologies not only
improves our understanding of diet behaviors but also aids the
design of novel interventions to prevent overeating. Although
emerging data suggest that diet and exercise programsare more
successful at obtaining weight loss and healthy behavior change
when they are mobile health (mHealth)—based interventions (ie,
delivered via a mobile phone) compared with non-mHealth
interventions (controls) [6], the effectiveness of combining
mHealth-based interventions with wearable technologies to
produce dietary change has yet to be properly studied.

To date, 3 types of technology-enabled wearable domains for
calorie and nutrient monitoring have emerged: (1) image-sensing
technology (eg, cameras coupled with novel algorithms that
detect and analyze foods in an image using a food database);
(2) eating action unit (EAU)—based technology (eg, wrist-worn
sensors to capture eating and diet behaviors); and (3)
biochemical measures (eg, sweat-sensing wearabl e technology
that measures nutrient status). Although their impact on
improving care and health outcomes remains untested, the
validity of such devices is a prominent concern among
researchers. Prior narrative reviews and surveys have focused
on describing existing technologies [7-9] and algorithms [10],
along with advantages and disadvantages of each type of
wearable. Here, we have described the outcomes of a 1-day
invitational workshop that identified challenges in developing
technology-enabled, automated calorie-monitoring methods

https://www.jmir.org/2019/12/€14904

and proposed opportunities for future computing research in
thisfield. We have al so discussed how technology and objective
measurements can support conventional subjective diet
assessment approaches.

Methods

An expert, consensus-building 1-day workshop, supported by
the National Science Foundation and organized by Northwestern
University, was held on June 20, 2017, in Chicago, Illinois. The
primary aim of the workshop was to discuss the devel opment,
evaluation, and use of technology to detect and understand diet
behaviors and estimate cal orie and macronutrient intake.

A total of 30 participants from 6 universities and from the
National Institutes of Health were selected to participate in the
workshop. To capture varying perspectives across multiple
fields, participantsincluded population health researchers, such
as behavioral scientists, nutritionists, obesity epidemiologists,
and intervention developers (Bonnie Spring, Lisa Neff, Kevin
Hall, and Marilyn Cornelius); computer scientists (Nabil
Alshurafa, Adam Hoover, Edward Delp, and Mingui Sun); and
engineers in biomedical, material science, and computer
technology (Roozbeh Ghaffari, John Rogers, Veena Misra,
Adam Hauke, Andrew Jajack, and Jason Heikenfeld).
Multimedia Appendix 1 provides a list of participants at the
workshop. Owing to the exploratory nature of this workshop,
the organizers did not apply atheoretical framework.

A team consisting of at least 2 participants was organized to
lead a discussion about one of the following topics: types of
technology-enabled calorie and macronutrient monitoring,
potential research gaps and technical challengesto advance the
capture of energy expenditure, and methodsfor how technology
can assist conventional subjective diet assessments. Workshop
participants were also randomly separated into 2 groups to
delineate key topics for future research. Overall, there was
consensus regarding the need to refine technol ogy-supported
calorie- and macronutrient-monitoring approaches. The primary
deliverable was a set of presentations delineating current gold
standards for measuring energy intake and an appraisal of the
state of research related to cal orie- and macronutrient-monitoring
technology. Experts within each technol ogy-enabled wearable
domain identified new insights and opportunities from these
presentations and conversations, which were used to inform the
final recommendations presented in this paper. A final review
of the recommendations was performed by the authors of this

paper.
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Technology-Enabled Domains for
Measuring Calorie and Macronutrient
Intake

Technology-enabled measures can reduce participant burden
and increase granularity of diet data collection through
automated measures [11]. We have explained each
technology-enabled domain and identified key challenges to
advancing the technology in the sections that follow
(summarized in Figure 1). Each section also highlights potential
research opportunities to advance technol ogy-enabled devices
in measuring calorie and macronutrient intake.

Image-Based Sensing

Image-based sensing systems[12,13] that combine wearable or
smartphone-based cameras with advanced computational
machinelearning models, in particular deep learning [14], have
the capability to identify pixelsin animagethat represent foods
(this is known as food segmentation), provide accurate

Alshurafaet al

timestamps when a meal is consumed (this is known as the
metadata associated with the image), estimate consumption
duration and freguency, and ascertain geographic eating
locations (these 2 are commonly referred to as contextual
information of the eating event). To enable these functions,
researchers have focused on using image-based systems to
identify food types [15]. These systems combine
image-processing techniques and big data analyticsto estimate
energy contents for a meal [16,17] from food and nutrient
databases, such as the Nutrition Data System for Research and
the Food and Nutrient Database for Dietary Studies (FNDDS)
[18]. Thus, image-based systems are unique as they use known
foodsin adatabase to guide the estimation of calorieintake and
can provide a fairly accurate analysis of the consumed food
types. However, accurate estimation of energy and nutrientsin
animagerelies on the system’s ability to distinguish foodsfrom
the image background and to identify (or label) food items.
Although there are promising advancements, several challenges
remain in automating the estimation of calorie intake from
cameras (Table 1).

Figure 1. Overview of challengesin developing technology-enabled, automated cal oric-monitoring methods.

. Image-based sensing

I

Challenges: o
*  No food image dataset with

comprehensive ground truth

Inaccurate in-image food

segmentation

Monrobust in-image food recognition

Inaccurate food portion size »

estimation in image o

|--‘:fr-| Biochemical sensing

Challenges:

v Adaptation fo environmental factors and
mechanical impact on Sensors

+ Stability of wearable sensors
Inefficiency of single-use sensors

llllllllllrli‘l‘f.l'"l'l-l":_

, Eating action units

Challenges:
* Limited understanding of system
success and failures
4 * No privacy protection
+ Uncertainty in food categorization

Challenges for all Domains
* Burden of multimodal systems =Time asynchronizalion across systems
= Automated data labeling = Uncertainty of system acceptability
» Short battery lifetime = Nonrigorous sysfem testing

Table 1. Challenges and research opportunities in adopting image-based sensing methods.
Challenge

Research opportunity

Lack of publicly available large-scale food image datasets with com-  Develop feasible method to annotate food images crawled from the Web or

prehensive ground truth labels

Inaccurate food image-segmentation algorithms

Nonrobust food image-recognition systems

Inaccurate food portion size estimation in image

collected from nutrition studies that can scale up

Reduce the burden of requiring fine-grain pixel-level training datafor image
segmentation and |leverage accurate image or specific image region level in-
formation to improve food segmentation performance

Design deep neural network—based model s to capture structuresin theimage
that are associated with specific foods and incorporate contextual information
to improve robustness

Develop methods that can directly link food images to portion size; explore
3-dimensional information from newer camera sensors on mobile devices
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Challenge: Lack of Publicly Available Large-Scale Food
I mage Datasets With Comprehensive Ground Truth
Labels

A ground truth label, derived from observable data, is the
objective verification of particular propertiesof adigital image,
used to test the accuracy of automated image analysis processes.
Theground truth of food imagesincludesknown, fixed features
such as pixels representing food objects in the image (used for
food segmentation), food types (used for food recognition), and
food portion size in grams (used for portion size estimation).
Such information is necessary to train theimage analysissystem
to accurately estimate calorie intake from the image. Severa
publicly available food datasets contain a substantial amount
of food images[18] and provide general |abels of different food
types, but none provide information relative to portion size,
segmented food items, or additional context of theimage source.
To reliably build a machine learning model that automatically
maps images to calories, successful image-based systems need
large collections of food images (ie, food image datasets) with
the necessary ground truth labelsto improve the learned models.
These ground truth labels should clearly delineate different
food items even if they are on asingle plate and should include
portion size information for each food item.

Research Opportunities

To address the need for constructing large-scale food datasets
with food images that provide comprehensive ground truth
information, a solution is to merge food images sourced from
the internet or from nutrition studies with manual annotation
from crowd-sourcing platforms. Amazon Mechanical Turk
(AMT) has been used for food image collection and annotation
tasks [19,20], although AMT is not tailored for building large
food image datasets efficiently with proper labels. This
inefficiency may be partly attributed to its high cost and
dependency on crowdsource workers unfamiliar with the context
in which the data were collected (eg, restaurant food vs
homemade meal). There are opportunitiesto develop novel tools
that not only label foodsin theimage but also removeirrelevant
images to aid crowdsource workers in accurately labeling
necessary data. These approaches can be developed using a
combination of crowd input and advanced automatic image
analysis techniques [21].

Challenge: Inaccurate Food | mage-Segmentation
Algorithms

Image segmentation is the process of partitioning an image
using an algorithm into disjointed and coherent regions on the
basis of prespecified features. Food image segmentation is
important for multifood images in which subsequent analysis,
such as recognition and portion size estimation, depends on
having accurate segmentation of each food in theimage. Owing
to the complexity of food images (eg, occlusion, hidden or
mixed foods, and shadows), accurate food image segmentation
isadifficult task and affects the ability of image-based sensing
systems to identify food types. Previous studies [22-26] have
used image-segmentation methods such as contour-to-region,
graph-based, and superpixel-based approaches. A segmentation
method based on deep neural networks has been proposed [27]
to reliably build a model that automatically segments foods.

https://www.jmir.org/2019/12/€14904
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However, these modelsrequire pixel-level food labelsor 1abeled
bounding boxes to indicate regions containing foods, which is
time-consuming and computationally expensive.

Research Opportunities

Owing to theinefficiency and high expense, some studies have
applied graph-based methods to sel ect regions containing foods
[28] or have explored techniques where only image-level 1abels
indicating the presence or absence of foods are required instead
of requiring pixel-level labels of food objects [29]. The
opportunity to advance such methods remains, as doesthemain
opportunity of creating efficient segmentation algorithms that
provide pixel-level labels and training for each imagein afood
dataset.

Challenge: Nonrobust Food | mage Recognition Systems

Research [30-32] in food recognition has analyzed multiple
features and classification algorithms (aimed at identifying
foods) that are effective but mainly restricted to a known food
dataset that has been established apriori. Researchers[27,33,34]
use either an end-to-end deep neural network or image features
with variations of support vector machine (SVM) [35]
classification algorithmsto optimize food recognition. However,
many studies on food recognition assume that only 1 food item
is present in an image and apply a multiclass classification
algorithm to identify the foods. In real-world scenarios, there
istypically morethan 1 food itemin animage, where each food
item isasegment in the image and is described by handcrafted
or deep features and then classified by an SVM classifier
[22,36].

Research Opportunities

Robust and accurate food image recognition remainsachallenge
because many foods have a deformable appearance and thus
lack of rigid structures and because there often exists subtle
differencesin visual features among different food categories.
Factors such as food preparation and personal preferences can
also affect the appearance of food ingredients. Deep neural
network—based approaches provide opportunities to improve
the robustness and accuracy of food recognition systems but
depend heavily on well-constructed training datasets and proper
selections of neura network architectures. However, there is
an opportunity to provide contextual information in the food
recognition agorithm, which can include environmental cues
and previous diet history. There have been advances in
restaurant-specific food recognition [23,37,38] where location
and menu information are used to assist with recognition. Others
[39] have integrated recipe and cuisine as context and prior
knowledge to aid automatic food recognition. Food patterns
acrosstime and dietary preferencesareincreasingly being shown
to improve food classification accuracy [40]. Incorporating
contextual cues can be essential to advancing the robustness of
food recognition algorithms.

Challenge: Inaccurate Portion Size Estimation in I mage

Estimating food portion size from an image is chalenging as
preparation and consumption impose large variations on food
shape and appearance. Several food portion estimation
techniques based on reconstructing the 3-dimensiona (3D)
models of the foods have been developed, which require users
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to take multiple images or videos or to modify mobile devices
[41-45] to enable reconstruction. These approaches work well
for irregularly shaped foods, but they do not work well when
there are no strongly matched features (ie, corresponding sets
of points) occurring on multiple frames. These approaches also
require users to capture multiple images from different angles,
making them tedious and unsuitable for long-term health
monitoring and data collection. Others have focused on
developing methods to estimate food portion size from a
single-view image [17,46-49]. These methods use geometric
model-based techniques that require food labels and food
segmentation masks (ie, pixel location of foods in the image).
Errors from automatic food classification and image
segmentation can propagate into the final portion estimation.
In addition, existing methods have only examined small model
libraries consisting of foods with simple geometric shapes (eg,
apples, burgers, and pizza). Further research is required to
devel op more comprehensive model libraries capable of dealing
with irregularly shaped foods.

Research Opportunities

Despite some promising results from existing approaches, the
performance of current portion estimation methods is not yet
satisfactory. More recently, several groups [27,50] have
developed portion estimation methods using deep learning.
However, these techniques estimate food volumes rather than
food energy. With food volumes estimated, food density is till
required to compute weights, which can then be mapped to food
energy using afood composition resource, such asthe FNDDS
[18]. Therefore, new approaches[16] that can directly link food
images to food energy in the image are desirable.

Depth sensors and dual camera configurations are quickly
gaining popularity on consumer mobile devices. More 3D
information can be collected without significantly adding to a
user's burden capturing the eating scene. For example, mobile
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phones equipped with depth sensors enable simultaneous capture
of image depth and the RGB color model image. For dual
camera systems, at least two images are captured from dlightly
different angles, enabling multiview 3D reconstruction
techniques. The additional information captured by the mobile
devices may improve the accuracy of food portion estimation
by providing additional 3D information on food objects.

Eating Action Unit—-Based Sensing

Although existing imaging technol ogies have shown reasonable
successin estimating calorie intake and nutrients from images,
there is growing interest in capturing proxies to calorie intake
with sensor modalitiesthat have fewer wearer privacy concerns.
EAUSs (ie, fine-grained activity units that occur during eating)
are a mechanism to understand calorie intake patterns and
behaviors. Accelerometer- and gyroscope-based inertial
measurement units [51,52] are examples of EAUSs that assess
eating patterns. These techniques have been developed as a
result of observing feeding gestures (or hites) and their
correlation to calorieintake [53,54]. The underlying assumption
of EAUsisthat by counting the number of bites and estimating
average calories per bite, we can provide areasonable estimate
of overall calories consumed, map the number of bitesto calories
to determine over- or underconsumption, and enable users to
automatically quantify their calorie intake using EAU-based
devices[55].

Capturing EAUs enables actionable insight, where information
generated can be used by wearers, clinicians, and dietitiansin
a timely manner. They also enable interventionists to test the
efficacy of calorie-informed, just-in-timeinterventionsin close
proximity to eating episodes. Although the detection of EAUs
has shown promise, several challenges prevent these systems
from being adopted in clinical and population settings (Table
2).

Table 2. Challenges and research opportunities in adopting eating action unit—based sensing methods.

Challenge

Research opportunity

Limited understanding of context surrounding system success and failures

Privacy protection in ground truth data collection methods

Inability to accurately distinguish between food categories

Usewearablevideo camerasto validate contextual information surrounding
when sensor—algorithm pairings fail in real-world settings

Identify novel ways of protecting bystanders and other sensitive informa-
tioninthefield of view of camerasboth in hardware and software to ensure
wearer privacy concerns are addressed, thereby increasing likelihood of
capturing naturally occurring behavior

Define food categories that are most useful for clinicians and researchers
for diet interventions and food recalls

Challenge: Insufficient Understanding of the Context
of System Success and Failure

Several systems have shown promisein free-living populations
but fall short of delineating the contexts for when and where
their systems succeed and fail, which prevents others from
building on previous work to advance EAU systems under
challenging scenarios. For example, gesture EAUs are
confounded by smoking action units; however, few studies
attempt to consider other challenging contextual scenarios that
can confound eating behaviors[56]. Attemptsto advance eating
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detection while considering challenging contexts are limited
primarily because confounding contexts are not clearly
delineated. A preliminary study in 8 participants who wore a
wrist-worn sensor for a few hours in a free-living situation
demonstrated that wearable video cameras have an
approximately 38% false-discovery rate, which typicaly
corresponded to phone-related gestures[57]. Thefal se-discovery
rate could be mitigated by integrating phone usage information
with the system. However, data are limited in the context in
which 1 device outperforms the other, limiting our ability to
advance EAU-based eating detection systems.
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Research Opportunity

Additional data are needed on the strengths and limitationsthat
lead systems to succeed and/or fail in free-living populations.
Understanding the context of success or failure enables
identification of strengths and weaknesses of various systems
and advances both the hardware and algorithm used to solve
these challenges. Studies are beginning to identify the context
in which sensor-algorithm pairings fail; however, they lack
validity through visual confirmation. With the exception of a
few recent studies [57-62], few researchers have incorporated
wearable video cameras in the field to provide such validation.
Researchers should continue using wearable video cameras in
free-living populations and clearly state the context withinwhich
the system succeeds or fails.

Challenge: Inahility to Protect Privacy When Using
Wearable Video Camerasin the Field

Evaluation of an eating detection system necessitates testing
against visually confirmed (with video) ground truth (ie, means
of validating the activity in a real-world setting). Visual
confirmation of eating behaviorsisthe strongest form of ground
truth available for EAUs but also one of the most burdensome
on the participant and researcher. Many researchers limit their
studies to controlled settings primarily because of the limited
robustness of the sensor and the time required to manually 1abel
video streamsto produce ground truth. Thereissignificant time
and cost associated with designing a fail-safe device that can
function in free-living environments [63]. However, people are
generadly unwilling to wear wearable video cameras in
real-world settings owing to privacy concerns, and thelikelihood
of behaving naturally in the presence of a video camera is
limited [64]. Recent research has shown that, given acceptable
levels of incentives and properly orienting the camera,
participants are willing to don wearable video cameras in
real-world settings for ashort period of time. Some researchers
bypass the use of wearable video cameras by combining other
sources of information, such asfood journaling and sensor data
[65], commercial e ectroencephalography (EEG) sensors to
produce labels for a wearable EEG device [66], and a GoPro
Hero 3 camera mounted on the chest facing the jaw [58].

Research Opportunity

Ensuring along-lived, minimally intrusive method for capturing
ground truth is necessary for capturing realistic data and
rigorously testing interventions. As many participants report
concernsfor bystandersastheir main reason for being unwilling
to wear acameraall day [64,67,68], researchers may be ableto
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design video cameras that are both privacy-preserving and that
aid in validating other body-worn sensors by providing video
confirmation of EAUs. Importantly, thiswill ensurethat sensors
being deployed adequately validate the behaviorsthey claim to
capture in the settings they are most needed.

Challenge: I nability to Accurately Distinguish Between
Food Categories

Similar to image processing, EAU-based sensors have shown
success in distinguishing between different food categories.
Chewing crunchy chips compared with chewing a banana
produces very different sensor signals, and researchers are
beginning to capitalize on these variationsto distinguish between
food items and type. Automatically determining solid versus
liquid ingestion has provided some utility in identifying sources
of ingestion behavior and intervention design, alowing
researchersto investigate this phenomenon [69-71]. This could
provide utility in a hospital setting, where foods provided to
patients are known a priori, narrowing the food search space.
However, this limits utility in free-living populations, and the
challenge remains in increasing external system validity.

Research Opportunity

Knowledge of anindividual’s diet may narrow the search space,
enabling sensors to automatically distinguish between
individuals, given their known diet and food environment. An
opportunity exists to categorize foods in a way that would be
most useful for researchers and cliniciansin improving calorie
intake estimates. Although distinguishing between liquid and
solid consumption may haveresearch utility, it isunknown what
other types of food categories may be distinguishable.
Within-subject variability of nutrientsis influenced by gender,
age, and education [72]. Thus, this research opportunity would
be most helpful for populations with low-variability diets,
particularly among elderly participants or patients on restricted
diets.

Biochemical M easure-Based Sensing

There are concerted efforts underway to characterize the
biochemical changes in the body that result from food and
calorieintake. Novel classesof biochemica and el ectrochemical
sensing systems could be used to analyze changesin metabolic
activity observed in interstitial fluid, saliva, or sweat [73,74].
In this section, we have reviewed wearable sweat monitoring
systems that have been deployed recently in remote
environments (Table 3).

Table 3. Challenges and research opportunities in adopting biochemical measure—based sensing methods.

Challenge

Research opportunity

On-body biochemical monitoring

Stability of wearable sensors under different environmental conditionsfor
metabolites, electrolytes, and proteins

Reusable vs single-use wearable sensors

Apply wearable biochemical sensorsto monitor electrolytes, metabolites,
and proteinsin biological fluids (eg, saliva, sweat, and interstitial fluid)

Develop stable biochemical tests to determine concentrations (bioassays)
of glucose, lactate, cortisol, anmonium, sodium, chloride, and potassium,
which require limited handling and refrigeration with dehydration or
freeze-drying methods

Develop low-cost battery and energy harvesting solutionsto enable single-
use and multiuse modes of operation
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Challenge: On-Body Biochemical Monitoring

Recent efforts have focused on biochemical analysis of eccrine
sweat using wearable devices [75-77], which leverage both
colorimetric and electronic-based sensors that collect sweat
directly from skin pores and measure biomarker concentrations
and dynamics (eg, sweat loss and sweat rate) inreal time. This
opens new possibilities for characterizing electrolyte and
metabolite loss during daily activities, which can be correlated
with blood metabolites, hormone, proteins, pathogens, and drugs
[78,79].

Continuously monitoring biomarkers in sweat requires highly
sensitive techniquesfor extraction and electrochemical analysis.
Researchers have devised strategies to reduce the contamination
effectsof skinin contact with the device, whileincreasing sweat
collection volume. This new class of wearable biochemical
sensors could provide viable pathwaysfor creating noninvasive
and remote analysis of diet, wellness, and health [ 75]. However,
shelf-life stability of biochemical sensors, susceptibility to
contamination, and fundamental limitations in capturing
sufficient volumes of sweat remain problematic.

Research Opportunity

Key opportunities lie in the design and deployment of
biochemical-sensing devices that can endure temperature
changes owing to environmental factorsand mechanical impact
while maintaining signal quality without degradation over time.
Beyond device resiliency, comparisons of sweat and blood
analytelevelsmust betested across healthy and sick populations
to determine validity and applicability of on-body sweat sensing.

Challenge: Enabling Robust Onboard Enzymatic and
Chemical Assays (Biochemical Testsand Assays) Under
All Environmental Conditions

The rich heterogeneous blend of electrolytes, metabalites, and
proteins in sweat represents a unique set of noninvasively
collected data. These biomarkers have been shown to correspond
to the physiologic state and may serve as the basis for
understanding cognitive impairment in the field. To date, most
studies have focused on characterizing electrolytes and
metabolites (eg, glucose or lactate) using bioassaysin controlled
laboratory settings. Metabolic biomarkers could change with
physical stressand diet during daily activity outside of controlled
laboratory settings. The stability of wearable biochemical
sensors is thus crucia to maintain over extended time periods
in real-world settings.

Research Opportunity

Wearabl e biochemical sensorsthat employ onboard dehydrating
reagents or buffers that reduce degradation could lead to
broad-scal e deployment of these systems. Refrigeration is useful
in protecting against bioassay degradation, but it requires specia
instructions and specialized equipment for proper handling and
modes of operation. The development of new classes of
wearable devicesthat require limited handling and refrigeration
and that can handle enzyme-linked immunosorbent assay and
protein-based analysis, using dehydration and freeze-drying
steps to promote chemical stability, represents an area of
enormous potential for robust remote-based deployment of
wearable technologies.
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Challenge: Reusable Versus Single-Use Sensors

Continuous monitoring of sweat biomarkers requires flexible
€electronics modules, memory storage, and onboard batteriesto
facilitate data capture, signal processing, and transmission.
Significant practical considerations, such as sensor corrosion
at the interface with ionic fluids, need for cleaning, and the
resulting signal degradation that could occur over timelimit the
utility of reusable systems. Electrochemical sensing systems
consisting of a reusable electronics module and single-use
electrochemical sensors provide compelling routes to address
these challenges. Single-use system designs may circumvent
the challenges of long-term wear, fluid—device interface, and
signal degradation. However, disposable devices must be
carefully engineered to support sufficiently reduced cost to
warrant single-use deployment.

Research Opportunity

Swest is a corrosive biofluid that engenders significant device
cleaning to facilitate reuse of the device. Thus, single-use
wearable biochemical-sensing systems address important
limitations of reusable systems assuming cost constraints are
met. Hybrid designs, in which the reusable module mechanically
couples to a single-use biochemical sensor, may mitigate the
limitations of reusable and single-use systems. Although hybrid
systemstend to cost more, they have significantly greater signal
processing and battery capacity for long-term continuous
monitoring.

Challenges Across Sensing M odalities

Regardless of the type of sensing modality, calorie estimation
techniques share a set of common challenges because of the
unique role that eating and nutrition play in everyone's lives.
These challenges are rel ated to sensor development, validation,
and refinement both in controlled and free-living settings.

Challenge: Burden of Multimodal Systems

Although many researchers have studied detecting eating using
a single wearable device, several are beginning to combine
multiple sensors and context via multiple wearable devices to
advance the total accuracy of an eating detection system.
Mirtchouk et al [80] showed that using in-ear audio with head
and wrist sensors improved accuracy from 67.8% with audio
alone to 82.7% and 76.2% for head and wrist sensors,
respectively. However, these approaches were mainly tested in
alaboratory setting, not in a free-living environment, and it is
unknown how well the findings translate to free-living
populations. Multimodal sensor studiesthat attempt to determine
utility of sensorsin real-world settings are sorely needed.

Wrist sensors coupled with other sensor modalities (eg, GPS
and respiratory plethysmography) may aid in distinguishing
among smoking, eating, and other activities. Examples of
multimodal systems include using ajaw motion sensor, a hand
gesture sensor, and an accelerometer [81] and using an airflow
sensor, a respiratory plethysmography chest sensor, and a
wrist-worn sensor [82]. However, the burden of wearing all
these sensorsissignificant. Thus, novel waysof combining less
burdensome sensors and devices or integrating noncontact or
noninvasive devices are needed while advancing the accuracy
in detecting calorie and macronutrient intake or proxies.
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Challenge: Time Asynchronization Across Sensors

A multidevice system brings challenges in coordinating and
synchronizing activities and sensing across devices. As each
device manages its own internal clock, this network of clocks
can become unsynchronized following power failure or reset.
Most devices are designed to be standalone and use an internal
clock, as opposed to time stamping their data using a nearby
smartphone or body sensor unit. Time synchronization in real
time has been a long-studied problem; however, automated
time-synchronization methods post data collection can enable
researchersto test multiple devices simultaneously, without the
need to reengineer the device to use a central hub. Without
reliable  millisecond time-synchronization  techniques,
annotations from 1 sensor stream (eg, video camera) are not
transferable to another sensor stream.

Challenge: Lack of Automation in Data Labeling

Once a sensor is deployed in areal-world setting, a supervised
learning model, which aimsto categorize datafrom prior known
labels or information (ie, supervised training), is designed to
process the data and determine system viability. However, one
challengein building a supervised learning model is providing
sufficiently annotated instances or labels to train the model.
Prior studies in real-world settings have depended on
self-reported annotations [59,83-86], which are burdensome
and rarely timely. More recently, studies are using wearable
cameras worn by participants to provide annotations through
visual activity confirmation poststudy [57-62]. To visualy
confirm, a data labeler is hired to watch the video and label
points in time when the activity occurred, which is
time-consuming and prone to error. Computer scientists are
beginning to design toolsto automatically annotate using active
learning systems that attempt to reduce the required number of
annotations to build a reliable machine learning model.
However, systems currently devel oped focus on building models
that process data with samples that are fixed in time (eg, an
image or a minute of data). Active learning systems designed
to handle activities with varied durations (eg, eating episodes,
feeding gestures, and chewing duration) can fill this gap.

Challenge: Unknown Acceptability of System by Users

For a system to succeed in real-world settings, it must be
acceptable for the population of interest. Although several
surveys have been designed to assess wearability of systems,
there is no validated standard survey or approach to assess
willingness to wear and use a device in the nutrition context.
Current systems deploy devices for a variable amount of time
(eg, 1-2 days, 1 week, or 1 month) and then report comfort
based on a Likert scale. Habits regarding technology adoption
are not properly understood until at least 1 week (when most
individuals stop using an app or a device) [87]. As a result,
acceptability must be clearly limited to the number of daysthe
system was actually tested in free-living populations. An
important contributor to system acceptability isbattery lifetime,
which is closely tied to device burden (ie, frequency of
recharge).
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Challenge: Short System Battery Lifetime

Long battery lifetime is essentia for wearable technology to
ensure high sensor sensitivity and recall of eating episodesin
free-living populations. It is reported to be the most important
feature rated by mobile device users [88-90]. Battery lifetime
becomes critically important in longitudinal studies where
reducing user burden is key to gathering more data and
encouraging habituation. If users must recharge a device
multiple times a day, this will limit data collection. Moreover,
battery lifetime enhancements enable populations who may
otherwise not be able to manage a device (eg, pediatric or
geriatric populations). There are several software approaches
toincrease battery lifetimeincluding duty-cycling, high-powered
sensors, or triggering with low-power sensors. Reducing
computational complexity and designing for specificity also
reduces wasted energy. New materials enable batteryless sensing
devices powered by energy harvested from the environment,
wearer motion, or Wi-Fi gateways. Although these sensors show
promise, they are not without challenges, as reliability can be
an issue when ambient energy isnot readily available. Wearable
sensors are increasingly being devel oped to last several months
[91,92], but most commercial sensorslast <12 hours[93] when
attempting to collect continuousinertial measurement unit data.
L ow-maintenance sensor solutions must be designed, and careful
consideration of battery lifetime must exist in every phase of
system and study design.

Challenge: Limited Rigor of System Testing

Although technology development serves as an important
contribution to the health community, reproducibility of the
resultsisessential to determine proper construct validity, internal
reliability, and test-retest reliability to increase confidence in
the potential of a system to work in real-world settings. Most
existing wearable sensors and systems show success by their
principal investigator but have not extended beyond the
laboratories in which they were implemented. To prevent bias
in reporting, researchers need to disseminate their systems
(hardware, software, and datasets) to other teams to provide
independent testing and review. Such rigor in testing of sensing
platformsis needed across all sensor modalities.

How Technology-Enabled Devices Can
Assist Conventional Subjective Diet
Assessment

Conventional diet assessments comprise subjective and objective
(eg, double-labeled water and metabolic chamber) approaches
[94]. Although both approaches measure calorie and
macronutrient intake, subjective diet assessments are more
commonly implemented in research and clinical settings [95],
in part owing to greater convenience and reduced cost [96].
Subjective diet assessments are not constrained by battery
lifetimes and are acceptable for target populations. However,
each type of subjective diet assessment introduces unique types
of measurement error depending on how the diet dataare being
collected. A description of each assessment, and its strengths
and limitations, is presented in Table 4. We posit that
technology—such as image sensing, EAU, and biochemical
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measures—can assist subjective diet assessments to capture
habitual dietary intake and eating behaviors, as systematic and
random errors associated with both approaches are
fundamentally independent. Replacing subjective diet
assessments with technology may be difficult as other limitations
could arise, such as ambiguity in identifying food images
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through image distortion or uncertainty over whether the food
was truly consumed [97]. Combining information from
technol ogy and subjective diet assessmentsimprovesthe validity
of dietary intake data because the 2 approaches complement
each other’s strengths and limitations.

Table 4. Conventional subjective measurements of energy and macronutrient intake.

Method Description

Strengths

Limitations

24-hour diet recalls Inquiry about everything one had to
eat and drink during the previous day
(usually midnight to midnight);
probes often used to collect more de-

tail and standardize the interview

Detailed list of al foods and drinks
consumed over a specified amount of
time, written by respondent and ideal-
ly using weight scales or measuring
tools to determine portion size; pro-
vides data about actual intake

Food records

Food frequency questionnaire  Questionnaire asking whether afood
item was consumed during aspecified
period of time; contains 2 components
(food list and frequency response

question); provides dataabout relative

intake

Open-ended, enabling greater detail
about intake and food preparation;
good for culturally diverse diets; less
burdensome

Open-ended; does not rely on memo-
ry if records are completed on time;
allows for self-monitoring

Measures usual intake; less burden-
some on respondent and research staff

Memory dependent; error pronein
quantifying portion sizes; requires
intensive interviewer effort, which
can decrease motivation to collect
accurate data; repeated measures
needed to capture usual intake; can
alter eating behaviorsif recalls are
scheduled in advance

Requires intensive respondent effort,
which can decrease motivation to
collect accurate data or lead to poor
response rate; burdensome on staff to
analyze data owing to entering and
coding items; repeated measures
needed to capture usual intake; can
alter eating behaviors since respon-
dents are monitoring their diets

Memory dependent; food list isfixed
and may not capture usual intake,
particularly inaculturally diverse di-
et; may be difficult to quantify food
portions without food images; diffi-
cult to inquire about mixed dishes;
respondent may have difficulty inter-
preting the questions

One primary concern for using subjective diet assessments
includes intentional or unintentional misreporting of dietary
intake [98]. Specifically, 24-hour dietary recalls and FFQsrely
on memory, which can depend on age, education, attention
during eating, and consistency of diet patterns [94,99]. Many
individual s underestimate portion sizesfor foods and beverages
[100] and are sometimes provided with household items, food
scales, and/or 2-dimensional images of foods with anchors to
improve portion size accuracy [94]. However, theseinstruments
create additional burden and decrease motivation to accurately
capture caloric and macronutrient intake. Theselimitations have
far-reaching implications as investigators would be uncertain
if the subjective diet assessments are accurately characterizing
true dietary intake [101], correctly identifying whether
participants are adhering to specific diet interventions [102],
and introducing biaswhen i nvestigating diet-di sease associations
[101]. Image-sensing and EAU behavior approaches can
minimize misreporting by objectively capturing food images
and by identifying timing of eating episodes, allowing
individuals and researchers to corroborate information from
subjective diet assessments. Furthermore, image-sensing and
EAU measures can also serve as visual or verbal cuesto assist
recall when conducting subjective diet assessments.

A limitation specific to 24-hour dietary recall and food records
is the measurement of acute intake and not the usual diet [94].
Multiple measures are needed to capture usual intake, and data
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collection must occur for every day of the week [94]. However,
increasing the number of subjective diet assessments creates
greater burden for the individual and the research team.
Image-sensing and EAU measures can reduce the number of
24-hour dietary recalls and food records needed to capture the
best estimates of absolute dietary intake, while automating the
analysis of dietary data. To this end, more research is needed
to evaluate the number of images and EAU measures needed
to provide the best approximation of absolute dietary intakes.

Biochemical measures can also determine nutrient status of the
body. However, biochemical concentrationsare not true markers
of dietary intake and can reflect how the body absorbs,
transports, metabolizes, and excretes the nutrient [103].
Therefore, biochemical measures cannot replace subjective diet
assessments since it would be unclear how nutrient status is
influenced by dietary intake or in vivo processes. Recent
advances in statistical approaches, such as prediction models
that use data from technology and conventional subjective
approaches, account for measurement errors and can provide
more accurate results [104,105].

Technol ogy-enabled devicesthat measure caloriesand nutrients
can also have far-reaching implications in clinical practice. A
recent study reported that providers perceive health-tracking
technologies as very useful when reviewing patient data,
managing medical visits, and facilitating patient—provider
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communication [106]. A growing number of patients are also
engaging with health technology. According to the National
Cancer Institute’'s 2017 Health Information Trends Survey, 34%
reported owning an electronic monitoring device to track their
health behaviors [107]. A growing opportunity remains in
developing efficient strategies to merge technology with
subjective diet assessments toward obesity prevention and
treatment efforts.

Discussion and Conclusions

Sensors from the 3 domains presented (image-based,
EAU-based, and biochemical measure—based) have the potential
to identify markers that improve estimates of calorie intake.
However, the technologies still require considerable user input
from the end user, scientist, or clinician who may have to label
or segment images or metrics from such wearables to train a
machine learning system. Fully automating technol ogy-enabled
calorie and nutrient monitoring would open the possibility to
providing highly informed and validated information to augment
recall methods and advance estimates of calorie intake for
clinicians and patients.

Wearable-based sensing modalities focused on biochemical
processes offer a solution for understanding food nutrients.
However, more technical expertise is needed to merge
conformal, low battery, secure, and valid technology with
appropriate caloric assumptions. Once a stronger correlation
can be drawn between biochemical products analyzed and
calories consumed, biochemical-based wearables may provide
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promise in future automated calorie estimation systems.
However, as with most wearable technologies, adherence to
wearing the device remains problematic. Thismay be overcome
if the value in such technol ogies pans out.

Although calories and nutrients can be consumed and monitored,
it is essential to understand the behavioral choices that drive
these decisions and if those behaviors can provide insight into
calorieintake. All 3 systems have the potential to provide such
information from cortisol levels for stressful eating (using
biochemical sensors) to late-night snacking (using image-,
physical-, and behavioral-based sensors) and beyond. The
biggest challenge then becomes how to usethereliable big data
collected from these devices to drive an actionable outcome
such as lower calorie consumption or identification of eating
behaviors that increase calorie intake.

It is our view that the defined research opportunities regarding
calorie intake monitoring apps are the most promising, which
may move the science toward a ubiquitous future of such
monitoring. Nonetheless, challenges remain to fully introduce
such solutions to have the desired health impact that clinicians
and patients alike expect. At present, the next logical stepisfor
scientists to improve the functionality of such devices, for
human-computer interaction experts to improve usability, and
for clinical teams and behavioral scientists to assess what
infformation can be used to improve heath behavior
interventions given these new advanced technological tools.
Thistrandational, multidomain effort will demonstrate whether
calorieintake monitoring enables higher quality of lifeand thus
challenges the public health crisis of obesity.
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Abstract

Background: Hypertension isamajor cause of mortality in cardiac, vascular, and renal disease. Effective control of elevated
blood pressure has been shown to reduce target organ damage. A Web-based self-titration program may empower patients to
control their own disease, share decisions about antihypertensive dosetitration, and improve self-management, ultimately improving
health-related quality of life.

Objective: Our primary aim was to evaluate the effects of a Web-based self-titration program for improving blood pressure
control in patients with primary hypertension. Our secondary aim was to evaluate the effects of that program on improving
health-related quality of life.

Methods: This was a parallel-group, double-blind, randomized controlled trial with assessments at baseline, 3 months, and 6
months. Weincluded patientswith primary hypertension (blood pressure>130/80 mm Hg) from acardiol ogy outpatient department
in northern Taiwan and divided them randomly into intervention and control groups. Theintervention group received the Web-based
self-titration program, while the control group received usual care. The random allocation was concealed from participants and
outcome evaluators. Health-related quality of life was measured by the EuroQol five-dimension self-report questionnaire. We
used generalized estimating equations to evaluate the effects of the intervention.

Results:  We included 222 patients and divided them equally into intervention (n=111) and control (n=111) groups. Patients
receiving the Web-based self-titration program showed significantly greater improvement in the systolic and diastolic blood
pressure control than those who did not receive this program, at 3 months (—21.4 mm Hg and —5.4 mm Hg, respectively; P<.001)
and 6 months (—27.8 mm Hg and —9.7 mm Hg, respectively; P<.001). Compared with the control group, the intervention group
showed asignificant decreasein the overall defined daily dose at both 3 (-0.202, P=.003) and 6 (—0.236, P=.001) months. Finally,
health-related quality of life improved significantly in the intervention group compared with the control group at both 3 and 6
months (both, P<.001).

Conclusions: A Web-based self-titration program can provide immediate feedback to patients about how to control their blood
pressure and managetheir disease at home. This program not only decreases mean blood pressure but also increases health-rel ated
quality of lifein patients with primary hypertension.
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Introduction

The World Heath Organization (WHO) reported that
hypertension is one of the most common health concerns [1],
with an estimated worl dwide prevalence of morethan 1.3 billion
people [2]. The WHO also predicted that hypertension will
affect 29% of theworld’s population by 2025 [3]. In the United
States, just about 49% of male patients and 55% of femae
patients had controlled hypertension between 2009 and 2012
[4]. Similarly, around 24% of the adult population in Taiwan
(4.6 million people) had hypertension, and only 58% of
hypertension patients had good control [5].

Hypertension is a major cause of mortality, resulting in 10.5
million deathsworldwide annually [6,7]. Death isaconsegquence
of target organ damage due to hypertension, including
cardiovascular, cerebrovascular, and kidney diseases[8-10]. In
Asia, high systolic blood pressure is the main risk factor for
stroke [11]. Hypertension and its comorbidity also affect
health-related quality of life (HRQoL) [12]. A meta-analysis of
20 cross-sectiond studies showed that patientswith hypertension
had poor HRQoL compared with normotensive adults [13].
Similar findings were reported from a meta-analysis of 21
observational studiesin China[14].

The poor adherence to health behaviors, a significant barrier to
optimal blood pressure control [15], isdueto treatment regimen
complexity, side effects of medicines, psychosocial distress,
and poor health literacy [16,17]. Home blood pressure
self-monitoring has been shown to improve blood pressure
control [18,19] and help health care providers make appropriate
treatment decisions[19]. A recent meta-analysis concluded that
clinical interventions should be developed to help patients
perform accurate self-monitoring of their blood pressurein order
to achieve better blood pressure control [20]. Telemedicine
could be useful inthisregard becauseit not only allows patients
to easily perform self-monitoring at home but also enables
clinical professionals to have access to the data and give their
feedback to patients immediately [21].

Inclinical practice, acardiologist usually startsantihypertensive
therapy by medication titration based on a patient’s response
and educates patients about sel f-monitoring and self-adjustment
of dosages at home [22]. However, most patients are anxious
about how to follow the complicated treatment regimen [22].
Medication titration strategies have been designed to
successfully assist patients in self-titration of antidiabetic, oral
anticoagulation, and beta-adrenergic receptor blocking
medicines [23-25]. The titration process alows patients to
perceive how their effortsimprove their disease outcomes[26].

Few randomized controlled trials have investigated the outcomes
of medication titration on blood pressure control in patients
with hypertension. The Telemonitoring and Self-Management
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in Hypertension 2 (TASMINHZ2) trial combined telemonitoring
with a titration strategy to improve blood pressure control for
patients with hypertension [27]. The intervention group had
significantly greater decreasesin systolic blood pressure (SBP)
and diastolic blood pressure (DBP)—3.7 mm Hg (95% CI
08-66) and 13 mm Hg (95% ClI 0.3-2.6),
respectively—compared with a control group after 12 months.
In asecond trial, Targets and Self-Management for the Control
of Blood Pressurein Stroke and at Risk Groups (TASMIN-SR)
[28], patients with secondary hypertension received training in
self-titration of antihypertensives. Again, the results showed
that patientsin the intervention group had significant decreases
in SBP (-8.8 mm Hg; 95% Cl 4.9-12.7) and DBP (-3.1 mm
Hg; 95% CI 0.7-5.5) after 12 months. The TASMINHA4 tria
evaluated the effectiveness of general practitioner—ed titration
of antihypertensives with either self-monitoring or
self-monitoring plus telemonitoring on blood pressure control
[29]. The trial showed that SBP significantly decreased after
12 monthsin both intervention groups, with differences of —3.5
mm Hg (95% Cl —-5.8 to —1.2) in the self-monitoring group and
—4.7 mmHg (95% CI —7.0 to—2.4) in the telemonitoring group.
Moreover, DBP a so decreased in both the sel f-monitoring group
(1.5 mm Hg, 95% CI -2.7 to —0.2) and the telemonitoring
group (-1.3 mm Hg, 95% CI -2.5 to —0.02).

Nevertheless, two previous studies were unable to detect a
significant finding of the effects of antihypertensive titration
on blood pressure control [30,31]. Thefirst, atwo-armed trial,
indicated that health coaching with home titration was not
superior to usual carefor blood pressure control after 6 months
[30]. A second study, the Diabetes Risk Evauation and
Microalbuminuria 3 (DREAM 3) trial, assessed the effects of
a nurse-lead titration strategy in patients with hypertension,
diabetes, and microalbuminuria, but found no significant effect
on either SBP or DBP control at 6 and 12 months [31]. Thus,
thereisno consistent evidence about the efficacy of medication
titration on blood pressure control, and there is a notable lack
of research datafrom Asia.

We aimed to evaluate the effectiveness of a Web-based
self-titration program on blood pressure control in patientswith
primary hypertension. Our primary hypothesiswasthat patients
receiving the Web-based self-titration program in the
intervention group would have abetter control of SBPand DBP
than the control group after 3 and 6 months. The secondary
hypothesiswasthat the patientsin theintervention group would
show greater improvement in HRQoL than those in the control

group.
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Methods

Study Design

Thiswasaparallel-group, double-blind, randomized controlled
trial. Participants were randomly assigned to an intervention
group or acontrol group using apermuted block randomization
design with a block size of 4. The random allocation was
conceal ed from parti cipants and outcome eval uators viathe use
of sequentialy numbered opague envel opes. Datawere collected
at baseline, 3 months, and 6 months. The study was based on
the CONSORT-EHEALTH guidelines (V1.6) [32] and was
conducted from February 2017 to August 2018.

Study Setting and Sample

We enrolled patients with primary hypertension from a
cardiovascular outpatient clinic of amedical center in northern
Taiwan. The inclusion criteria were as follows. age of 20-79
years, diagnosis of primary hypertension with SBP=130 mm
Hg or DBP=80 mm Hg, intake of lessthan four antihypertensive
agents, access to a sphygmomanometer at home, ownership of
asmart phone or personal computer to use, ability to read and
understand Chinese or Taiwanese, and will to participate. The
exclusion criteria were as follows: SBP=180 mm Hg or
DBP=100 mm Hg; pregnancy; receipt of a heart transplant,
permanent pacemaker, or implantable cardioverter defibrillator;
diagnosis of arrhythmia, stroke, thyroid disease, major
psychiatric disorder, rena disease, heart falure, acute
myocardial infarction, cancer, or terminal disease; intake of
antidepressants; or addiction to drugs or alcohol.

The study procedures were reviewed and approved by the
Ingtitutional Review Board (IRB 2-104-05-148) of the
participating hospital. Before enrollment, the principal
investigator explained the research purpose and procedures to
the participants and obtained their written informed consent.
The participants randomly assigned to the intervention group
were trained to use the self-titration platform for 1 month and
continuously received the self-titration intervention for 6
months. The participants in the control group received usual
care.

Study Procedures

The participants assigned to the intervention group received a
4-week training course before receiving the Web-based
self-titration program. First, participants were given a secure
account and a unique password of the website platform. We
assisted participants with any set-up required on their
smartphones or tablets. A stepwise instruction booklet was
provided to guide log-in and use the platform. Second, the
physicians of these participants set individualized blood pressure
targets and explained the tailored medication titration
instructionsto each participant, who were then asked to rely on
their home blood pressure recordingsto titrate their medication
doses. Third, participants were trained to measure their blood
pressure by using automated electronic sphygmomanometers
correctly. Finally, al participants received education about the
management of hypertension.

When parti ci pants began the Web-based self-titration program,
they were asked to measure their blood pressure before taking

https://www.jmir.org/2019/12/e15836

Kao et a

their medications and to report the data on the platform every
day. We reviewed the data daily and provided a consultation
through a phone call or website platform as needed for each
individual participant. The physicians provided instructions to
participants for any medication dosage change (increase or
decrease), based on the self-monitoring data, through the website
platform or clinical visit every month. The participants |earned
how to modify their lifestyle and manage hypertension by
visiting the website repeatedly.

The participantsin the control group received usual care, which
included routine follow-up treatments for medication, lifestyle
modification consultations, and a blood pressure check.
M edications were adjusted depending on eval uations from their
physicians at each clinical visit.

The principal investigator conducted a meeting to deal with
problems arising in the study once amonth. The outcomeswere
evaluated for both groups before starting the intervention and
after initiating the intervention, at 3 months and 6 months.

Intervention

Based on areview of theliterature [33-35] and our professional
experiences, our research team determined that patients able to
titrate medications by themselves should be proficient in three
areas. the ability to measure blood pressure correctly, the ability
to record and understand the blood pressure recordings, and the
ability to adjust their dose (add, maintain, or decrease) or adopt
emergency interventions based on the instructions. A secure
website was designed to assist patients in performing safe
self-titration. The website includes five sections: (1) personal
information collection, (2) individual physical datarecordings,
(3) blood pressure recordings, (4) patient education in
hypertension, and (5) consultations (Figure 1).

In the personal information section, we required patients to
provide the following data: age, gender, education status,
employment status, contact information, comorbidity, current
medications, and next visit date. In theindividual physical data
section, we input hematology test data such as low-density
lipoprotein cholesterol, high-density lipoprotein cholesteral,
triglycerides, and serum creatinine levelsthrough achart review.
Patients were able to access their blood test data through the
website.

In the blood pressure recording section, we set up individual
blood pressure targets for each patient. The patients measured
their blood pressure and recorded the data through the Web. An
alarm and reminder system was designed and set up to allow
patientsto clearly understand the meaning of their current blood
pressure readings and how to deal with them (Multimedia
Appendix 1) [28,36]. When patientsfilled in their blood pressure
dataon the website, reminders popped up according to the blood
pressure readings (Figure 2). If a blood pressure reading was
below or above normal, the system automatically triggered an
alert for the study team to contact the patient. If the blood
pressure readings were not entered by 9 PM, the system was
designed to send an email notification to remind the study team
and either the patient or his/her caregiver to enter the readings.
The database was automatically backed up at 12 PM each day.
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Outputsof blood pressure datawere displayed ascurvediagrams  blood pressure measurements, a healthy diet, and exercise. The
showing the 1-month or 3-month trends to patients (Figure 3).  video content was designed based on the guidance of five

In the patient education section, a video provided information experts from among the cardiologists and nurses. Finally, the

about the management of hypertension and instructions about patientswere ableto_dlrectly contact the research team through
the consultation section.

Figure 1. Screenshot of instruction in self-titration strategy.
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Figure 2. Screenshot of the medication reminder area and medication titration area.
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Figure 3. Screenshot of curve diagram on blood pressure.
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Blood Pressure Measurements

Blood pressure was measured with an automatic
sphygmomanometer (JPN1; Omron Colin, Kyoto, Japan).
According to the guidelines of the Taiwan Society of Cardiology
and the Taiwan Hypertension Soci ety, we asked the participants
to sit in a quiet and comfortable room for at least 5 minutes
before taking their blood pressure. The blood pressure wastaken
twice at intervals of 1-2 minutes[38]. The average of thesetwo
readings was used in the data analysis. In addition, the
researchers assisted all participantsin checking the accuracy of
their own automated electronic sphygmomanometers and
evaluated whether the cuffs were appropriately sized for
participants’ upper arms.

Health-Related Quality of Life

We used the 3-level version of EuroQol five-dimension
self-report questionnaire (EQ-5D-3L) [39] to measure variables
of HRQoL. The EQ-5D-3L is composed of two parts: (1) the
EQ-5D descriptive system and (2) the EuroQol visual analog
scale (EQ-VAS) [39]. The EQ-5D descriptive system has five
dimensions: mobility, self-care, usua activities, pain/discomfort,
and anxiety/depression. Each dimensionisrated on threelevels:
no problems (level 1), some problems (level 2), and extreme
problems (level 3); the scores are converted into a single
summary score, which describes a patient’'s HRQoL. The
EQ-VAS records the respondent’s self-rated health status on a
20-cm vertical scale (visua analog scale) that ranges from O,
indicating the worst health status, to 100, indicating the best
possible health state [39]. The VAS is a quantitative measure
of a patient’s judgement about their health status. We used the
Chinese version of EQ-5D-3L, which has been demonstrated
to have adequate validity and reliability [40].

Defined Daily Dose

We calculated the antihypertensive dosage based on the DDD,
as recommended by the WHO, a unit of measurement for
assumed average maintenance doses per day for a drug
according to its main indication in adults. The DDD provides
a standardized and objective dose unit, alowing clinicians or
researchers to assess drug consumption dosage and compare
patients with themselves or other patients. DDDs are only used
for medicines after they are assigned Anatomical Therapeutic
Chemical Classification System (ATC) codes[37]. For example,
the ATC code for amlodipine (5 mg) is CO8CAOQL. This code
indicates that the DDD of amlodipineis5 mg. Therefore, when
the prescription of daily dose of amlodipineis5 mg, the patient
istaking 1 DDD of this medicine [37].
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Outcomes

The primary outcome was the mean SBP and DBP at 3 months
and 6 months. The secondary outcomes were the overall
antihypertensive DDD and the two measures for HRQoL at 3
months and 6 months.

Statistical Analysis

We estimated the sample size using G* Power version 3.1 [41].
According to aprevious study [28], asample size of 80 patients
per group was estimated for 90% power (two-tailed and at a5%
significance level) to detect adifference of at least 5 mm Hgin
systolic blood pressure between the intervention and control
groups and assuming an SD of 17 mm Hg. Allowing for a20%
dropout rate during follow-up, the sample size was increased
to at least 96 patients for each group.

Data were analyzed by IBM SPSS, Version 21.0 (IBM Corp,
Armonk, New York) based on intention-to-treat analysis. The
analysis was conducted by aresearcher who was blinded to the
random all ocation. The demographic and clinical characteristics
were analyzed as means and SDs or as frequencies and
percentages. Independent t-tests and Chi-square tests were
carried out to examine the homogeneity of characteristics
between the two groups. Group differences were examined
using the generalized estimating equation (GEE). The outcomes
were tested at the 5% two-tailed level of significance.

Results

Baseline Participant Characteristics

Of the 356 enrolled patients, 18 did not meet the inclusion
criteria and 116 (32.6%) declined to participate. Therefore, a
total of 222 patients (62.4%) were included and randomly
assigned to the intervention (n=111) or control (n=111) group.
Figure 4 shows the flowchart for screening, enrollment,
randomization, and follow-up.

The baseline characteristics of participants are summarized in
Multimedia Appendix 2. The mean age of participantswas 62.7
(SD 9.3) years. Most participants were men (n=114, 51%),
married (n=214, 94%), and employed (n=124, 56%); only afew
participants were smokers (n=28, 13%). The mean body mass
index was 26.44 kg/m? (SD 3.79). The average length of
hypertension diagnosiswas approximately 6 years, and diabetes
and hyperlipidemiawere the most common comorbidities. The
mean SBP and DBP were 143.21 (SD 13.62) mm Hg and 84.18
(SD 10.84) mm Hg, respectively. The overall antihypertensive
DDD was 1.80 (SD 1.0) units. Only the demographic
characteristic of education differed between groups (P<.001);
however, there were no significant differences in any clinical
characteristics.
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Figure 4. Flow diagram of the inclusion of patients in the randomized trial of the two groups.
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. GEE model showed that the SBP decreased significantly more
Effect on Systolic _BIOOd Pr_essgre for the intervention group than for the control group at the 3-
We used GEE analysisto examine if there was an effect of the  and 6-month follow-ups, as shown in Multimedia Appendix 3.

Web-based self-titration program on the control of SBP (Table  Thefindingsindicated that the Web-based self-titration program
1). After adjusting for the baseline differencein education, the  resulted in a greater control of participants SBP.

Table 1. Generalized estimating equation analysis of the effect of the intervention on systolic blood pressure.

Variable Regression coefficient SE )(2 (df) P value
Group (intervention)? 0.12 1.86 0.004 (1) 95
Time (3 mo)° 5.28 1.36 152 (1) <001
Time (6 mo)° 7.99 1.44 30.9 (1) <.001
Group (intervention) x time (3 mo)® —21.43 189 127.7 (1) <.001
Group (intervention) x time (6 mo)© —21.82 210 175.2(1) <.001

8Reference group: control group.
bReference group: time (baseline).
CReference group: group (control) x time (baseline).

. . 6-month follow-ups (P<.001) compared to the control group
Effect on Diastolic Blood Pressure (Table 2: Multimedia Appendix 4). These findings suggest that
GEE analysis examined changes in DBP after controlling for  patientswho participated in the Web-based self-titration program
the difference between groups at baseline. The mean DBP for  had better control of DBP than patients in the control group
the intervention group significantly decreased more at 3- and  who received usual care.
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Table 2. Generalized estimating equation analysis of the effect of the intervention on diastolic blood pressure.

Variable Regression coefficient SE )(2 (df) P value

Group (intervention)? 0.536 144 0.1(1) 71

Time (3 mo)® -1.586 0.83 3.6(1) 057

Time (6 mo)® 0.477 1.03 0.2(1) 64

Group (intervention) x time (3 mo)® —5.442 121 204 (1) <.001

Group (intervention) x time (6 mo)© —9.739 149 42.6 (1) <.001

8Reference group: control group.
bReference group: time (baseline).
CReference group: group (control) x time (baseline).

Effect on Overall Defined Daily Dose for
Antihypertensive M edication
GEE anaysisexamined the effect of the Web-based self-titration

program on changes in overall DDD for antihypertensive
medicines. The GEE model, adjusted for the baseline difference

between groups, showed that the mean DDD for theintervention
group significantly decreased more than that for the control
group (P<.01) at both follow-up times (Table 3; Multimedia
Appendix 5). Our findingsindicate that patientswho participated
in the Web-based self-titration program intervention were able
to significantly reduce the dosage of antihypertensive medicine.

Table 3. Generalized estimating equation analysis of the effect of the intervention on overall defined daily dose.

Variable Regression coefficient SE )(2 (df) P value
Group (intervention)? —0.242 0.16 25(1) 12
Time (3 o) 0132 0.47 8.1(1) 004
Time (6 mo)° 0132 0.05 6.9 (1) 008
Group (intervention) x time (3 mo)© —0.202 0.07 89(1 .003
Group (intervention) x time (6 mo)° -0.236 0.07 113(1) .001

3Reference group: control group.
bReference group: time (baseline).
CReference group: group (control) x time (baseline).

Effect on Health-Related Quality of Life

GEE analysis of EQ-5D scores examined the effect of the
Web-based self-titration program on improving HRQoL (Table
4). After adjusting for the baseline difference between groups,
the GEE model showed that the increase of the mean EQ-5D
scores for the intervention group was significantly more

(P<.001) than that for the control group at the 3- and 6-month
follow-ups (Table 4; Multimedia Appendix 6). These findings
indicate that patients who were provided with the Web-based
self-titration program perceived their HRQoL to improve
following the intervention and compared to controls who did
not participate in the program.

Table 4. Generalized estimating equation analysis of the effect of the intervention on EuroQol five-dimension self-report questionnaire scores.

Variable Regression coefficient SE x2 (df) P value
Group (intervention)? -0.074 0.02 17.5(1) <.001
Time (3 mo)® -0.076 0.02 237(1) <.001
Time (6 mo)b -0.108 0.02 40.7 (1) <.001
Group (intervention) x time (3 mo)® 0.216 0.02 1131 (1) <.001
Group (intervention) x time (6 mo)® 0.275 0.02 171.6 (1) <.001

8Reference group: control group.
bReference group: time (baseline).
CReference group: group (control) x time (baseline).
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Effect on Self-Rated Health Status

The EQ-VAS used to measure participants self-rated health
status was a so eval uated at the 3- and 6-month follow-upsusing
the GEE model adjusted for the baseline difference between
groups (Table 5). The mean scores on the EQ-VAS increased

Kao et a

significantly more for the intervention group than the control
group at both follow-up times (P<.001) (Table 5; Multimedia
Appendix 7). Thus, these findings suggest that the Web-based
self-titration intervention resulted in improvement in perception
of patients’ health status at the 3- and 6-month follow-ups.

Table 5. Generalized estimating equation analysis of the effect of the intervention on self-rated health status.

Variable Regression coefficient SE )(2 (df) P value
Group (intervention)? _11.247 1.89 355 (1) <001
Time 3 mo)° —8.252 156 28.1 (1) <001
Time (6 mo)° 12820 165 60.5 (1) <001
Group (intervention) x time (3 mo)® 24.459 192 163.0(1) <.001
Group (intervention) x time (6 mo)® 36.883 2.08 314.4 (1) <.001

8Reference group: control group.
bReference group: time (baseline).
CReference group: group (control) x time (baseline).

Discussion

Principal Findings

This randomized clinical trial examined the effects of a
web-based self-titration program on the control of blood pressure
and HRQoL in patientswith primary hypertension. The principal
findings of this trial demonstrated that our Web-based
self-titration program significantly improved blood pressure
control, overall DDD for antihypertensive medicine, HRQoL,
and self-rated health status at 3- and 6-month follow-ups
compared to baseline measures. In addition, these improvements
were significantly better than those seen in the control group at
both follow-ups. Additionally, no harmful events occurred in
our cohort.

Our results on the control of SBP and DBP are consistent with
the findings of previous studies on the benefits of self-titration
of antihypertensive medication for blood pressure control
[27,28]. In our study, we designed a program to assist patients
with hypertension to self-monitor their blood pressure in their
home every day; self-managetheir life style; and, when needed,
self-titrate their anti hypertensive medication through an internet
website. The self-monitoring of blood pressure has been
identified as an effective means of blood pressure control [18].
Moreover, a meta-analysis of 25 clinical trials suggested the
implementation of self-monitoring in conjunction with
co-interventions, such as lifestyle counselling and systematic
medication titration by doctors, pharmacists, or patients, leads
to better clinical blood pressure control for patients with
hypertension [20]. Our Web-based intervention program resulted
in significant blood pressure reduction in patients with
hypertension. Our findings provide further support that daily
patient self-management of treatment and lifestyle through a
website can lead to better control of blood pressure for patients
with hypertension.

Another notable finding of our study was that the overal
antihypertensive DDD was significantly reduced in the
intervention group compared with the control group. No other
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studies have reported similar findings. The significant reduction
in antihypertensive DDD for patients in the intervention group
may have been a result of consultations and reminders from
clinical professionals through the Web-based program. This
support may have helped patients not only modify their lifestyle,
but also persist in carrying out healthy behavior. Empowerment
for lifestyle self-management and self-titration of their own
medication has been shown to positively impact patient
compliance [27]. Therefore, a more positive attitude of
commitment to these aspects could have been promoted by an
increased sense of autonomy and control over the disease.
Regardless of the reason, this finding appearsto bein linewith
international guidance that adherence to both lifestyle change
and medication are equally important in blood pressure control
[20].

HRQoL is frequently used to examine the beneficial effects of
interventions and treatments [13]. Earlier studies in patients
with hypertension indicated that poor blood pressure control
negatively affected HRQoL [13-15]. Hypertensive patientswith
poor blood pressure control have greater stressesresulting from
the disease itself and the treatments, and therefore, they may
have worse HRQoL as a result of coping with related stress
[13,42]. In this study, we found that patients with hypertension
in the intervention group who received the Web-based
self-titration program had greater improvement in their HRQoL
at the 3- and 6-month follow-ups compared with the patientsin
the control group. We suggest that control of blood pressure for
patients with hypertension in the intervention program helped
inimproving their quality of life. The patientsintheintervention
group reported that the Web-based self-titration program led
them to engage in monitoring their blood pressure more
regularly and empowered them to self-manage their clinical
interventions and lifestyle. The educational component of the
intervention provided patients with knowledge about the
relationship between blood pressure and health status. They felt
that they benefited from the support offered through the online
consultations, where they could communicate problems with
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blood pressure control immediately. Therefore, they felt more
confident that they may control their blood pressure and life.

Our results also showed that patients who engaged in the
Web-based self-titration program perceived a significant
improvement in their hedlth status at the 3- and 6-month
follow-ups. Health status is challenging to improve because it
isapatient-centered outcome. The symptom burden significantly
predicts worse health status [43]. In this study, patients were
empowered to self-manage their blood pressure and achieved
a positive outcome. The reduction in symptoms, owing to the
control of their blood pressure, may have improved their
perceived health status. In addition to symptom burden, HRQoL
is another principal component of health status [44]. The
hypertensive patients who received the Web-based self-titration
program reported a significant improvement in their HRQoL,
which may have also advanced in their health status.

Limitations

The potential limitations in this study should be considered.
First, our follow-up period was only 6 months, which meant
that we could not detect the long-term conseguences on
cardiovascular events, or indeed, whether the initial successes
would be sustainable in the long term. Nevertheless, the initial
improvements in blood pressure control have a clear potential
to reduce cardiovascular complication rates. Second, we used
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telemedi cineto support the medication titration, which excluded
patients without a computer or smartphone access. Third, we
were not able to blind the patients’ physicians, which could
have introduced bias. Finally, we only recruited participants
from one medical center, which limits our ability to generalize
the findings. These limitations should be addressed in future
research.

Conclusions

Thereislimited research examining the effects of a Web-based
self-titration program on blood pressure control in patientswith
primary hypertension. Theresults of thisstudy support both our
hypotheses: (1) patientswith primary hypertension who received
the Web-based self-titration program had significant control of
SBP and DBP, and (2) the HRQoL of patientswas significantly
improved through this Web-based program. In addition, the
intervention group had significant reductions in DDD for
antihypertensive medications and improvements in the
perception of their health status. Thus, we believe that the
Web-based self-titration program may assist patients with
primary hypertension to self-managetheir treatmentsand healthy
lifestyle in their home. This Web-based intervention program
also has the benefit of reducing the amount of time required for
patients to visit an outpatient clinic or hospital for care. Taken
together, the intervention program could improve the quality
of care for patients while reducing health care costs.
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Abstract

Background: Osteogenesis imperfecta (Ol) is a rare genetic condition that can lead to frequent debilitating bone fractures.
Family caregivers of children with Ol face unique challengesin providing care, which may include limited access to information
about the condition, feelings of distress, and experiences of social isolation. | nternet-based technologies (I1BTs) have been useful
for supporting other types of caregivers. However, the views of Ol caregivers on IBTs have not been explored.

Objective: Thisstudy aimed to exploretheviewsof Ol caregiverson the uses of IBTsto support themin caring for their children
with Ol.

Methods: A qualitative descriptive study was conducted. Caregivers of children with Ol were recruited at a pediatric hospital
in Montreal, Canada. Interviews were used to explore each caregiver’'s views on the applicability of IBTs in supporting their
caregiving needs. The interviews were transcribed verbatim and thematically analyzed.

Results: A total of 18 caregivers participated. The caregivers shared that IBTswere useful for facilitating the following activities:
daily activities of caregiving (such as providing physical care, supporting relationships, supporting self-care and hope, and
managing the logistics of caregiving), Ol medical information seeking, and Ol socia networking. However, they also revealed
concerns about the health consequences of IBT use and the quality of IBT content. Concerns regarding IBTs varied somewhat
with caregivers geographies. Caregivers offered suggestions and strategies for how IBTs can be optimized for caregiving.

Conclusions: Family caregivers of children with Ol face unique challengesin providing care, which may include lacking access
to information about the rare condition and feeling socially isolated. Ol caregivers use IBTsto overcome some of these challenges
and to support their specific caregiving needs. These findings contribute to the paucity of knowledge by offering varied IBT
strategies to support caregiving activities, which may be beneficial for other caregivers. Participants’ suggestionsfor IBT services
can inform the development of new resources for Ol caregivers and potentially for other caregivers of children living with rare
conditions.

(J Med Internet Res 2019;21(12):€15924) doi:10.2196/15924

KEYWORDS

smartphone; caregivers, pediatrics; rare diseases; telemedicine; quality improvement; social media; chronic disease; osteogenesis
imperfecta

: [1,2]. Ol ischaracterized by increased bone fragility and reduced
Introduction bone mass, which increase therisk of fractures[1,2]. Although
Background many Ol types are distinguished in the genetic literature, the

majority of individuals with Ol are diagnosed with Ol type I,

Osteogenesis imperfecta (OI) is a rare genetic condition \\hich has the mildest disease severity [1]. Ol type Il is deadly

(affecting 1 in 10,000 births) that aters collagen production
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in the neonatal period. Ol typelll isthe most severe form of Ol
that is compatible with long-term survival. Ol type 1V is of
moderate disease severity [1]. Ol typesV, VI, and VII are newer
classifications that present with different bone and tissue
phenotypes; these variants have a mild-to-moderate risk for
bone fractures [1,2]. At present, there is no cure for Ol; thus,
ongoing and frequent physiotherapy, occupational therapy,
surgery, and bisphosphonate medi cations remain to be the course
of treatment [1,3,4].

Caregiving and Osteogenesis | mper fecta

In chronic conditions such as Ol, family caregivers (caregivers)
play acritical role in providing safe, effective, and supportive
care for patients [5]. For many caregivers, athough positive
experiences can result from raising a child with Ol [3,6], the
diagnosisitsdlf isoften “ devastating” [3], leading to subsequent
“ups and downs’ [3] as families adjust to the diagnosis. The
challenges faced by Ol caregivers can include financial
difficulties, transportation and accessibility challenges, a lack
of knowledgeable health care providers, suspicions of child
abuse leading to the diagnosis, social isolation, and a lack of
socia support [3,6-8].

Caregiving and I nternet-Based Technologies

Caregivers of patients with various other childhood- and
adult-onset conditions have found that internet-based
technologies (IBTs), such as websites, email, social media,
mobile apps, and video calls, facilitate knowledge exchange
and provide social support in their caregiving support needs
[5,9-13]. Research onthe uses of IBT for caregiversof children
with special needs is an emerging field [13-15]. By
understanding these caregivers viewson IBTs, future platforms
may be created to meet their unique needs[13,16]. Asfar aswe
are aware, no researchers have studied the uses of IBTs among
caregivers of children with OI. Therefore, the aim of this study
was to explore the views of caregivers of children with Ol on
the uses of IBTsin supporting their caregiving needs.

Methods

Design

A qualitative descriptive study [17] was conducted at a
university-affiliated, pediatric orthopedic hospital in Montreal,
Canada, where health care services are provided both in English
and French to patients. Ethical approval was received from
McGill University’s institutional review board (study number
A05-B39-17B) and the study site before setup and recruitment.

Recruitment

Purposive sampling was used to recruit adults (older than 18
years) who brought a patient (aged between 0 and 21 years)
with Ol to the study sitefor an Ol-related appointment and who
considered themselves to be a caregiver for the child. A
nonauthoritative member of the team approached clinicianswho
had appointments with patients with Ol to mediate an
introduction to the study. If caregivers expressed an interest in
learning more about the study, then a member of the research
team described the study and informed the caregiver of the
potential consequences of participating. If the caregiver provided

http://www.jmir.org/2019/12/€15924/
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their written consent to participate, then an interview was
scheduled at the caregiver’s convenience.

Data Collection

Each of the caregiversparticipated in 1 individual semistructured
interview that took place in person at the hospital or by
telephone or videoconferencing. All interviews were audio
taped. Either thefirst author (AC) or the research assistant (KC)
conducted the interviews by using an interview guide for
caregivers who identified as IBT users (Multimedia Appendix
1). We prepared a second guidefor interviewing caregiverswho
might not consider themselves to be regular users of IBTS;
however, al caregiverswho agreed to beinterviewed identified
as regular IBT users, so this second guide was never used.
Demographic datawere collected in ashort demographic survey.
Field notes were recorded after each interview.

Data Analysis

Demographic data were analyzed using descriptive statisticsin
Microsoft Excel. Audio recordings were transcribed by the
researchers who conducted the interviews (AC and KC). The
French interviews were transcribed in French and open coded
into English by KC, who is fluently bilingual in both English
and French. The transcribed data and field notes were uploaded
into Excel where they were open coded and thematically
analyzed by AC, with additional intercoder verification by KC
[18]. Inregular meetingswith the bilingual principal investigator
(AT), the research team shared and discussed progress and
interpretations of the data and the ongoing inductive
development of the codebook [19]. These codebooks and
meeting notes were recorded in aresearch journal, as were the
ongoing research reflections of the first author (AC). The
carefully anonymized research journal, larger samples of coded
data, and the codebook may be made available for audits upon
request.

To improve the trustworthiness of this qualitative research, we
wereguided by Lincoln and Guba's[20] 4 criteriaof credibility,
dependability, confirmability, and transferability. The reflexive
journaling by AC, the audio taping of interviews, and the
research team’sregular peer debriefing enhanced the credibility
of our research [21]. Carefully documenting our team's
discussions and decisions in our research journa and making
the anonymized research journal, coding samples, and codebook
availablefor audit enhanced the dependability of thisstudy [21].
The carefully documented decision trail in our research journal
and our frequent team debriefings supported the confirmability
of this study [21]. The team development of our codebook and
intercoder checks, our field notes, and our inclusion of thick
descriptions and quotes support the transferability of our
research [21].

Results

Demographic Data

A total of 18 adult caregiversfrom 14 familieswereinterviewed
for this study (Table 1). The interviews ranged from 15 min to
1.5 hours. These interviews resulted in 13.05 hours of audio
recordings. Most of the caregivers (16/18) had the support of
another adult providing care assistance at home. Functional
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abilities of their children ranged from having no need for any
mobility assistance devices to using a wheelchair full time
outside the home.

Internet-Based Technology Views: Uses, Concerns,
Strategies, and Suggestions

All families in our study had access to the internet at home.
Most felt confident in their ability to navigate the internet and
mobile apps. Furthermore, in their survey, 14 of the 18
participants responded that they had a generally positive view
of using IBTs in relation to caring for their child with OI; in
addition, 2 of them had a neutral view of IBTs and 2 had a
negative view of IBTs. Caregivers described multiple uses of
IBTS, reported some concerns, and shared their strategies and
suggestions for optimizing future IBT development.

We used the following identification format to refer to specific
participants throughout this paper: (Caregiver type) (Family
number)-(Ol type). Caregiver types were fathers (F), mothers
(M), and legal guardians (G).

Uses of I nternet-Based Technologies
Facilitating Daily Activities Related to Caregiving

Providing Physical Care
Caregiversdescribed using IBTsto support physical caregiving
activities by promoting rest and immobilization after fractures

http://www.jmir.org/2019/12/€15924/
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or surgeries and by being a tool for distracting their child. As
amother explained, “TV and thetablet isahell of adistraction
for pain” [M5-111]. For another family, the biggest challengein
caring for their 19-month old with Ol wasin trying to keep her
immobilized for several weeks after her leg surgeries:

She got her [femur-rodding] surgery two weeks
ago...she used to be able to crawl everywhere she
wanted to...So, what we did most recently is, with the
advice from a social worker here at [the study site]
she said, “ you know, you can have all these opinions
about electronics, but you know, for those couple of
weeks she's going to be immobilized, we don’t need
to feel bad about making her use electronics, or
watching more TV than usual” And that's exactly
what we did. [F1-1V]

For these parents, Web-based videos and new computer tablet
games provided calming distractionsto help prevent their child
from moving around when he or she needed to rest. In addition,
caregivers found video streaming apps to be very helpful for
occupying their children when the local environment was unsafe
(eg, slippery mopped floors) and for distracting their children
from pain after afracture, during splinting, or during intravenous
procedures.

JMed Internet Res 2019 | vol. 21 | iss. 12 [€15924 | p.36
(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH Castro et d

Table 1. Demographic data were collected from the caregiver participants.

Demographic traits Values?

Individuals interviewed (number of families represented) 18 (14)

Relationship to child with Ol b (N=18 caregivers), n

Mother 11
Father 5
Other: legal guardian 2 (same family)

Language of interview (N=18 caregivers), n

English 12

French 6
Caregivers median age in years (age range) 37.5(24-57)
Caregiver's sex (N=18 caregivers), n

Female 13

Male 5

Residential region (N=14 families), n

Local (<2 hours' drive from Montreal) 7
Within Quebec, not local 1
Other Canadian region 3
International 3
Highest level of education (N=18 caregivers), n
Some postsecondary (university or college) 5
Received university or college diploma 11
Postgraduate 2
Marital status (N=18 caregivers), n
Married or common law 14
Single (never married) 2
Separated or divorced 2
Estimated family income (N=14 families), n (Can $)
<$25,000 3
$25,000-$50,000 1
$50,000-$80,000 1
>$80,000 7
Do not know 1
Prefer not to answer 1
Child’s Ol type (N=14 families), n
| 3
11 4
v 6
VI 1
Ages of children with Ol (17 children with Ol), n
Baby (0-12 months) 2
Toddler (13 months-3 years) 1
Preschool (4-5 years) 1
http://www.jmir.org/2019/12/e15924/ JMed Internet Res 2019 | vol. 21 |iss. 12 [e15924 | p.37
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Demographic traits Values?
School aged (6-12 years) 11
Teenager (13-18 years) 2

Family history of Ol (N=14 families), n
Yes 3
No 11

Internet access at home (N=14 families), n
Yes 14
No 0

Comfort using the Internet (N=18 caregivers), n
Very comfortable 14
Somewhat comfortable 3
Neutral 1
Somewhat uncomfortable 0
Uncomfortable 0

General thoughts on using theinternet for Ol care (N=18 caregivers), n
Positive 14
Neutral 2
Negative 2

3/al ues represent the number of individuals, unless otherwise indicated.
bor: osteogenesis imperfecta.

Supporting Relationships

Caregivers aso described how they used IBTs to bond with
their children and extended families. A father explained how
he used IBTs for low-impact activities, such as listening to
audiobooks when he put his daughters to bed each night, doing
Web-based yogavideos, and playing Pokémon Goin new cities
for father-daughter dates. Traveling presented additional
difficulties for families of children with fragile bones. One
mother explained how her toddler stays connected with her
grandparents through video calling even though those
grandparents live farther away:

FaceTime with my parents—she actually does that a

lot! “Mommy, mommy! | want to see Pappi!” ...she

asks for them. When my father’s not home to do that

FaceTime, it'slike “ Whereishe?! Why?!” [M1-1V]
For some families, visiting other individuals' houses posed a
fear of fractures being caused by furniture or wobbly objects.
Instead of visiting these houses in person, Ol caregivers used
Web-based videoconferencing tools, such as Skype and
FaceTime, to connect with friends and family and to keep their
children in a safer environment.

Supporting Self-Care and Hope

Caregivers used IBTs for their own self-care and feelings of
hope. Smartphone games, video streaming services, music apps,
and social media for personal use were all popular tools. A
common challenge for caregivers was experiencing boredom
as they waited through numerous medical appointments and
lengthy recoveries from surgeries. Caregivers used IBTS, such

http://www.jmir.org/2019/12/€15924/

as video streaming apps and smartphone games, as distractions
during these times. One mother used a relaxation app to help
her focus on her breathing, which lessened her anxiety. Some
caregivers used Web-based resources to find inspiration. One
caregiver watched inspirational YouTube videos posted by
families with Ol to help motivate her daughter and herself
(M6-111). Ancther mother, whose school-aged child had
experienced over 150 fractures, explained:

On YouTube, | find there's a lot of inspirational
videos that are nice to watch. Experiences that turn
out to be good and [ show] that there’shope. [M5-111]

Managing the Logistics of Caregiving

Caregivers used IBTs to manage the logistics of coordinating
medical appointments. Therewere 2 caregiverswho specifically
mentioned using their calendar apps to keep track of the many
health care appointments that came with caring for achild with
brittle bones. Caregivers generally agreed that IBTs had made
accessing health care services much easier. Caregivers used
emails to contact potential clinicians and make appointments,
texted their social workers and physiotherapists, and sent x-ray
pictures to their treating physicians. A few caregivers created
their own digital medical records by compiling their emails,
x-ray photos, and other documents into one digital location,
such as an emails folder or a photo album.

Some families used internet tools and apps to find community
and care resources. Caregivers discussed using the internet to

images hel ped them assess the accessibility of rental housing).
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Several families used IBTs to research products and services
that could help with caring for a child with Ol. One mother
explained how she used the internet to research an appropriate
stairlift for their home once their children were too big to be
carried upstairs:

I think, yes, sometimes [the Internet] helps. Like the
stairlift. We didn’t have any idea how we would do
this. And then internet search[ing], we saw that all
these different companies were selling these stairlifts
for different price[sic]. So yeah, | think that’s hel ped.
[M3-1V]
Other exampl esincluded caregiverswatching Web-based video
reviews of potential wheelchairs to buy and researching
Ol-appropriate activities and adapted sports for their children
to engagein.

Finaly, caregiversused IBTsto continue managing their careers.
One father, whose family travelled far to receive treatment for
their 2 children with OlI, explained he often used video calling
to call his children after surgeries when he was unable to be
physically present. This father also had to give up his business
providing incometax services becauseit was not flexible enough
to meet hisfamily’s needs. Instead, he became ataxi driver who
supplemented his income as an Uber driver. Another father
explained that the internet allowed him to resolve a workplace
emergency remotely while he was waiting for his daughter’'s
planned surgery at the hospital.

Facilitating Osteogenesis mperfecta M edical | nfor mation
Seeking

Caregiversnoted that acommon activity relating to Ol carewas
seeking information about the condition. Caregivers were
selectivein how they used IBTsfor finding medical information.
They preferred to receive medical and prognostic information
from clinicians, but they would often seek information regarding
day-to-day Ol care activities using Web-based resources.
However, as a mother from a country with limited accessto Ol
support explained, for somefamilies, theinternet wastheir only
accessible source for Ol information:

To me, | think [IBT is] good. It is really helping.
Because if you should look at where I'm coming
from...and where the kind of information that | can
even access back home, | think it's excellent. It
bridges the gap. Even though we are far apart, we
are ableto know most of the things going on. [M6-111]

For some caregiverswith limited accessto Ol expertise, wading
through Ol websites found on theinternet wastheir only option
for learning about their child’s medical needs.

Facilitating Osteogenesis | mperfecta Social Networking

Caregivers, primarily mothers, were strategic in how they used
Ol social media. Most preferred social mediafor meeting other
Ol families. They shared day-to-day care information rather
than using it for specific information on prognoses or treatments.
Some caregivers were more interested in answering others
guestionsthan in having their own questions answered. Several
caregiversexpressed an interest in meeting and conversing with
other families with Ol to learn more about each other’s Ol
experiences, and in doing so, these caregivers formed strong
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connections through socia media. One mother, although
cautious regarding specific pieces of Ol information being
shared on social media, kept in touch with over 200 peoplefrom
the Ol community on Facebook. Another mother explained:

[The OI Parents Facebook group is] a huge, huge,
huge—if not the biggest help, with [ Ol son] and being
acaregiver for him. The parents, thefamiliesthat are
onthere, are awesome. Everybody isjust—so helpful.
[MO-111]
Caregivers who frequently participated on Ol social networks
also used these platformsfor sharing practical advice with each
other:

Useful tips and tricks to help after rodding, after a
fracture, adjusting the wheel chair—like, those types
of things. [M13-111]

One mother explained that Ol parents were the ones who know
practical day-to-day care strategies, such as where to find
adaptive clothing and winter boots that would fit her child's
physique. Web-based caregivers could receive faster answers
to questions from multiple sources, such asinformation on how
to splint anew fracture, than if they sought out input from their
health care providers. For afew of these families, thefirst time
they learned about the study hospital site being an Ol treatment
center was through Ol socia networks rather than through a
health care professional .

Concerns of I nternet-Based Technologies

Caregivers' concernsabout IBTstypicaly fell into 2 categories:
health and screen time concerns and concerns regarding the
quality of IBT content. Geographic differences in these IBT
concerns were noted.

Health and Screen Time Concerns

Caregivers expressed concerns about the potential negative
mental and physical health effects of too much screen time for
themselves and for their children. One mother shared:

The Ol Parents group can be really good. [But] I've
excused myself from following it on my newsfeed
becauseit wasall | saw, all day... | found that all OI,
all of the time, was making that our life. Instead of
Ol being a part of our life, it was taking over.
[M213-111]

Some caregivers were concerned about Web-based predators.
Others worried about cyberbullying directed toward their
children or cyber judgement from other Ol parents. Although
caregivers consistently expressed concerns regarding both
themselves and their children spending too much time on their
devices, a few explained that they were somewhat less strict
with IBT use for their children with Ol because they could not
do as many physical activities as other children, especialy
during afracture, immobilization, or a painful period.

Quality of the I nternet-Based Technology Content

The most prominent concern regarding IBT was the quality of
the content available. Several familiesdescribed their disturbing
experiences of trying to find information about Ol on the Web.
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When 1 mother tried to find more information on Ol through a
search engine, she found the following:

Angulated limbs, like fresh fractures, bone through
skin, those kinds of things, which was terrible for a
postpartum mother to see about their tiny little baby.
S0, | have stopped [searching]. [M13-111]

Oftentimes, what caregivers found first on the Web were the
worst-case scenarios that were not applicable to their own
children.

Families preferred to speak with expert clinicians about the
medical treatment and prognostic aspects of Ol. Several
caregivers explained that as there is so much variation in the
presentation of Ol, Web-based prognostic information relevant
to their own cases was limited. It also cost caregivers a lot of
time to determine which websites and tools had accurate
high-quality information. Conflicting information and
disinformation led to a few caregivers seeking clinical Ol
information solely from the study hospital site. They preferred
to explore Web-based resources recommended from trusted
health care institutions.

Geographic Differencesin I nternet-Based Technologies
Concerns

Caregivers who had easier access to the study hospital site
appeared to have more concerns regarding Ol socia networks
and Web-based resources. For instance, a father who had lived
with Ol and near the study site most of his life explained that
he probably had no interest in Ol social media for 2 reasons:
he had searched on social media for Ol once and believed the
information to be very inaccurate and because “for us, [Ol ig]
known. And that’sthe big difference” [F1-1V]. In contrast, when
asked about her views on IBTs, a mother from a country with
limited accessible Ol care options shared:

| want anybody that has Ol should have internet
access. Because it gives fast access to people you're
supposed to connect [with], once you have an
emergency. [M12-1V]
This mother learned of Ol treatment and the study hospital site
through an international social media group for Ol families.
Before learning about this group, shefelt isolated, asif shewas
the only parent ever who had achild with brittle bones. Through
the Web-based group, other international members connected
with her and sent her bisphosphonate treatments. With
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bi sphosphonates, her school-aged daughter’ s bones strengthened,
and she was able to mobilize more freely, enabling her to attend
school. The Web-based group also managed to connect this
mother with a local sponsor so her daughter could receive
surgical treatments at the study site.

Strategiesand Suggestionsfor Optimizing | nternet-Based
Technologies

Adviceto Other Caregivers Regarding I nternet-Based
Technology Strategies

Caregivers shared the IBT advice they would share with other
caregiverson how to use IBTsoptimally with their children and
for themselves. They recommended using Web-based videos
and apps for distracting their children when they arein pain or
immobilized. Websites that some caregivers suggested for
learning more about Ol included YouTube videos about the Ol
experience, Ol Facebook groups, and the Ol Foundation and
Shriners Hospitals for Children—Canada websites and social
media pages. They advised that caregivers should monitor the
content their children view and that caregivers should be
somewhat skeptical consumers of Web-based content. They
also stressed the importance of being role models to their
children when using IBTs, such as by limiting parents' and
children’s screen time.

Suggestions for I nternet-Based Technology Development

Ol caregivers offered many ideas for desirable IBT products
and servicesto better support their needs (Textbox 1). In general,
caregiversdesired child-friendly and age-appropriate IBTs, and
they wanted these resources to be available on the Web to
regularly inform caregivers about research and medical updates.
Caregiverssaid that when aserviceis meant to provide answers
to questions, it should be interactive and quickly responsive.
Francophone families particularly emphasized that there were
not enough resourcesin French, limiting their accessto support.
Some caregivers suggested they would be interested in social
media resources to understand what adulthood experiences of
Ol arelike. A few families said they had never been told about
nor had they found any Ol-specific IBT resources. These
caregivers wanted expert Ol institutions to recommend more
Web-based Ol resources. Caregivers stated that resources should
be offered in multiple languages, with Web-based and offline
capabilities, with geographically specific listings, and in both
short summaries and more extensive reports or videos.
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Textbox 1. Internet-based technologies that caregivers would like to see devel oped to facilitate caregiving.

Internet-based technologies (IBTs) to facilitate daily activities related to caregiving and logistics:

. Anemall coordinating service that sends caregivers emailed questions to the correct medical department or contact
«  Theoption to schedul e appointments on the Web

« A Web-based platform informing caregivers of relevant government financial aids and services

«  Theoption to have videoconferencing consultations with clinicians

IBTsto verify medical information:

o Web-based, regularly updated information on the gold standards of care and treatment for osteogenesis imperfecta (Ol)

. Downloadable software for Ol families with descriptions of the condition, available resources, new treatments, and recent research updates
«  Web-based home fracture-splinting videos with diverse techniques for every fracture possible

«  Web-based videos portraying Ol patients before and after various treatments

o A Web-based listing of a group of trusted parents and clinicians who caregivers can contact

. A gamified app to teach children occupational therapy and physiotherapy

IBTsto engage in social networking and share experiences with Ol families:

« AnOl socia network where parents can share practical knowledge and videos of caregiving techniques with each other

« A way to organize the Ol Parents Facebook group content so that the information it contains is easier to navigate

. A website to donate medical equipment, such as wheelchairs, to other families

Discussion

Principal Findings

We found that Ol caregivers were using IBTs to care for
themselves and for their children with OI. Yet, although
caregiversgenerally held positive views of IBTs, they werealso
concerned about the potential negative health effects of IBTs
and the quality of IBT content. Caregivers offered suggestions
for how other Ol caregivers could optimize the use of IBTsin
their caregiving lives and for how clinicians and software
developers could build better IBTs to support caregivers.

Caring for achild with Ol may lead to physical, relational, and
self-care challenges [6,22]. Our study found that caregivers
were facing similar challenges, but it also revealed the benefits
of using IBTs to manage these challenges. For example, Ol
caregivers used IBTs as a distraction to manage the physical
challenges associated with treating their child's pain. Social
challenges, such as social isolation from family members and
friends, were being partiadly overcome through
videoconferencing support. Caregivers' physical, emotional,
and self-care challenges were being addressed through IBT
support. New IBT platforms may also target these needs.

Researchers have described the many logistical challenges of
caring for a child with OlI, such as coordinating appointments,
finding resources, and communicating with clinicians [6,7].
These logistical challenges were also noted in this study.
Smartphone apps are presently being developed for caregivers
of other chronically ill children to communicate with other
family members and heath care teams to coordinate care
[23-25]. Other potential platformsfor addressing these logistical
challenges include teleconferencing with clinicians and
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Web-based appointment scheduling [13]. Similar apps may be
developed to support Ol caregivers.

Several caregivers in this study experienced difficulties in
finding health care providers who were knowledgeable about
Ol. These difficulties have been previously reported by Ol
caregivers [6,22]. For medical information on Ol, such as
treatments and fracture prognoses, caregivers much preferred
information that came from a knowledgeable Ol health care
provider or ingtitution. However, when knowledgesable providers
were not available, caregivers turned to the internet. Thisis a
similar strategy used by other rare disease populations to fulfill
their information needs [12,14]. Web-based resources serve as
sources of information and support, particularly when specialists
are not accessible [12-14].

Caregivers views on IBTs for socia and medical information
seeking appeared to depend, in part, on their relative access to
the study site’s Ol specialist center: if caregivers did not have
easy access to Ol medical specidlists (eg, because of
geographical constraints), they relied more on Web-based Ol
resources and communities. This pattern corresponds with
research suggesting caregivers of children with special needs
have more of an impetus to seek information on the Web than
do caregivers of children without special needs [14,15]. This
pattern suggests that IBTs may be most useful for caregivers
who haveinternet access but do not have regular or easy access
to experts. Still, similar to the Ol caregiversin our study, many
caregivers have concerns regarding the health effectsand quality
of the content of IBTs[14,26]. Leading Ol institutions should
work to develop and share Web-based services, ensuring they
provide high-quality information and content.
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Clinical and Research Implications

Clinicians should inquire about families’ current uses of IBTs
and help link families to other credible sources [12,27]. The
study site’s recent adoption of the Upopolis platform, which
hel ps children with medical support needsfind information and
connect with other friends and families, is an example of a
credible existing tool being shared by clinicians[28]. Families,
clinicians, and researchers should work together to create
resources using participative approaches. Using participatory
design approaches to build new interventions increases the
likelihood that end userswill accept theinterventions when they
arelaunched[16,29]. Recent examplesin Ol includethecreation
of the Good2Go MyHealth Passport, a tool for optimizing the
transfer of pediatric patients to adult health care services and
prototype development of atool to engage children with Ol in
their care[30-32]. Ol caregivers suggestions and strategies for
supportive IBTsshould be used to improveclinical practiceand
to develop future IBT services for families with Ol [33].

Study Limitations and Strengths

Our study has several limitations. Regarding our datacollection
and analysis methods, ideally for the 6 French interviews, we
would have independently back translated the English
transdations into French to ensure that the translations were
trustworthy [34]. Owing to time and resource limitations, we
did not do this, as 5 of the 6 team members and coauthors were
fluently bilingual. One of the coauthors, KC, isfluently bilingual
in English and French and has arich personal knowledge of the
subject material [34]. She was responsible for open coding all
the French interviews into English. Regarding our sample, this
study was conducted at an internationally renowned treatment
center for Ol. Therefore, we were conducting interviews with
caregivers who had the resources to access this center. The
demographic survey data revealed that most participants were
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financialy well off and had at least some postsecondary
education. Future research should work to explorethe IBT views
and needs of Ol caregivers who do not have access to
international treatment centers and who have even morediverse
socioeconomic backgrounds than these caregivers did.

Strengths of the study design include a rich description of the
setting and of the participants. These data add context to the
study, helping the reader to decide if and whether the results
and interpretations are relevant to their own situation or research
[35]. The interviews were comprehensive (lasting between 15
min and 1.5 hours), and the sampling was purposive to include
arange of Ol caregiver experiences, creating a deep dataset for
analysis. Finally, as far as we are aware, this is the first study
to research in depth how caregivers of children with Ol view
and use |BTsto support their caregiving activities. Our research
offers a starting point for future researchers to build more
supportive caregiving technologies.

Conclusions

Through this study, we have a better understanding of how Ol
caregivers can use specific IBTs to facilitate daily activities,
information seeking, and social networking in relation to Ol.
We a so have abetter understanding of their concernsregarding
IBTsand how future IBT projects may be built to optimize the
benefits of IBTswhile reducing the concerning aspectsof IBTs.
Clinicians should share the strategies that Ol caregivers
recommend for optimizing IBT use in caregiving with families
newly diagnosed with Ol. Some of these strategies may also be
useful for other caregivers caring for youthswith rare or chronic
conditions. Clinicians should work toward developing IBTs
that meet the needs and suggestions of the caregiver participants
in this study so that the benefits of IBTs may be realized for
more caregivers, while diminishing the potential harms of IBTs.
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Abstract

Background: Atria fibrillation isthe most common recurrent arrhythmiain clinical practice, with most clinical events occurring
outside the hospital. Low detection and nonadherence to guidelines are the primary obstacles to atrial fibrillation management.
Photopl ethysmography isanovel technology developed for atrial fibrillation screening. However, there has been limited validation
of photoplethysmography-based smart devices for the detection of atrial fibrillation and its underlying clinical factorsimpacting
detection.

Objective: This study aimed to explore the feasibility of photoplethysmography-based smart devices for the detection of atrial
fibrillation in real-world settings.

Methods: Subjects aged =18 years (n=361) were recruited from September 14 to October 16, 2018, for screening of atrial
fibrillation with active measurement, initiated by the users, using photoplethysmography-based smart wearable devices (ie, a
smart band or smart watches). Of these, 200 subjects were al so automatically and periodically monitored for 14 dayswith asmart
band. The baseline diagnosis of “suspected” atrial fibrillation was confirmed by electrocardiogram and physical examination.
The sensitivity and accuracy of photoplethysmography-based smart devices for monitoring atrial fibrillation were evaluated.

Results: A total of 2353 active measurement signals and 23,864 periodic measurement signals were recorded. Eleven subjects
were confirmed to have persistent atrial fibrillation, and 20 were confirmed to have paroxysmal atrial fibrillation. Smart devices
demonstrated >91% predictive ability for atrial fibrillation. The sensitivity and specificity of devicesin detecting atrial fibrillation
among active recording of the 361 subjectswere 100% and about 99%, respectively. For subjectswith persistent atrial fibrillation,
127 (97.0%) active measurements and 2240 (99.2%) periodic measurementswereidentified asatrial fibrillation by the algorithm.
For subjects with paroxysmal atria fibrillation, 36 (17%) active measurements and 717 (19.8%) periodic measurements were
identified as atrial fibrillation by the algorithm. All persistent atrial fibrillation cases could be detected as “atrial fibrillation
episodes’ by the photoplethysmography algorithm on the first monitoring day, while 14 (70%) patients with paroxysmal atrial
fibrillation demonstrated “ atria fibrillation episodes’ within thefirst 6 days. The averagetimeto detect paroxysmal atrial fibrillation
was 2 days (interquartile range: 1.25-5.75) by active measurement and 1 day (interquartile range: 1.00-2.00) by periodic
measurement (P=.10). Thefirst detection time of atrial fibrillation burden of <50% per 24 hourswas 4 days by active measurement
and 2 days by periodic measurementThe first detection time of atrial fibrillation burden of >50% per 24 hours was 1 day for both
active and periodic measurements (active measurement: P=.02, periodic measurement: P=.03).

Conclusions: Photoplethysmography-based smart devices demonstrated good atrial fibrillation predictive ability in both active
and periodic measurements. However, atria fibrillation type could impact detection, resulting in increased monitoring time.
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Introduction

Atrid fibrillation (AF) isthe most common recurrent arrhythmia
in clinical practice, occurring in 1%-2% of the general
population [1]. Two epidemiological studies found an AF
prevalencerate of approximately 0.7% in the Chinese population
nearly a decade ago [2,3]. Other studies found that the
prevalence of AFincreased 20-fold and that of AF-related stroke
increased 13-fold in the southwest of Chinafrom 2001 to 2012
[4]. Assuch, it was estimated that there were 10 million patients
with AF in China in 2016 [5]. When identified clinicaly, AF
is asymptomatic in at least one-third of patients [6]. Some
patients experience very brief episodes, associated with vague
symptoms. Therefore, it is possible that these epidemiological
numbers are underestimated, as many patients with
asymptomatic or paroxysm AF could be undetected [7,8].
However, the prevalence of AF is expected to increase
significantly in the next 30-50 years dueto an ageing population.
Theprevalence of AF in Koreaisexpected to be 5.81% in 2060,
whileits prevalencein Taiwan is estimated to be 4.01% in 2050
[9,20]. Furthermore, AF is an important risk factor for stroke,
increasing the stroke risk five-fold, and accounts for nearly
one-third of all stroke cases [11-13]. Thus, AF is likely to
become a significant public health issue in the future. Early
diagnosis and anticoagul ation therapy could reduce the number
of AF-related strokes by approximately two-thirds[14], making
it particularly important to effectively detect AF as early as
possible.

However, paroxysmal AF could be underdiagnosed because
there is possibly no onset in the hospital [15]. Mobile health
could provide a promising solution [16]. The popularity and
high-speed updating capabilities of smartphone apps and
wearabl e fitness trackers have made continuous self-monitoring
of health indicators possiblein real-world settings. Patientsand
clinicians can utilize these technologies for proactive health
care. For example, people can use smartphone apps and smart
bands to count steps, measure sleep time, and continuously
monitor heart rate/rhythm.

Photopl ethysmography isan optical method to measure changes
in tissue blood volume through the skin capillary bed, which
can be performed using a smartphone in conjunction with a
smart band/watch without any additional peripherals [17,18].
Smartphones and wearable devices have leveraged optical
detection of photoplethysmography signals to track heart
rate/rhythm from the finger and wrist, achieving high sensitivity
and specificity for AF detection [19,20]. Thusfar, most studies
examining this method of AF detection have used single-point
tests. Our previous study confirmed thefeasibility of single-point
photopl ethysmography measurement of smartphones for AF
detecting too [21]. A real-world study of patients with AF

https://www.jmir.org/2019/12/€14909

outside hospital context is limited. The application of
photopl ethysmography-based smart devices in continuously
and automatically monitoring AF risk is unknown. The
objectives of this study were to validate the accuracy and
sensitivity of  continuous  detection of AF  with
photopl ethysmography-based smart devices and to investigate
the underlying clinical factorsimpacting the detection.

Methods

Study Population

Subjectsfor thispilot study were recruited from the community
and the outpatient department of the Chinese PLA General
Hospital from September 14, 2018, to October 16, 2018. We
included adult participants aged =18 years who were able to
provide informed consent and were willing to wear the smart
wearable device. Individualswere excluded from the study due
to the presence of a pacemaker or implantable defibrillator or
if they were unable to use smart wearable devices.

Study Procedures

Three types of smart wearable devices were used in this study.
These included the Huawei WatchGT [22], the Honor Watch
[23], and the Honor Band4 [24]. The matching smartphone app
was used (Honor9; Huawei Device Co, Ltd, Shenzhen, China).
The Huawei smart wearing devices were freely provided for
the subjects.

All subjectsreceived active measurement with smart band/watch
upon enrollment. Measurement with the devices was taken
immediately following doctor diagnosis, and each participant
used two of threedevices. If theinitial two measurementsfailed,
additional measurements were taken. Participants were helped
with band/watch placement and instructed to keep their arms
still by resting them on a table. The photoplethysmography
signal was record for 45 seconds, and a result was provided to
detect the single-point heart rhythm.

After active measurement, each of the 200 participants who
owned Huawei smart phones were provided with an Honor
Band4 to continuously monitor heart rate/rhythm during a
14-day period. Each participant was given assistance in
downloading the app to his/her smartphone by amember of the
study team. Participants were also trained on how to use the
device. They wereinstructed to actively take two measurements
per day and wear the smart band aslong as possible in order to
record the most automatic periodic measurement data possible.
The periodic measurement was automatically taken every 10
minutes, irrespective of whether the subject walked or rested,
and 60-second photopl ethysmography signalswere continuously
collected. However, the algorithm wasfirst performed to identify
whether the signal quality was good enough to do further
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analysis. Thereafter, the photoplethysmography algorithm was
carried out to screenirregular pulse rhythm. At least a 30-second
AF was needed to meet the definition of AR,

This was a single-center pilot study of AF screening and part
of the pre-mAFA |1 registry. The pree-mAFA studies examined
mobile health technology for improved screening, patient
involvement, and optimization of integrated AF care. The
Medical Ethics Committee of the Chinese PLA General Hospital
and the China Food and Drug Administration approved this
study protocol (approval number: S2017-105-02). Further, this
study was registered in the Chinese Clinical Trial Registry,
which was part of the International Clinical Trials Registry
Patfoom  of the  World Health  Organization
(ChiCTR-O0C-17014138).

Atrial Fibrillation Detection and Confirmation

AF diagnoses were independently confirmed with medical
history, physical examination, and electrocardiogram by two
doctors. Patient data such as medical history, physical
examination, and electrocardiogram were collected when
subjectswere enrolled. Doctors used adual earpiece stethoscope
to confirm cardiac rhythm of the same subject. If the doctors
disagreed on the diagnosis obtained via the dual earpiece
stethoscope and pulse check, the subject was further exposed
to a12-lead electrocardiogram that was examined independently
by two additional doctors.

Paroxysmal AF was defined as self-terminating, in most cases,
within 48 hours. Some AF paroxysms might continue for up to
7 days. AF episodes that were cardioverted within 7 days were
considered to be paroxysmal [25].

Persistent AF was defined as AF that |asted longer than 7 days,
including episodesthat wereterminated by cardioversion, either
with drugs or by direct current cardioversion, after 7 days or
more [25].

Photoplethysmography Algorithm

One of the efficient machine learning methods, boosting, was
used to train the model to screen AF. Sensitive features extracted
from the waveforms and the peak-to-peak intervals of the
photoplethysmography were utilized in the model. The
peak-to-peak interval s of photoplethysmography were uniform
for sinusrhythm databut chaotic for AF episodes. For example,
the variance, entropy, etc, derived from the peak-to-peak
intervals were fluctuating for AF episodes (Multimedia
Appendices 1 and 2). Three smart devices were used to
investigate if the layout of the photoplethysmography sensor
position influences the accuracy of photoplethysmography
algorithm to detect AF.

https://www.jmir.org/2019/12/€14909
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Statistical Analyses

Continuous variables were tested for normality by the
Kolmogorov-Smirnov test. Datawith normal distributionswere
presented as mean (SD). Data with non-normal distributions
wereanalyzed using aMann-Whitney U test and were presented
as median (interquartile range [IQR]). Categorical variables
were analyzed using Pearson chi-sgquaretest or Fisher exact test.

Sensitivity and specificity were calculated by periodic
interpretation of smart wearable devices compared with
physician diagnoses. Kappa coefficients were assessed for
diagnostic agreement, which was performed using MedCalc
12.6.1.0 (MedCalc Software BVBA, Ostend, Belgium).
Excellent agreement was defined as a kappa coefficient >0.80.

A two-sided P value<.05 was considered statistically significant.
The 95% Cls were calculated, and statistical analysis was
performed using IBM SPSS Statistics, version 25.0 (SPSSInc,
Chicago, Illinais).

Results

Baseline Characteristicsand Atrial Fibrillation
Diagnoses

There were a total of 361 subjects (median age 50 years,
IQR=36-62 years); 178 (49.3%) were female, excluding 12
subjects with poor pulse signals. There were 20 diagnoses of
paroxysmal AF, 11 of persistent AF, and 330 of sinus rhythm
confirmed by doctorsviamedical history, physical examination,
and electrocardiogram upon enrollment.

Active M easurement by Photoplethysmography

All 361 subjects received a 45-s photopl ethysmography active
measurement with at least two kinds of smart wearable devices,
with a total of 735 valid pulse waveform recordings. Among
the 735 valid photoplethysmography signals, 77 signals were
classified as AF and 658 were classified as sinusrhythm (Figure
1).

The sensitivity of al of three smart devices with the 45-s
photopl ethysmography active measurement in predicting AF
was 100%, the specificity ranged from 98.93% to 99.16%, the
positive predictive value ranged from 91.67% to 93.10%, and
the negative predictive value was 100%. Three kinds of smart
wearable devices exhibited kappa coefficients ranging from
0.95 to 0.96 to detect AF against the reference standard in the
single-point heart rhythm detection. There was no significant
difference in further statistical analysis of the results from
different smart devices compared with the diagnosis of the
doctors (P=.97; Table 1).
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Figure 1. Participant flow diagram of the study. AF: atrial fibrillation, SR: sinus rhythm.
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Table 1. Detailed diagnostic performance of the photoplethysmography algorithm for atrial fibrillation screening in different smart devices.

Index Smart band (n=263)

Smart watch 1 (n=263) Smart watch 2 (n=209)

Sensitivity, % (95% CI)
Specificity, % (95% CI)

100 (87.23-100)
99.15 (96.97-99.90)
93.10 (77.23-99.15)
100 (98.44-100)
0.96 (0.91-1)

Positive predictive value, % (95% ClI)
Negative predictive value, % (95% CI)
Kappa (95% ClI)

100 (85.75-100)
99.16 (97.01-99.90)
92.31 (74.87-99.05)
100 (98.46-100)
0.96 (0.90-1)

100 (84.56-100)
98.93 (96.19-99.87)
91.67 (73.00-98.97)
100 (98.03-100)
0.95 (0.88-1)

Continuous Photoplethysmogr aphic Detection of Atrial
Fibrillation

A total of 171 subjects (mean age 53.23 years, SD 13.58 years),
85 (50%) women, finished 14 days of continuous monitoring
with  a smart band, resulting in 25482 vaid
photoplethysmography waveform signals. These signal results
were recorded from1l cases of persistent AF, 20 cases of
paroxysmal AF, and 140 cases of sinus rhythm, all of which
were confirmed by doctors with clinical data (Figure 1, Table
2).

Hypertension was present in 47 (28%) patients; diabetes
mellitus, in 23 (14%) patients; coronary artery disease, in 14
(8%) patients; current smoking, in 24(14%) patients; and current
drinking, in 32(19%) patients. The prevalence of other diseases
such as heart failure was less than 5%. The median
CHA2DS2-VASc (congestive heart failure, hypertension, age
>75 years [doubled], diabetes mellitus, stroke [doubled],
vascular disease, age 65-74 years, female sex) score was 1
(IQR=0.75-2.00), whilethe median HAS-BLED (hypertension,
abnormal renal function, abnormal liver function, stroke,

https://www.jmir.org/2019/12/€14909

bleeding, labile INR [international normalized ratio], age >65
years, drugs or a cohol) score was 0 (IQR=0.00-1.00; Table 2).

We finally collected a total of 1618 photoplethysmography
active measurement signal  segments and 23,864
photopl ethysmography periodic measurement signal segments
from the 171 participants during the 14-day period (Figure 1).
There were 127 (97.0%) active monitoring signals and 2240
(99.2%) periodic monitoring signals suggesting AF during 14
daysfor patients with persistent AF (Figure 2), while 36 (17%)
active monitoring signalsand 717 (19.8%) periodic monitoring
signals suggested AF for patients with paroxysmal AF (Figure
3). The proportion of AF cumulative episodes to total
measurementsfor 14 days demonstrated significant differences
between the persistent AF group and the paroxysmal AF group
(periodic measurement: P<.001, active measurement: P=.001).

The ability of active and periodic measurements to predict AF
(median time to first notification of AF) was 1 day
(IQR=1.00-1.00) for patients with persistent AF (P=.65). For
paroxysmal AF, 12 (60%) patients were identified as having
AF with periodic measurement and 8 (40%) patients were
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identified as having AF with active measurement during the periodic measurements (P=.15). Median time to first detection
14-day study period, while 14 (70%) patients were identified of AFwas1 day (IQR=1.00-2.00) and 2 days (IQR=1.25-5.75)
as having AF within the first 6 days with combined activeand by periodic and active measurements, respectively (P=.10).

Table 2. Baseline characteristics of the continuously monitored participants (N=171).

Characteristics Total
Demographics
Age (years), mean (SD) 53.23 (13.58)
Female, n (%) 85 (50)
Medical history
Heart failure, n (%) 1(1)
Hypertension, n (%) 47 (28)
Diabetes mellitus, n (%) 23(14)
Previous stroke/SETIAP, n (%) 4(2)
Coronary artery disease, n (%) 14 (8)
Vascular disease, n (%) 8(5)
Renal dysfunction, n (%) 2(1)
Bleeding history or predisposition, n (%) 4(2)
Sleep apnea, n (%) 8(9)
Hyperthyroidism, n (%) 1(1)
Current smoking, n (%) 24 (14)
Current drinking, n (%) 32(19)
CHA,DS,-VASCE score, median (IQRY) 1(0.75-2.00)
HAS-BLED® score, median (IQR) 0(0.00-1.00)
Medications, n (%)
Oral anticoagulant 19 (11)
Antiplatelet drug 11 (6)
Calcium channel blockers 3(2
ACEI/ARB' 10(¢)
Diuretic 4(2)
Digoxin 1(1)
Antiarrhythmic drugs, n (%)
Class| 30
Betablocker 3(2
ClasslII 5(3)
Class 1V 3(2

8SE: systemic arterial embolism.
bTIA: transient ischemic attack.

CCHA2DS2-VASC: congestive heart failure, hypertension, age =75 years (doubled), diabetes mellitus, stroke (doubled), vascular disease, age 65-74
years, female sex.

9 QR: interquartile range.

®HAS-BLED: hypertension, abnormal renal function, abnormal liver function, stroke, bleeding, |abile international normalized ratio, age>65 years,
drugs or acohal.

fACEI/ARB: angiotensin-converting-enzyme inhibitor, angiotensin receptor blockers.
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Figure2. (A) Cumulative active measurement of patientswith persistent AF during the 14-day period. (B) Cumulative periodic measurement of patients
with persistent AF during the 14-day period. AF: atrial fibrillation.
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Figure 3. (A) Cumulative active measurement of patients with paroxysmal AF during the 14-day period. (B) Cumulative periodic measurement of
patients with paroxysmal AF during the 14-day period. AF: atrial fibrillation.
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Atrial Fibrillation Burden and Photoplethysmogr aphy
Monitoring

AF burden was defined as the ratio of the number of episodes
of AF monitored to the total number of measurements for 24
hours. For those with AF episodes sustained |ess than 50% per
24 hours, the median number of days to first detection of AF
was 4 (IQR=2.00-6.00) by active measurement and 2
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(IQR=1.00-2.75) by periodic measurement. However, for
individuals with AF episodes sustained more than 50% per 24
hours, the median number of daysto first detection of AF was
1for both active (IQR=1.00-1.75) and periodic (IQR=1.00-1.00)
measurements. The median number of days to first detection
of AF between the two groups demonstrated significant
differences (active measurement: P=.02, periodic measurement:
P=.03; Figure 4).

Figure 4. Timeto thefirst detection of AF (quartile box-whisker plot). AF: atrial fibrillation.
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Discussion

Principal Findings

This study found that photoplethysmography-based smart
devices (watch/band) could effectively detect AF episodes, with
active or periodic measurement. However, detection of
paroxysmal AF exhibited a longer duration, and therefore,
continuous periodic measurement was recommended.

Accuracy and Sensitivity of
Photoplethysmography-Based Smart Device for
Detection of Atrial Fibrillation

We analyzed 735 valid photoplethysmography signalsacquired
by active measuring from 361 participants, excluding 12 subjects
with poor pulse signals. Results indicated that the three kinds
of smart wearable devices (two watches and one band) exhibited
a very high kappa coefficient (0.95-0.96) to detect AF with
active measurement against the reference standard diagnosed
by doctors. Sensitivity was 100% and specificity ranged from
98.93% to 99.16%, which were higher than the statistics reported
by previous works. Tison et a [26] showed that among 51
patients undergoing cardioversion, smart watches based on the
photoplethysmography technique can diagnose AF with a
sensitivity of 98.0% and a specificity of 90.2% compared to the
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standard 12-lead el ectrocardiogram. Rozen et a [27] designed
a study to evaluate use of a smartphone app as a method of
detecting AF before and after electrical cardioversion in 97
patients and achieved a sensitivity of 93.1% and a specificity
of 90.9%.

Feasibility of Photoplethysmography-Based Smart
Device for Continuous 14-Day Monitoring of Atrial
Fibrillation

We analyzed a total of 25,482 valid photoplethysmography
waveform signals acquired from 171 participants by active and
periodic measurementsfor 14 days. Results showed that periodic
measurement can achieve high AF diagnostic accuracy in the
real world aswell. For patientswith persistent AF, 127 (97.0%)
and 2240 (99.2%) photoplethysmography signal segmentswere
identified as AF by active and periodic measurements,
respectively. These numbers were much higher than those of
patients with paroxysmal AF, with only 36 (17%) active
monitoring photoplethysmography signals and 717 (19.8%)
periodic monitoring photopl ethysmography signals suggesting
AF. These are consistent with the disease characteristics of
persistent and paroxysmal AF; even in patients with persistent
AF, there is possibly short sinus rhythm among AF episodes.
Periodic measurements seemed to be more sensitivein detecting
AF than active measurements. Much frequency monitoring of
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periodic measurements is likely to “catch” the AF episodes,
which also need to be further validated in a large study. In
addition, previous studies have shown that 60.3% patients had
their first arrhythmia after the first 48 hours of monitoring [28].
In this study, the median time to first AF diagnosis with
persistent AF by the two types of measurements were both 1
day. The high accuracy of periodic measurement showsastrong
benefit of continuous monitoring. Thisisimportant, as patients
can not only detect heart arrhythmias at the onset of symptoms
such as papitations via active measuring, as previously
mentioned in other studies [29,30], but also improve the
identification rate of asymptomatic AF through continuous
periodic monitoring.

Factor s Impacting the Continuous 14-Day Detection
of Atrial Fibrillation

In a previous study, the mean interval to first detection of AF
was inversely proportional to total AF burden [28]. We also
compared the time to first detection of AF between different
degrees of AF burden. For patients with AF episodes sustained
less than 50% in 24 hours, the median number of daysto first
detection of AF was 4 by active measurement and 2 by periodic
measurement. However, the median number of days to first
detection of AF was 1 for both measurements for patients
presenting with AF episodes sustained more than 50% in 24
hours. This suggested that the less AF occurred, the longer the
latency to AF detection (active measurement: P=.02, periodic
measurement; P=.03). Steinhubl et al [31] reported immediate
continuous monitoring with a home-based, wearable
electrocardiogram sensor patch compared with delayed
monitoring, which resulted in a higher rate of AF diagnosis.
We found that, with the extension of monitoring time, the
number of patients identified with AF gradually increased,
especialy for patients presenting with paroxysmal AF. Assuch,
paroxysmal AF may require alonger duration of measurement
to reach a diagnosis. Moreover, it seems to be a trend that
combining active and periodic measurementswas more effective
inidentifying AF than using either of them alone, although this
result was not statistically significant. When the two methods
were combined, 11 (100%) patients with persistent AF could
be detected in the first day. In addition, 14 (70%) patients with
paroxysmal AF could be detected within the first 6 days, and
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no more new patientswith AF were detected after 6 days, based
on continuous photopl ethysmography monitoring data.

Limitations and Future Directions

There were severa limitations to this study. First, the sample
size was relatively small. Second, some participants did not
complete the active measurement twice a day in strict fidelity
with the study requirements. Additionally, the plateauin periodic
measurements, resulting from the lack of measurements after
the eighth day in patients with persistent AF, could possibly be
associated with the discontinuation of smart devices use, which
might impact the detection of AF. Third, in 31 (16%)
participations diagnosed with sinus rhythm at baseline, AF
episodes were detected during the 14-day continuous
monitoring. However, these “ suspected AF" cases were |ost to
follow-up, and we could not identify the cardiac rhythm. Fourth,
there was no timely 12-lead el ectrocardiogram monitoring data
synchronized with photoplethysmography data in this study.
Findly, in 12 (3%) subjects, the recorded quality of
photopl ethysmography signalswas poor. The inadequate signal
quality possibly was associated with the deep color, perfusion
of the skin, inappropriate wearing, etc. To develop a
photoplethysmography-based  screening  approach, a
photopl ethysmography algorithm was developed, tested, and
optimized among 394 cases in the stage 1 and stage 2.
Subsequently, the photoplethysmography algorithm and different
smart devices were validated among 375 cases in areal-world
settingswith 14-day monitoring (stage 3), which was performed
in this study. Thereafter, the photoplethysmography algorithm
and smart devices would be further validated in the general
population with at least 10,000 subjects (stage 4, mAFA I
study).

Conclusions

Photoplethysmography-based smart devices are accurate in the
continuous detection of AF outside the hospital. The accuracy
is similar between the active and periodic measurements. In
addition, thismethod issimple and accessible. For asymptomatic
patientswith low AF burden, prolonged continuous monitoring
time might increase the detection rate of AF. This technology
can extend the diagnosis, monitoring, and risk assessment of
AF beyond the hospital, providing a new way for doctors and
patients to manage AF together.

Acknowledgments

Thisresearch project was funded by the Chinese PLA Healthcare Foundation (17BJ208) and National Natural Science Foundation
of China (H2501). Huawei (Huawei Device Co, Ltd, Shenzhen, China) provided the smartphones (Honor9), smart bands
(HonorBand4), smart watches (Huawei Watch GT, Honor Watch), the heartbeat smartphone app, and the PRO AF
photopl ethysmography algorithm for study purposes.

Authors Contributions

HZ conducted data collection and analysis and wrote the initial draft of the manuscript. Y-TG and Y-DC are supervisors of this
project as well as joint senior authors. JZ, H-BL, Y-XC, and BY provided the PRO AF photoplethysmography agorithm. All
coauthors contributed revisions to the manuscript and approved the final manuscript.

https://www.jmir.org/2019/12/€14909 JMed Internet Res 2019 | vol. 21 | iss. 12 [€14909 | p.52

(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

Conflictsof Interest

JZ, H-BL, Y-XC, and BY are employees of Huawei Device Co, Ltd. The Huawel Heart Health Research Team developed and
optimized the photoplethysmography algorithm.

Multimedia Appendix 1
Electrocardiogram and photoplethysmography in patients with sinus rhythm.
[PNG File, 564 KB - jmir_v21i12e14909 appl.png ]

Multimedia Appendix 2
Electrocardiogram and photoplethysmography in patients with atrial fibrillation.
[PNG File, 612 KB - jmir_v21i12e14909 app2.png ]

References

1.  Chugh SS, Havmoeller R, Narayanan K, Singh D, RienstraM, Benjamin EJ, et al. Worldwide epidemiology of atrial
fibrillation: a Global Burden of Disease 2010 Study. Circulation 2014 Feb 25;129(8):837-847 [FREE Full text] [doi:
10.1161/CIRCULATIONAHA.113.005119] [Medline: 24345399]

2. Zhou Z, HuD. An epidemiological study on the prevalence of atrial fibrillation in the Chinese population of mainland
China. J Epidemiol 2008;18(5):209-216 [FREE Full text] [doi: 10.2188/jea.je2008021] [Medline: 18776706]

3. Zhang S. Atria fibrillation in mainland China: epidemiology and current management. Heart 2009 Jul;95(13):1052-1055.
[doi: 10.1136/hrt.2008.146589] [Medline: 19318342]

4. GuoY,TianY,WangH, Si Q, Wang Y, Lip GYH. Prevalence, incidence, and lifetimerisk of atrial fibrillation in China:
new insights into the global burden of atrial fibrillation. Chest 2015 Jan;147(1):109-119. [doi: 10.1378/chest.14-0321]
[Medline: 24921459]

5. NA. Expert consensus on the management of atrial fibrillation in elderly population (2016). Chin J Geriatr 2016
Sep;35(9):915-928. [doi: 10.3760/cma.j.issn.0254-9026.2016.09.001]

6. Healey JS, Connolly SJ, Gold MR, Israel CW, Van Gelder IC, Capucci A, ASSERT Investigators. Subclinical atrial
fibrillation and the risk of stroke. N Engl JMed 2012 Jan 12;366(2):120-129. [doi: 10.1056/NEJM0a1105575] [Medline:
22236222]

7.  SannaT, Diener H, Passman RS, Di Lazzaro V, Bernstein RA, Morillo CA, et a. Cryptogenic stroke and underlying atrial
fibrillation. N Engl JMed 2014 Jun 26;370(26):2478-2486. [doi: 10.1056/NEJM0a1313600] [Medline: 24963567]

8. DavisRC, Hobbs FDR, Kenkre JE, Roalfe AK, llesR, Lip GYH, et a. Prevalence of atrial fibrillation in the general
population and in high-risk groups: the ECHOES study. Europace 2012 Nov;14(11):1553-1559. [doi:
10.1093/europace/eus087] [Medline: 22490371]

9. JoungB,LeeJM, LeeKH, Kim TH, Choi EK, Lim WH, KHRS Atrial Fibrillation Guideline Working Group. 2018 Korean
Guideline of Atria Fibrillation Management. Korean Circ J 2018 Dec;48(12):1033-1080 [FREE Full text] [doi:
10.4070/kcj.2018.0339] [Medline: 30403013]

10. ChaoT,LiuC, TuanT, ChenT, Hsieh M, Lip GYH, et al. Lifetime Risks, Projected Numbers, and Adverse Outcomesin
Asian Patients With Atrial Fibrillation: A Report From the Taiwan Nationwide AF Cohort Study. Chest 2018
Feb;153(2):453-466 [FREE Full text] [doi: 10.1016/j.chest.2017.10.001] [Medline: 29017957]

11. Wolf PA, Abbott RD, Kannel WB. Atrid fibrillation: amajor contributor to stroke in the elderly. The Framingham Study.
Arch Intern Med 1987 Sep;147(9):1561-1564. [Medline: 3632164]

12. Saposnik G, Gladstone D, Raptis R, Zhou L, Hart RG, Investigators of the Registry of the Canadian Stroke Network
(RCSN)the Stroke Outcomes Research Canada (SORCan) Working Group. Atrial fibrillation inischemic stroke: predicting
response to thrombolysis and clinical outcomes. Stroke 2013 Jan;44(1):99-104 [FREE Full text] [doi:
10.1161/STROKEAHA.112.676551] [Medline: 23168456]

13. Friberg L, Rosenqvist M, Lindgren A, Terént A, Norrving B, Asplund K. High prevalence of atrial fibrillation among
patients with ischemic stroke. Stroke 2014 Sep;45(9):2599-2605. [doi: 10.1161/STROKEAHA.114.006070] [Medline:
25034713]

14. PotparaTS, Lip GYH. Ora anticoagulant therapy in atrial fibrillation patients at high stroke and bleeding risk. Prog
Cardiovasc Dis 2015;58(2):177-194. [doi: 10.1016/j.pcad.2015.07.003] [Medline: 26162958]

15. Rui P, Hing E, Okeyode T. Centers for Disease Control and Prevention. 2014. National Ambulatory Medical Care Survey:
2014 State and National Summary Tables URL : https://www.cdc.gov/nchs/ahcd/web tables.htm#2014 [accessed 2019-04-17]

16. McConnell MV, TurakhiaMP, Harrington RA, King AC, Ashley EA. Mobile Health Advancesin Physical Activity, Fitness,
and Atria Fibrillation: Moving Hearts. JAm Coll Cardiol 2018 Jun 12;71(23):2691-2701 [FREE Full text] [doi:
10.1016/j.jacc.2018.04.030] [Medline: 29880130]

17. Allen J. Photoplethysmography and its application in clinical physiological measurement. Physiol Meas 2007
Mar;28(3):R1-39. [doi: 10.1088/0967-3334/28/3/R01] [Medline: 17322588]

https://www.jmir.org/2019/12/€14909 JMed Internet Res 2019 | vol. 21 | iss. 12 [€14909 | p.53
(page number not for citation purposes)

RenderX


https://jmir.org/api/download?alt_name=jmir_v21i12e14909_app1.png&filename=fe9b179a8d33cf9ccfbd060a4d0651e0.png
https://jmir.org/api/download?alt_name=jmir_v21i12e14909_app1.png&filename=fe9b179a8d33cf9ccfbd060a4d0651e0.png
https://jmir.org/api/download?alt_name=jmir_v21i12e14909_app2.png&filename=85b10b4cc4d6366662aebc16d4ac7501.png
https://jmir.org/api/download?alt_name=jmir_v21i12e14909_app2.png&filename=85b10b4cc4d6366662aebc16d4ac7501.png
http://circ.ahajournals.org/cgi/pmidlookup?view=long&pmid=24345399
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.005119
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24345399&dopt=Abstract
http://joi.jlc.jst.go.jp/JST.JSTAGE/jea/JE2008021?from=PubMed
http://dx.doi.org/10.2188/jea.je2008021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18776706&dopt=Abstract
http://dx.doi.org/10.1136/hrt.2008.146589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19318342&dopt=Abstract
http://dx.doi.org/10.1378/chest.14-0321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24921459&dopt=Abstract
http://dx.doi.org/10.3760/cma.j.issn.0254-9026.2016.09.001
http://dx.doi.org/10.1056/NEJMoa1105575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22236222&dopt=Abstract
http://dx.doi.org/10.1056/NEJMoa1313600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24963567&dopt=Abstract
http://dx.doi.org/10.1093/europace/eus087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22490371&dopt=Abstract
http://lib.301hospital.com.cn/s/com/webofknowledge/apps/G.http/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=5A1id8cwoRgC4vuenvq&field=AU&value=Kim,%20JB&ut=12424862&pos=13&excludeEventConfig=ExcludeIfFromFullRecPage
http://dx.doi.org/10.4070/kcj.2018.0339
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30403013&dopt=Abstract
http://lib.301hospital.com.cn/s/com/webofknowledge/apps/G.http/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=6EBGRYwmS1ut9KKtMwG&field=AU&value=Chen,%20SA&ut=22273&pos=7&excludeEventConfig=ExcludeIfFromFullRecPage&cacheurlFromRightClick=no
http://dx.doi.org/10.1016/j.chest.2017.10.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29017957&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3632164&dopt=Abstract
http://lib.301hospital.com.cn/s/com/webofknowledge/apps/G.http/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=6EBGRYwmS1ut9KKtMwG&field=AU&value=Hart,%20RG&ut=23631&pos=5&excludeEventConfig=ExcludeIfFromFullRecPage
http://dx.doi.org/10.1161/STROKEAHA.112.676551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23168456&dopt=Abstract
http://dx.doi.org/10.1161/STROKEAHA.114.006070
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25034713&dopt=Abstract
http://dx.doi.org/10.1016/j.pcad.2015.07.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26162958&dopt=Abstract
https://www.cdc.gov/nchs/ahcd/web_tables.htm#2014
https://linkinghub.elsevier.com/retrieve/pii/S0735-1097(18)34617-5
http://dx.doi.org/10.1016/j.jacc.2018.04.030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29880130&dopt=Abstract
http://dx.doi.org/10.1088/0967-3334/28/3/R01
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17322588&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Jonathan E, Leahy M. Investigating a smartphone imaging unit for photopl ethysmography. Physiol Meas 2010
Nov;31(11):N79-N83. [doi: 10.1088/0967-3334/31/11/NO1] [Medline: 20871134]

Poh M, Poh Y C, Chan P, Wong C, Pun L, Leung WW, et al. Diagnostic assessment of a deep learning system for detecting
atrial fibrillation in pulse waveforms. Heart 2018 Dec;104(23):1921-1928. [doi: 10.1136/heartjnl-2018-313147] [Medline:
29853485]

Harju J, Tarniceriu A, Parak J, Vehkaoja A, Yli-Hankala A, Korhonen I. Monitoring of heart rate and inter-beat intervals
with wrist plethysmography in patients with atrial fibrillation. Physiol Meas 2018 Jun 27;39(6):065007 [FREE Full text]
[doi: 10.1088/1361-6579/aac9a9] [Medline: 29856730]

FanY, LiY,LiJ ChengW, ShanZ, Wang Y, et a. Diagnostic Performance of a Smart Device With Photopl ethysmography
Technology for Atrial Fibrillation Detection: Pilot Study (Pre-mAFA 1l Registry). IMIR Mhealth Uhealth 2019 Mar
05;7(3):€11437 [FREE Full text] [doi: 10.2196/11437] [Medline: 30835243]

HUAWEI. HUAWEI WATCH GT URL: https://consumer.huawei.com/en/wearabl es/watch-gt/ [accessed 2019-11-01]
HONOR. HONOR Watch Magic URL: https://www.hihonor.com/gl obal/products/accessories/honor-watch-magic/ [accessed
2019-11-01]

HONOR. HONOR Band 4 URL : https://www.hihonor.com/global/products/accessories/honorband4/ [accessed 2019-11-01]
Kirchhof P, Benussi S, KotechaD, Ahlsson A, Atar D, Casadel B, et al. 2016 ESC Guidelines for the management of atrial
fibrillation developed in collaboration with EACTS. Europace 2016 Nov;18(11):1609-1678. [doi: 10.1093/europace/euw295]
[Medline: 27567465]

Tison GH, Sanchez M, Ballinger B, Singh A, Olgin JE, Pletcher MJ, et a. Passive Detection of Atrial Fibrillation Using
a Commercially Available Smartwatch. JAMA Cardiol 2018 May 01;3(5):409-416. [doi: 10.1001/jamacardio.2018.0136]
[Medline: 29562087]

Rozen G, Vaid J, Hosseini SM, Kaadan MI, Rafael A, Roka A, et al. Diagnostic Accuracy of a Novel Mobile Phone
Application for the Detection and Monitoring of Atrial Fibrillation. Am JCardiol 2018 May 15;121(10):1187-1191 [FREE
Full text] [doi: 10.1016/j.amjcard.2018.01.035] [Medline: 29525063]

Turakhia MP, Hoang DD, Zimetbaum P, Miller JD, Froelicher VF, Kumar UN, et al. Diagnostic utility of a novel leadless
arrhythmia monitoring device. Am J Cardiol 2013 Aug 15;112(4):520-524 [EREE Full text] [doi:
10.1016/j.amjcard.2013.04.017] [Medline: 23672988]

Krivoshel L, Weber S, Burkard T, Maseli A, Brasier N, Kilhne M, et a. Smart detection of atrial fibrillationt. Europace
2017 May 01;19(5):753-757 [FREE Full text] [doi: 10.1093/europace/euw125] [Medline: 27371660]

Tang S, Huang P, Hung C, Shan S, Lin Y, Shieh J, et al. Identification of Atrial Fibrillation by Quantitative Analyses of
Fingertip Photoplethysmogram. Sci Rep 2017 Apr 07;7:45644 [FREE Full text] [doi: 10.1038/srep45644] [Medline:
28367965]

Steinhubl SR, Waalen J, Edwards AM, Ariniello LM, MehtaRR, Ebner GS, et al. Effect of a Home-Based Wearable
Continuous ECG Monitoring Patch on Detection of Undiagnosed Atrial Fibrillation: The mSToPS Randomized Clinical
Tria. JAMA 2018 Jul 10;320(2):146-155 [FREE Full text] [doi: 10.1001/jama.2018.8102] [Medline: 29998336]

Abbreviations

ACEI/ARB: angiotensin-converting-enzyme inhibitor, angiotensin receptor blockers

AF: atrial fibrillation

CHA2DS2-VASc: congestive heart failure, hypertension, age >75 years (doubled), diabetes mellitus, stroke
(doubled), vascular disease, age 65-74 years, female sex

HAS-BL ED: hypertension, abnormal renal function, abnormal liver function, stroke, bleeding, labileinternational
normalized ratio, age>65 years, drugs or alcohol

|QR: interquartile range

SE: systemic arterial embolism

TIA: transient ischemic attack

Edited by G Eysenbach; submitted 04.06.19; peer-reviewed by M Lang, A \ehkaoja, R Casado Arroyo, JR Bautista; comments to
author 16.07.19; revised version received 20.08.19; accepted 19.10.19; published 03.12.19.

Please cite as:

Zhang H, Zhang J, Li HB, Chen YX, Yang B, Guo YT, Chen YD

Validation of Sngle Centre Pre-Mobile Atrial Fibrillation Apps for Continuous Monitoring of Atrial Fibrillation in a Real-World
Setting: Pilot Cohort Study

J Med Internet Res 2019;21(12):€14909

URL: https://mwww.jmir.org/2019/12/€14909

doi:10.2196/14909

PMID: 31793887

https://www.jmir.org/2019/12/€14909 JMed Internet Res 2019 | vol. 21 | iss. 12 [€14909 | p.54

RenderX

(page number not for citation purposes)


http://dx.doi.org/10.1088/0967-3334/31/11/N01
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20871134&dopt=Abstract
http://dx.doi.org/10.1136/heartjnl-2018-313147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29853485&dopt=Abstract
http://lib.301hospital.com.cn/s/com/webofknowledge/apps/G.http/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=6EBGRYwmS1ut9KKtMwG&field=AU&value=Korhonen,%20I&ut=279873&pos=6&excludeEventConfig=ExcludeIfFromFullRecPage&cacheurlFromRightClick=no
http://dx.doi.org/10.1088/1361-6579/aac9a9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29856730&dopt=Abstract
http://mhealth.jmir.org/2019/3/e11437/
http://dx.doi.org/10.2196/11437
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30835243&dopt=Abstract
https://consumer.huawei.com/en/wearables/watch-gt/
https://www.hihonor.com/global/products/accessories/honor-watch-magic/
https://www.hihonor.com/global/products/accessories/honorband4/
http://dx.doi.org/10.1093/europace/euw295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27567465&dopt=Abstract
http://dx.doi.org/10.1001/jamacardio.2018.0136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29562087&dopt=Abstract
http://lib.301hospital.com.cn/s/com/webofknowledge/apps/G.http/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=6EBGRYwmS1ut9KKtMwG&field=AU&value=Jeng,%20JS&ut=80608&pos=9&excludeEventConfig=ExcludeIfFromFullRecPage&cacheurlFromRightClick=no
http://lib.301hospital.com.cn/s/com/webofknowledge/apps/G.http/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=6EBGRYwmS1ut9KKtMwG&field=AU&value=Jeng,%20JS&ut=80608&pos=9&excludeEventConfig=ExcludeIfFromFullRecPage&cacheurlFromRightClick=no
http://dx.doi.org/10.1016/j.amjcard.2018.01.035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29525063&dopt=Abstract
http://lib.plagh.cn:8080/medlib/s/gov/nih/nlm/ncbi/www/G.https/pubmed/?term=Diagnostic+Utility+of+a+Novel+Leadless+Arrhythmia+monitoring+Device
http://dx.doi.org/10.1016/j.amjcard.2013.04.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23672988&dopt=Abstract
http://europepmc.org/abstract/MED/27371660
http://dx.doi.org/10.1093/europace/euw125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27371660&dopt=Abstract
http://lib.301hospital.com.cn/s/com/webofknowledge/apps/G.http/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=6EBGRYwmS1ut9KKtMwG&field=AU&value=Jeng,%20JS&ut=80608&pos=9&excludeEventConfig=ExcludeIfFromFullRecPage&cacheurlFromRightClick=no
http://dx.doi.org/10.1038/srep45644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28367965&dopt=Abstract
http://europepmc.org/abstract/MED/29998336
http://dx.doi.org/10.1001/jama.2018.8102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29998336&dopt=Abstract
https://www.jmir.org/2019/12/e14909
http://dx.doi.org/10.2196/14909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31793887&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

©Hui Zhang, Jie Zhang, Hong-Bao Li, Yi-Xin Chen, Bin Yang, Yu-Tao Guo, Yun-Dai Chen. Originally published in the Journal
of Medical Internet Research (http://www.jmir.org), 03.12.2019. 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, alink to the original publication on http://www.jmir.org/, aswell asthis
copyright and license information must be included.

https://www.jmir.org/2019/12/€14909 JMed Internet Res 2019 | vol. 21 | iss. 12 [€14909 | p.55

(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH Zhang et al

Original Paper

Effectiveness of Smartphone App—Based Interactive Management
on Glycemic Control in Chinese Patients With Poorly Controlled
Diabetes: Randomized Controlled Trial

Lei Zhang", PhD; Xingxing He"", MD; Yun Shen', MD; Haoyong Yu', PhD; Jiemin Pan', PhD; Wei Zhu', BA; Jian
Zhou', PhD; Yugian Bao*, MD

Department of Endocrinology and Metabolism, Shanghai Clinical Center for Diabetes, Shanghai Diabetes I nstitute, Shanghai Key Laboratory of Diabetes
Mellitus, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, Shanghai, China

*these authors contributed equally

Corresponding Author:

Jian Zhou, PhD

Department of Endocrinology and Metabolism, Shanghai Clinical Center for Diabetes, Shanghai Diabetes Institute, Shanghai
Key Laboratory of Diabetes Mellitus, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital

600 Yishan Road

Shanghai, 200233

China

Phone: 86 2164369181

Email: zhoujian@sjtu.edu.cn

Abstract

Background: Inrecent years, the rapid devel opment of mobile medical technology has provided multiple waysfor thelong-term
management of chronic diseases, especiadly diabetes. Asanew type of management model, smartphone apps are global, convenient,
cheap, and interactive. Although apps were proved to be more effective at glycemic control, compared with traditional computer-
and Web-based telemedicine technologies, how to gain a further and sustained improvement is still being explored.

Objective: The objective of this study was to investigate the effectiveness of an app-based interactive management model by
aprofessional health care team on glycemic control in Chinese patients with poorly controlled diabetes.

Methods: This study was a 6-month long, single-center, prospective randomized controlled trial. A total of 276 type 1 or type
2 diabetes patients were enrolled and randomized to the control group (group A), app self-management group (group B), and app
interactive management group (group C) in a1:1:1 ratio. The primary outcome was the change in glycated hemoglobin (HbA )

level. Missing data were handled by multiple imputation.

Results: At months 3 and 6, al 3 groups showed significant decreasesin HbA ;. levels (all P<.05). Patientsin the app interactive
management group had a significantly lower HbA ;level than those in the app self-management group at 6 months (P=.04). The
average HbA ;. reduction in the app interactive management group was larger than that in the app self-management and control
groups at both months 3 and 6 (al P<.05). However, no differences in HbA,. reduction were observed between the app
self-management and control groups at both months 3 and 6 (both P>.05). Multivariate line regression analyses also showed that
the app interactive management group was associated with the larger reduction of HbA ;. compared with groups A and B at both
months 3 and 6 (all P>.05). In addition, the app interactive management group had better control of triglyceride and high-density
lipoprotein cholesterol levels at both months 3 and 6 compared with baseline (both P<.05).

Conclusions: In Chinese patients with poorly controlled diabetes, it was difficult to achieve long-term effective glucose
improvement by using app self-management alone, but combining it with interactive management can help achieve rapid and
sustained glycemic control.

Trial Registration: Clinical Trials.gov NCT02589730; https://clinicaltrials.gov/ct2/show/NCT02589730.

(J Med Internet Res 2019;21(12):€15401) doi:10.2196/15401
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Introduction

Effectiveness of Smartphone Appson Glycemic Control

The rapid development of mobile medical technology has
provided multiple ways for the long-term management of
chronic diseases, especialy diabetes [1]. As a new type of
management model, smartphone apps are global, convenient,
cheap, and interactive. Compared with traditional computer-
and Web-based telemedicinetechnologies[2,3], apps may have
unigue advantagesin diabetes management [4-6]. Recent studies
have proved that apps are effective at improving glycated
hemoglobin (HbA,.) levels and could be considered as an

adjuvant intervention to diabetes management [7-11].

Demand for Further and Sustained Glycemic Control

China has the world's largest population with diabetes [12] but
ashortage of physicians. Under such special national conditions,
scientific and effective diabetes management models are
urgently needed for better outcomes. Although appswere proved
to be effective at glycemic control, how to gain a further and
sustained improvement is still being explored. Welltang,
designed in Chinese language, is the most widely used app for
diabetes management in China. It was previously reported in a
3-month randomized controlled trial that diabetes patientsusing
the Welltang app achieved statistically significant improvements
in HbA ., with an average decrease of 1.95%, whereas the
reduction in HbA ., was just 0.79% in the control group [9].
However, the duration of this previous study was relatively
short, and there was a lack of a professional health team to
provide interactions with patients beyond medical adjustment,
such as diet, exercise, and diabetes education.

Aim of This Study

Therefore, this single-center, open-labeled, prospective
randomized controlled trial was conducted in Chinese patients
with poorly controlled diabetes, including both type 1 and type
2 diabetes, to investigate the effectiveness of an app-based
interactive management model on glycemic control and to
explore an individualized method for diabetes management in
China.

Methods

Trial Design

This study was a 6-month long, single-center, open-labeled,
prospective randomized controlled trial. Participants were
recruited from the outpatient clinic of the Department of
Endocrinology and Metabolism of Shanghai Jiao Tong
University Affiliated Sixth People’'s Hospital from July 2015
to February 2016. According to the type of diabetes mellitus
(type 1 or 2 diabetes), the stratified randomization method was
used to generate arandom number table, and participants were
randomized into 3 groups in a 1:1:1 ratio: group A (control
group), group B (smartphone app self-management group), and
group C (smartphone app interactive management group). This
study was registered a ClinicalTrials.gov, number
NCT02589730.
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Study Patients

Outpatients diagnosed with type 1 or 2 diabetes (aged 18-65
years) were enrolled according to the 2010 American Diabetes
Association criteria[13], with aduration =6 months and HbA
>8% within 3 months before enrollment. To be eligible, patients
had to be able to use a smartphone, be willing and able to
perform daily self-monitoring of blood glucose (SMBG), and
be willing and able to visit a physician at months 3 and 6.

Patients were excluded according to the following criteria: (1)
insulin pump users; (2) pregnant or plan to be pregnant during
the study period; (3) excessive drinking or drug users; (4) used
drugs that might affect blood sugar in the 3 months before
enrollment, such as glucocorticoids and thyroid hormones; (5)
psychotic and werereceiving treatment; (6) severe complications
or systemic diseases; (7) experienced cardio- or cerebrovascular
eventsin the 6 months before enrollment; (8) severe hearing or
visual impairment; (9) unable to access the Web or unable to
learn to use the app on the smartphone; and (10) unsuitable for
the study according to the judgment of the researchers.

The study was approved by the Ethics Committee of the
Shanghai Jiao Tong University Affiliated Sixth People's
Hospital and conformed to the provisions of the Declaration of
Helsinki. All participants provided written informed consent
before enrollment.

Interventions

The smartphone-based diabetes management platform in this
study was Welltang, which was designed by Shanghai Geping
Information and Technique Company Ltd, and it was used by
both patients and clinicians. For patients, Welltang mainly
comprises 4 parts. education, self-management (including
records of SMBG, diet, exercise, medication, body weight, and
other diabetes data), patient community, and communication
between patientsand clinicians. For clinicians, Welltang mainly
provided the real-time uploading of datafrom patients.

In group A, patients received usual care and did not install
WEelltang on their smartphone. They learned diabetes-related
knowledge and skills by self-learning and summarizing, and
they adopted lifestyles and behaviors voluntarily.

In group B, each patient was requested to install Welltang on
their smartphone. They learned diabetes-related knowledge and
skills by using the app, including glycemic control, diet,
exercise, medication, and the use of insulin. There was no other
staff involved in the care of this group, except for 1 clinician.

In group C, besides app self-management, patients received
interactive management online (service for stable glucosex180
days). After randomization, a third-party professional diabetes
health care team comprising 1 dietician and 1 health manager
conducted interactive management with patients through the
WEelltang platform. The dietician was responsible for daily
dietary guidance and the health manager for comprehensive
interventions, such as exercise, glucose monitoring, and diabetes
education based on the data uploaded by the patients. The
service had a standardized operation process. During the first
month, centralized management was conducted for reasons of
poor glycemic control to help patients develop good habits of
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glucose control. Afterward, patients were evaluated monthly.
When blood glucose (BG) fluctuated greatly, the causes of
fluctuation were analyzed to improve glycemic control. When
the patients achieved certain improvements and gained inertia,
reminderswere provided promptly to prevent large fluctuations.
Finaly, this team also assisted patients with achieving a
relatively stable period of managing diabetes by themselves.
During the service, aglucose control report was generated every
week, and appropriate suggestions were provided according to
the report.

After enrollment, each patient was provided an optimal glucose
control target according to the Guidelines for the Prevention
and Treatment of Type 2 Diabetes in China (2013 Edition) [14]
and received basic diabetes education, including diet control,
adequate exercise, SMBG, and regular follow-up. All patients
could contact clinicians by tel ephone during the follow-up, but
those who had installed the app were encouraged to contact
clinicians online. Clinicians were blind to the patients’ groups.
Thedietician and health manager could view all patients clinical
variables and provide real-time interventions and adjustments
on the basis of these data.

Each patient was equipped with a designated BG meter and an
adequate number of test strips. Patients in the app
self-management and app interactive management groupswere
asked to regularly record the glucose results in Welltang;
patientsin the control group were asked to record their glucose
resultsin alog book. Thefrequency of SMBG that wasrequired
was at least 6 timesaweek, without amaximum limit. Test trips
were provided by the investigators for free.

Data Collection

The follow-up duration was 6 months. At baseline, all patients
were asked to complete a questionnaire about demographic
characteristics, personal history, and medical history.
Anthropometric and clinical measurementswere collected from
al patients at baseline and at months 3 and 6 after the
intervention.

Body mass index (BMI) was calculated as BMI=weight

(kg)/height® (m?). Blood pressure was measured with amercury
sphygmomanometer after the subject had rested for at least 10
min. Waist circumference (W) was measured midway between
thelowest rib and theiliac crest with the subject in the standing
position.

Venous blood was collected in the morning after a 10-hour
overnight fast. The levels of fasting plasma glucose (FPG),
HbA ., total cholesterol (TC), triglyceride (TG), high-density
lipoprotein cholesterol (HDL-c), low-density lipoprotein
cholesterol (LDL-c), aanine aminotransferase, aspartate
aminotransferase, gamma-glutamy! transpeptidase, creatinine,
uric acid, and albumin-to-creatinine ratio were assessed with
standard methods, as described previously [15].

Adverse Event

In this study, the major adverse event was hypoglycemia
Hypoglycemia was defined as BG <3.9 mmol/L. Each patient
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had received related education and treatment measures after
enrollment and could call physicians when they needed. All
adverse events were recorded.

Outcomes

The primary outcome was glucose control, including the changes
(from baseline to months 3 and 6) in the HbA,. level. The
secondary outcomesincluded the changesin FPG, body weight,
and lipids.

Sample Size

In a small-sample (n=9) observational study conducted before
this trial, the reductions of HbA,. in the control, app
self-management, and app interactive management groups after
3 months of follow-up were 0.9% (SD 0.9%), 1.3% (SD 1.1%),
and 1.6% (SD 1.3%), respectively. On the basis of these results
from the small-sample observational study, with apha=.05 and
beta=.10, we calculated a required sample size of 65 patients
per group by PASS 11.0 (NCSS LLC) software. Considering a
dropout rate of 20%, asample size of 78 patients per group was
required.

Statistical Analysis

The datistical analysis was performed based on the
intention-to-treat principle. Missing data were handled by
multiple imputation [16,17]. The R multivariate imputation by
chained equation package was used to impute 5 sets of complete
dataset with 50 iterations per imputation. Predictive mean
matching was used for continuous variables. All findings are
presented based on multiply imputed data, unless otherwise
indicated.

The dataare reported as the mean (SD), unless otherwi se stated.
Intergroup comparisons were conducted with the unpaired
Student t test, Kruskal-Wallis test, and chi-square test for
normally distributed data, skewed data, and categorical
variables, respectively. The paired Student t test was used to
evaluate the differences in continuous variables from baseline
to months 3 and 6 of follow-up in each group. The multiple
linear regression anayses were applied to explore the
associations of HbA ;. level reduction and different models of
diabetes management. All data analyses were conducted by
SPSS version 19.0 (SPSS). A 2-tailed P value of <.05 was
considered indicative of astatistically significant difference.

Results

Baseline Characteristics of Study Participants

Of the 276 participants who underwent screening in this study,
234 were enrolled and randomized to groups A (n=78), B
(n=78), or C (n=78). Of these, atotal of 209 (209/234, 89.3%)
completed the third month visit and 194 (194/234, 82.9%)
completed the sixth month visit. After randomization, 15 patients
from group A, 11 from group B, and 14 from group C
discontinued the study because they either withdrew their
consent or were lost to follow-up (Figure 1).
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Figure 1. Study design and participant flow diagram.

Screened
(n=276)

Excluded (n=42)

Not eligible (n=12)
—> Unable to use app (n=24)
Withdrew consent (n=6)

Randomized

(n=234)
o

Group A (n=78) Group B (n=78) Group C (n=78)
Control Self-management with Interactive management with

smartphone app smartphone app

Discontinued (n=15) Discontinued (n=11) Discontinued (n=14)

Withdrew consent (n=4) Withdrew consent (n=4) Withdrew consent (n=7)
Lost to follow-up (n=11) Lost to follow-up (n=7) Lost to follow-up (n=7)

Analyzed (n=63) Analyzed (n=67) Analyzed (n=64)

The demographic and baseline clinical characteristics of the3  collegeor higher education, and 58.1% (136/234) wereworking.

groups are presented in Table 1. Among the patients enrolled,  The average BMI at baseline was 25.03 (SD 3.36) kg/m?, and
the mean age was 53 (SD 11) years, mean diabetes duration  the average FPG and HbA ;. levelswere 10.02 (SD 3.03) mmol/L
was 11.3 (SD 6.1) years, 8.9% (21/234) had type 1 diabetes, 549450 (SD 1.36%), respectively.

38.0% (89/234) were female, 46.2% (108/234) had junior
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Table 1. Baseline characteristics of study participants of the 3 groups.

Baseline characteristics Group A2 Group gP Group C°
Gender (men/women), n 78 (49/29) 78 (50/28) 78(46/32)
Age (years), mean (SD) 55 (11) 52 (10) 52 (12)
Diabetes duration (years), mean (SD) 12.7 (7.1) 11.2 (5.6) 10.1 (5.5)
Type 1 diabetes, n (%) 7(9) 7(9) 7(9)
Body massindex (kg/m?), mean (SD) 24.63(279)  25.36(3.32) 25.09 (3.88)
Waist circumference (cm), mean (SD) 85.2(7.7) 87.2(8.9) 87.0 (10.6)
Blood pressure (mmHg), mean (SD)

Systolic 127 (13) 127 (12) 127 (15)

Diastolic 79(9) 81(9) 80 (7)
Fasting plasma glucose (mmol/L), mean (SD) 9.86 (3.17) 10.06 (3.03) 10.14 (2.92)
Glycated hemoglobin (%), mean (SD) 9.27 (1.25) 9.46 (1.18) 9.58 (1.62)
Total cholesterol (mmol/L), mean (SD) 4,92 (1.10) 4.65 (0.87) 5.01 (0.79)
Triglyceride (mmol/L), mean (SD) 1.84 (1.05) 1.87(1.14) 2.39 (1.63)
Lipoprotein density (mmol/L), mean (SD)

High 1.11(0.27) 1.08 (0.27) 1.07 (0.28)

Low 2.97 (0.94) 2.79 (0.75) 2.90 (0.79)
Aminotransferase (U/L), mean (SD)

Alanine 27