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Abstract

Background: Physical inactivity is a preventable risk factor for several chronic diseases and one of the driving forces behind
the growing global burden of disease. Recent evidence has shown that interventions using mobile smartphone apps can promote
asignificant increase in physical activity (PA) levels. However, the accuracy and reliability of using appsis unknown.

Objective: The aim of our review was to determine the accuracy and reliability of using mobile apps to measure PA levelsin
young people. We conducted a systematic review guided by PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses).

Methods: Studies published from 2007 to 2020 were sourced from 8 databases—Ovid MEDLINE, Embase (Elsevier), Cochrane
Library (Wiley), PsychINFO (EBSCOhost), CINAHL (EBSCOhost), Web of Science (Clarivate), SPORTDiscus (EBSCOhost),
and |EEE XploreDigital Library database. Studieswere conducted in young people aged 10-24 years and without chronic illnesses,
who evaluated a mobile app’s ability to measure PA. Primary outcomes included validity, reliability, and responsiveness of the
measurement approach. Duplicate screening was conducted for eligibility, data extraction, and assessing the risk of bias. Results
were reported as a systematic review. The main physical activity measures evaluated for each study were the following: total PA
time (min/day or min/week), total moderate to vigorous PA per week, daily step count, intensity measure (heart rate), and frequency
measure (days per week).

Results: Of the 149 identified studies, 5 met the inclusion criteria (322 participants, 176 female; mean age 14, SD 3 years). A
total of 3 studies measured criterion validity and compared PA measured via apps against PA measured via an Actigraph
accelerometer. The 2 studies that reported on construct validity identified a significant difference between self-reported PA and
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the objective measure. Only 1 of the 5 apps examined was available to the public, and athough this app was highly accepted by
young people, the app recorded PA to be significantly different to participants' self-reported PA.

Conclusions: Overal, few studies assess the reliability, validity, and responsiveness of mobile apps to measure PA in healthy
young people, with studies typically only reporting on one measurement property. Of the 3 studies that measured validity, all
concluded that mobile phones were acceptable and valid tools. More research is needed into the validity and reliability of
smartphone apps to measure PA levelsin this population aswell as in populations with other characteristics, including other age
groups and those with chronic diseases.

Trial Registration: PROSPERO CRD42019122242; https://www.crd.york.ac.uk/prospero/display_record.php?Recordl D=122242

(JMIR Mhealth Uhealth 2022;10(10):e39085) doi:10.2196/39085
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Introduction

Physical inactivity isapreventablerisk factor for several chronic
diseases and one of the driving forces behind the growing global
burden of disease [1,2]. Physical inactivity and excessive
sedentary behavior are increasing, especially in young people.
A review of Australia’s health published in 2018 showed that
92% of young people aged 13-17 yearsdid not meet the physical
activity (PA) guidelines of 60 minutes of moderate to vigorous
intensity PA each day [1]. Similar global trends have also been
reported [2-4]. In addition, independent of PA, total sitting time
and TV viewing time are also associated with greater risk for
several major chronic disease outcomes[5]. However, datafrom
Australia’s health 2018 indicate that only 20% of young people
meet the sedentary screen-based behavior guideline[1]. Recent
cross-sectional and large population-based cohort studies
published by the authors of this paper [6-8] (sample sizes of
3826, 6640, and 231,048 participants) indicated that, on average,
85.9% and 77.7 % of Australian adol escents engage in too much
recreational screen time and do not meet the PA guidelines,
respectively [6-8].

Recent evidence has shown that interventions using mobile
smartphone apps or activity trackers can promote a significant
increase in PA levels [9]. Smartphone apps can track PA and
enabl e continuous sel f-monitoring and feedback on PA through
heart rate, step counts, and exercise type, duration, and intensity.
Other benefits of using smartphones for PA tracking are high
rates of smartphone ownership in young people, widespread
use of smartphonetoolsto track PA, tools being less burdensome
than traditional measures (eg, standalone step counter, heart
rate monitor, or pen and paper), and ability to be used in remote
locations.

If step counts and exercise duration and intensity are to be
effectively used asreference valuesfor achieving recommended
PA levels, we need to ensure that the tools we are using to
measure activity are accurate for the population in which we
are measuring them. The Lancet PA Series Working Group’s
[10] current recommendation for continued improvement in
monitoring PA to help guide policies to increase activity levels
further highlights the need for accuracy and reliability of PA
monitors via smartphone technology, which has developed
significantly over the past decade. Previous research has
assessed the accuracy of PA data measured by smartphones to

https://mhealth.jmir.org/2022/10/e39085

influence PA [11]. However, to our knowledge, there is no
systematic review of the literature with respect to the validity
and reliability of using smartphonesto quantify PA levels.

The promotion of PA, and tools available to monitor it, has
emerged as an important area of research that has drawn
increasing interest from researchers and health professionalsin
avariety of fields. The growing availability of inexpensive parts
and eguipment has led to the development of mobile devices
such as smartphones, providing platformsfor new opportunities
in health care and the promotion of PA. Accelerometers have
emerged as the most useful and extensive tool to capture and
assess human physical activities in a continuous, unobtrusive,
and reliable manner, but they are expensive and not practical
in al settings. Recent evidence [9] has shown that using apps
or PA trackers is effective at promoting PA; however, if PA
recommendations for optimal health are based on minutes per
week and at least 60 minutes per day for young people, we need
to ensure that these measures are accurate and reliable.

The primary aim of this review was to assess the accuracy and
reliability of using smartphones to measure PA levelsin young
people aged 10-24 years. This samplewas chosen to avoid issues
regarding generalizability and to enable aclearer understanding
on the reliability of these measures to be established first (ie,
by focusing on healthy young people with lessvariability caused
by ageing, comorbidities, and health history); it was a so chosen
because of behavioral differencesin populations (eg, smartphone
use in younger compared to older adults).

The specific abjectives of this review were to (1) identify and
describe the ways in which PA has been measured using
smartphonesin young people; (2) describeand critically evaluate
the available evidence on the measurement properties and
feasibility of these measurement processes; and (3) provide
recommendations on the most suitable and effective ways of
measuring PA.

Methods

This review was conducted according to a published protocol
[12] and in line with the 2020 PRISMA (Preferred Reporting
Items for Systematic Review and Meta-Analysis) reporting
guidelines [13]. This review forms part of alarger review that
has been registered with the International Register of Systematic
Reviews in PROSPERO (CRD42019122242) [12,14]. This
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larger review aimed to examine the measurement properties of
smartphone approaches to assess 6 key health behaviors (ie,
PA, sedentary activity, sleep, diet, alcohol use, and tobacco use,
also known as the ‘big six’) that are recognized risk factors
related to the development of chronic diseases [15]. However,
studies identified for inclusion were heterogeneous, recruiting
different populations and using different measurement methods
across various health behaviors. Therefore, only those studies
that examined PA, specifically in healthy young people, were
included in thisreview. Findings regarding al cohol use, tobacco
use, and diet are described in Thornton et al [12,14]. Methods
for this review continued to follow those outlined in Thornton
et al [14], with any differences in methods presented in the
following sections. Only articles published between 2007 to
2022 were searched because smartphones with large
touchscreens (ie, where users input directly using their finger)
were not available before.

Search Strategy and Selection Criteria

A research librarian searched 8 web-based databases—Ovid
MEDLINE, Embase (Elsevier), Cochrane Library (Wiley),
PsychINFO (EBSCOhost), CINAHL (EBSCOHost), Web of
Science (Clarivate), SPORTDiscus (EBSCOhost), and IEEE
Xplore Digital Library database—as per the search strategy
published in previous studies [12,14], using particular search
terms (Table S1 in Multimedia Appendix 1). For inclusion in
the current review, studies were required to describe a
smartphone-based approach to assess PA in healthy young

Parmenter et al

people and to report on at least one measurement property of
this approach identified in the Consensus-Based Standards for
the Selection of Health Measurement Instruments (COSMIN)
taxonomy of measurement properties [16]. The COSMIN
checklist assesses the methodological quality of studies
investigating the measurement properties of patient-reported
outcome measures. Measurement properties assessed in this
study include internal consistency, reliability, measurement
error, content, construct, criterion validity, and responsiveness;
definitions are outlined in Table 1 according to COSMIN.
Healthy young people were defined according to the World
Health Organization as persons aged between 10 and 24 years
[17] with no known chronic conditions. Outcomes of interest
included measurement effectiveness (ie, accuracy and reliability)
of a smartphone to measure PA, reported as total PA time
(min/day or min/week), total moderate to vigorous PA per week,
daily step count, intensity measure (heart rate or rate of
perceived exertion), or frequency measure (days per week).

Studies were excluded if participants were not healthy young
adults; they were also excluded if they did not examine
methodological effectiveness;, did not report on PA and
feasibility; did not use smartphones; were not published in
English; if they described feasibility of the measurement
approach only; described measurement properties of using text
messaging only to measure behaviors, and described the
measurement properties of awearable device (eg, Fitbit) alone
(Figure 1).

Table 1. Measurement validity criterion types and their definition according to Consensus-Based Standards for the Selection of Health Measurement

Instruments (COSMIN) assessed in this study.

Criterion Definition

Internal consistency
Reliability
Measurement error
Content validity
Construct validity

The degree of interrel atedness among devices

The degree to which the measurement is free from measurement error

The difference between a measured quantity and its true value

The degree to which the device being assessed i s an adequate representation of the construct being measured

The degree to which the results are consistent with the hypothesis, based on the assumption that the device

validly measures the construct to be measured

Criterion validity

Responsiveness

The degree to which the results are adequate reflections of a‘gold standard’

The ability of adevice to detect change over time in the construct being measured

https://mhealth.jmir.org/2022/10/e39085
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Figurel. PRISMA (preferred reporting items for systematic review and meta-analysis) flow chart of the search strategy outcomes, including those of
the larger review conducted by Thornton et a [12,14], followed by the narrowed search on studies measuring physical activity in healthy young people.
Big six: 6 identified risk factorsrelated to the devel opment of chronic disease[15]: physical inactivity, sedentary time, poor sleep, poor diet, and a cohol
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Data Extraction

All identified studies were exported into Endnote (version X9)
for removal of duplicates. Records were then uploaded to
Covidence Systematic Review software (Veritas Hedlth
Innovation) for screening. Authors participating in the screening,
full-text review, and data extraction process attended training
sessions, where multiple reviewersindependently reviewed and
discussed the same selection of articles to help ensure
consistency across reviewers. As described in Thornton et al
[12,14] for the larger review, titles and abstracts were screened
by one reviewer (OG, RV, W, CS, LT, BO, LB, LG, OG, ZB,

https://mhealth.jmir.org/2022/10/e39085

RenderX

KC, or BP) and then the full text of potentially relevant studies
was independently assessed for eligibility by at least two
members of this group.

Titles and abstracts of included studies were then screened
according to the specificinclusion criteria of thisreview by one
reviewer (BP). Thefull texts of potentially relevant studieswere
independently assessed for eligibility by 2 authors of the
research team (CS and JW), with any disagreements resolved
with the assistance of athird or fourth researcher (LT and BP).
CS and JW independently extracted data in duplicate using a
standardized extraction form to ensure that it adequately
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captured trial data, and they agreed on final reported data.
Further details of data extraction are included in a previously
published protocol [12].

Physical Activity Measures, M easurement Validity,
and Risk of Bias

The primary outcomes of interest for this review were PA
measurement properties of smartphone-based approaches to
assess PA. Specifically, weinvestigated, asreported inincluded
studies, the reliability, measurement error, content validity,
construct validity (including convergent validity, structural
validity, and cross-cultural validity), criterion validity, and
responsiveness of the identified approaches. In this review, for
studies to be classified as measuring criterion validity, the
smartphone-based approach of interest must have been compared
to an objective measure of PA that had already been tested for
reliability (eg, step count using a pedometer with an internal
spring that moves up and down with hip motion or an Actigraph
accelerometer that uses small motion sensors to measure
acceleration along 3 axes) [18]. Where the smartphone-based
approach was compared to a self-report measure, eveniif it was
described as the gold standard method by the studies’ authors,
the paper was classified as investigating construct and
specifically convergent validity. For this review, the gold
standard measurement tool for PA was classed asthe Actigraph
accelerometer [19,20]. Risk of bias of the included studies was
assessed using the COSMIN risk of bias checklist [16,21,22].

Results

Summary of Included Studies

Of the 12,967 records identified through the search strategy
(Figure 1), 149 studies met the PA smartphone criteriafor this
review without restricting studies by age. In summary, articles
were excluded for not examining the methodological
effectiveness of the measurement approach, not reporting on at
least one of the *big six’ [15] or on feasibility, and not using a
smartphone (Figure 1). When applying theinclusion criteriafor
participants to be healthy young people, only 5 studies [23-27]
were eligible. The key characteristics of the included study
populations are presented in Table 2. Intotal, 322 young people
wereincluded in the studies, and 176 werefemale, with amean
ageof 14.3(SD 3.2) years. Only 2 studiesreported the agerange
of participants. Jongprasithporn et a [25] included participants
aged 18-23 year, whereas Dunton et al [24] studied participants
aged 9-13 years. As 90% of the participants were aged 10-14
yearsin the study by Dunton et al, the authors decided to include
it in this review. Two studies reported the study was conducted
with young people who were overweight or obese with amean

BMI of 32.7 kg/m? [27] and 31.3 kg/m?, respectively [26].

Two studies were conducted in the United States [23,24], two
in Germany [26,27], and one in Thailand [25]. Of the included
5 studies, all were assessing accuracy of smartphone apps
collecting PA data, compared to the more subjective
self-reporting or objective accel erometers.

Thefollowing 3 studies measured criterion validity, comparing
phone datato objectively measured and automatically collected

https://mhealth.jmir.org/2022/10/e39085
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data: Bruening et al [23] completed an accuracy study to test
the validity of a mobile ecological momentary assessment
(EMA) methodology to assess PA levels ; Dunton et al [24]
conducted avalidity and feasibility study investigating electronic
EMA of PA viasmartphone-administered surveys; and thefinal
study [25] examined the accuracy of the Thai 3 Axis (or
TH3AX) smartphone app to assess PA. The 2 studies that
measured construct validity [26,27] were pilot studies conducted
on a group participating in an existing hospital treatment
program for weight loss. Both studies assessed the feasibility
and acceptability of modern electronic health care technology
in treatment compared to self-report, where the user manually
recorded bouts of PA across the study period.

Characteristics of included studiesare outlined in Table 3. With
respect to the apps used to record the PA data, 3 studies did not
report the name of the app used, one used a mobile EMA app
called devil SPARC [23], and one study [25] used the TH3AX
app, which records PA datain real time. Four studies[23-25,27]
did not report if the apps were available to the public. Schiel et
al [26] reported the app was available to the public, but it could
not be located in the Apple or Google Play app stores.

In 2 studies [23,24], participants were sent real time prompts
throughout the day to answer questions about the activity they
were undertaking. The 3 remaining studies [25-27] used
real-time monitoring of PA though mobile phone motion. Only
one of the studies[25] that used passive motion sensing reported
where the participants were instructed to wear the phone; this
study asked participants to attach the phoneto their right hipin
the first test and then the right anterior superior iliac spine in
the second test. Of the 5 studies, 4 monitored activities over an
average of 4 days. Theremaining study [25] monitored activities
over arange of performancetrials, where participants randomly
took part in standing, walking, and running activities. All 5
studies examined PA measurement on Android phones, with
only 1 study [23] looking at the feasibility of PA measures on
the Apple iOS. In this study, to those participants who were
interested in participating but did not own an Android or iOS
mobile phone, a Motorola Moto G was loaned to be used for
the duration of the study. Only two [23,24] of the 5 studies
mentioned the actual type and brand of the phones used. Of the
5 studies, 2 reported that they offered financial incentives (US
$80 and US $40) for participating in the study [23,25].

Two studies[23,24] required the user to actively enter bouts of
PA data. In the 3 remaining studies [25-27], PA data were
automatically collected through the motion or movement of the
mobile phone. Two studies[26,27] used amaobile motion sensor
that was integrated within the phone. One study [25] used an
accelerometer that was built into the phone. All 3 of these
studies [25-27] reported the algorithms used to compute PA
behavior; however, they did not report whether the algorithm
used was accessible via open source. None of the studies
reported if participants wore a PA tracking monitor for the
duration of the study. Sedentary behavior was measured in 4 of
the 5 studies, with 2 [26,27] recording it objectively and
automatically through the phone, and 2 through subjective
self-report measures [23,24].
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Table 2. Characteristics of the included study populations.

Author andyear  Population in the study Instrument administration
Samplesize Age Age Gender (fe-  Other characteriss  Setting Country Language Device
(n) (years), (years), mae),n tics
mean range (%)
(SD)
Schiel (2010) 30 14 (3) NR2 14 (47) Overweight or Hospital Germany  English Android smart-
[27] obese (BMI 32.7  treatment phone
kg/m?) program
Schiel (2012) 124 135 NR 69 (56) Overweight or Weightre-  Germany  English Android smart-
[26] (2.8) obese (BMI mean  duction pro- phone
31.3,SD5.2 gram
kg/m?)
Dunton (2013) 121 11 9-13 59 (49) 38%risk of over-  4th-8th United English Android smart-
[24] (N Ab) weight or over- grade States phone
weight
Bruening (2016) 41 18.7 NR 30 (73) Friendship net- College United English Android or iOS
[23] (0.5) works and weight-  freshman States smartphone
related behaviors
Jongprasithporn 6 NR 18-23  4(67) Normal weight Healthy Thailand English Android smart-
(2017) [25] (BMI 21.5 kg/mz) young adults phone

3NR: not reported.
PNot available.

Table 3. Key characteristics of studies examining the measurement of physical activity viaasmartphone.

Author and App Risk of bias properties assessed
year name
Pub-  Measure- Internal Reliabil- Measure- Content Con- Criteri- Responsive-  Overal
licly ment ap- consisten- ity ment error  validity  struct onvdid- ness rating
avall-  proach cy vadidity ity
able
Schiel (2010) NR2 NR Passive®-ob- NO No No No Yes No No Inade-
[27] jective quate
Schiel (2012) NR Yes Passive-ob-  No No No No Yes No No Inade-
[26] jective quate
Dunton (2013) NR NR Active® salf- No No No No No Yes No Very
[24] report good
Bruening dev- NR Activesdf- No No No No No Yes No Very
(2016) [23] iISPARC report good
Jongprasith-  Thai 3 NR Passive-ob-  No No Yes No No Yes No Very
porn (2017)  Axis jective good
[25]

3NR: not reported.
PPassive: data automati caly collected.
CActive: requires user to do something.

. . . No studies|ooked at cross-cultural validity and the applicability
Risk of Bias Measurement Properties of results across other cultures.

Overall, the use of measurement propertiesto assessreliability, \ o i
validity, and responsiveness was poor, with each study only ~ 1WO studies reported on construct validity, both of which were
reporting on one measurement property completed. No studies conducted by the same research team [26,27]. In the first study

looked at the reliability of their resuits through repeated [26] there were significant differences between self-reported
measures. Only 1 study [25] reported on an overall measurement PA and the PA megwred by motion sensors in the_ phone. In
error, which was low at 0.12. No studies looked at structural  9€nerdl, the duration of PA documented by children and

validity, that i, the degree to which studies measured PA levels,  adolescents was much higher than the duration measured via
motion sensors. Correlation analyses, however, revealed
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moderate to strong significant correlations between the
calculated duration of PA and the time spent in activities such
as cycling (r=0.67; P<.01), the calculated duration of PA and
the total amount of activity units (r=0.89; P<.01), and the
calculated duration of PA and energy expenditure (r=0.82;
P<.01) [27]. Thisdemonstrated the strong consistency between
PA assessment via a mobile motion sensor board and reality
[26]. In the second study [27], the duration of PA estimated by
children and adol escents was al so significantly higher compared
to the measured values for walking and running in the first study
[26]. Therewas no difference between the estimatesfor cycling
inthetwo studies. There were also weak to moderate significant
correl ations between thetotal calculated duration of PA and the
time spent in some of the different activities, such as cycling
(r=0.67; P=.001), driving (r=0.46, P=.01). There was a strong
significant correlation between the measured duration of PA
and the total number of activity units (r=0.89, P=.001). There
was also a strong significant correlation between the measured
duration of PA and the estimated energy expenditure (r=0.82,
P=.001) [27].

The 3 remaining studies [23-25] specifically investigated
criterion validity, where the app was compared to a previously
validated objective measurement [22]. Although, one study [24]
reported it as construct validity. In Dunton et a [24], the
methodology of EMA activity responses was tested by
examining differences in the mean number of steps (measured
by an accelerometer) across EMA-reported activity categories.
We have, therefore, reported thisunder criterion validity. Across
both weight status groups, steps were significantly higher for
EMA surveysreporting active play, sports, or exercise compared
to any other type of activity. In addition, the mean number of
steps recorded while talking on the phone, doing chores, riding
inacar, and something else were significantly greater than mean
steps recorded while reading, using a computer, doing
homework, watching TV or movies, and playing video games
[24]. However, this study concluded that it is acceptable and
valid to use mobile phone EMA technology to measure PA and
sedentary behavior in children aged 9-13 years during leisure
time. In the second study [23], the odds of a participant having
their accelerometer-derived activity level match their reported
PA level were significant for mobile-based EMA-reported
sedentary PA, light PA, and moderate PA. Due to only one
participant having vigorous accelerometer values, odds were
not computed for vigorous activity. The match rates were highest
for EMA-reported sedentary and light PA (340/565, 60.3% and
37163, 58.7%, respectively) and lowest for moderate PA (9/40,
22.5%) and vigorous PA (1/26, 3.8%). This study concluded
that the devil[SPARC mobile EMA app is valid for assessing
the presence of sedentary activities during the day [23]. The
third study [25] on criterion validity reported that the lowest
sensitivity (0.975) of the TH3AX app was computed during
standing activity. The highest sensitivity (0.988), specificity,
and accuracy were al identified during running activity. The
average sensitivity, specificity, and accuracy of TH3AX for
standing, walking, and running were 0.981, 0.988, and 0.986,
respectively. Based on these results, the authors validated the
use of the smartphone app for activity recognition in young
people. No studies|ooked at the responsiveness of the apps used
and how well they detected change over timein PA levels.
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Discussion

The primary aim of this review was to assess the accuracy and
reliability of using smartphonesto measure PA levelsin young
people aged 10-24 years. In summary, 5 studies met the
inclusion criteria (including 322 young people, with amean age
of 14.3, SD 3.2 years) and objectively assessed the accuracy of
smartphone apps to collect PA data. Data were either collected
automatically via phone movement or manually by the user.
Theoverall rating for 3 studieswas considered ‘ very good, and
theremaining 2 studies wererated ‘ Inadequate’ (Table 3). Only
one study reported that the app was available to the public [26],
but it could not be located in the Apple or Google Play app
stores.

Results from this review suggest that much more research is
needed on validating these apps against the gold standard tools
such asthe Actigraph accelerometer. With only 5 studieseligible
for inclusion in this review, and only 3 of those studies
comparing mobile apps to more traditional objective measures
of PA, more research is needed on the efficacy and reliability
of mobile phone tracking and monitoring of PA inyoung people.
Furthermore, when reporting on the outcomes of these studies,
more information should be provided on participant
characteristics. Most of the studiesin thisreview only reported
on age and gender, with 3 of them providing information on
weight status. Since only over 18% of children and adolescents
intheworld were reported as overweight or obesein 2016 [28],
future studies on PA should start reporting weight status of
young people to assist with identifying interventions that may
reduce weight in this population.

Itiscrucial that studiesreport the most accurate placement site
for general community use, as most people tend to carry their
mobile phones in their pockets or handbags. For objective
monitoring, the attachment site of the phone and the place of
the accel erometer to which the phone was compared isimportant
information for people relying on mobile phone data for PA
monitoring. Previous work from our group showed that some
motion senses and activity trackers work better and more
accurate on specific parts of the body [29].

Of the 5 apps examined in this review, only 1 app is publicly
available, and 3 of the 5 studies did not report on the public
availability of the apps the researchers used. PA tracking apps
should be publicly and freely available to have the greatest
impact onimproving PA levelsand preventing the devel opment
of chronic diseases. In addition, with the Apple iPhone being
the most popular smartphone on the market, more studies are
needed on the efficacy of PA measurements using this system.

Limitations

Due to the small number of studies examining the efficacy,
reliability, and validity of mobile apps measuring and tracking
PA we were unable to complete a meta-analysis on the data.
Each study’s methodology was so different, and it was not
practical to combine study data. Some studies did not report on
the actual measurement property used to examine reliability,
validity, or responsiveness. In this study, we analyzed the
information provided by one group under criterion validity,

IMIR Mhealth Uhealth 2022 | vol. 10 | iss. 10 [€39085 | p.9
(page number not for citation purposes)


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

JMIR MHEALTH AND UHEALTH

even though it was reported in the study as construct. However,
as the methods were so detailed, we were able to identify the
correct measurement property used. The range of sample sizes
across the 5 studies was large, from 6 to 124, and sample size
calculations were not reported. In addition, the measurement
approach of each study also ranged widely between using a
passive-objective or active self-report approach.

Parmenter et al

an objective measure of PA, such as the Actigraph
accel erometer, all concluded that mobile phoneswere acceptable
and valid tools. However, more research is needed that focuses
on population characteristics, such as gender, different age
groups, disability, and chronic diseases. Establishing the validity
and reliability of smartphones to measure PA levels in young
people will allow further research to investigate their use to

increase PA in this population (ie, prevention strategies for
developing chronic diseases or treating them), as well as
identifying suitability for usein other populations, such asolder
adults and people currently living with chronic conditions.

Conclusions

Few studies have examined the accuracy, validity, or reliability
of smartphones measuring and tracking PA levels in healthy
young people. Of the 3 studies that measured validity against
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Abstract

Background: Sensors and digital devices have revolutionized the measurement, collection, and storage of behavioral and
physiological data, leading to the new term digital biomarkers.

Objective: This study aimed to investigate the scope of clinical evidence covered by systematic reviews (SRs) of randomized
controlled trials involving digital biomarkers.

Methods: This scoping review was organized using the PRISMA-ScR (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses extension for Scoping Reviews) guidelines. With the search limited to English publications, full-text SRs of digital
biomarkers included randomized controlled trials that involved a human population and reported changes in participants health
status. PubMed and the Cochrane Library were searched with time frames limited to 2019 and 2020. The World Health
Organization’s classification systemsfor diseases (International Classification of Diseases, Eleventh Revision), health interventions
(International Classification of Health Interventions), and bodily functions (International Classification of Functioning, Disability,
and Health [ICF]) were used to classify populations, interventions, and outcomes, respectively.

Results: A total of 31 SRs met the inclusion criteria. The magjority of SRs studied patients with circulatory system diseases
(19/31, 61%) and respiratory system diseases (9/31, 29%). Most of the prevalent interventions focused on physical activity
behavior (16/31, 52%) and conversion of cardiac rhythm (4/31, 13%). Looking after one's health (physical activity; 15/31, 48%),
walking (12/31, 39%), heart rhythm functions (8/31, 26%), and mortality (7/31, 23%) were the most commonly reported outcomes.
Intotal, 16 physiologica and behaviora datagroupswereidentified using the |CFtool, such aslooking after one's health (physical
activity; 14/31, 45%), walking (11/31, 36%), heart rhythm (7/31, 23%), and weight maintenance functions (7/31, 23%). Various
digital deviceswere also studied to collect these datain the included reviews, such as smart glasses, smartwatches, smart bracelets,
smart shoes, and smart socks for measuring heart functions, gait pattern functions, and temperature. A substantial number (24/31,
77%) of digital biomarkerswere used asinterventions. Moreover, wearables (22/31, 71%) were the most common types of digital
devices. Position sensors (21/31, 68%) and heart rate sensors and pulse rate sensors (12/31, 39%) were the most prevalent types
of sensors used to acquire behavioral and physiological datain the SRs.

Conclusions: In recent years, the clinical evidence concerning digital biomarkers has been systematically reviewed in awide
range of study populations, interventions, digital devices, and sensor technologies, with the dominance of physical activity and
cardiac monitors. We used the World Health Organization’s ICF tool for classifying behavioral and physiological data, which
seemed to be an applicable tool to categorize the broad scope of digital biomarkers identified in this review. To understand the
clinical value of digital biomarkers, the strength and quality of the evidence on their health consequences need to be systematically
evaluated.
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Introduction

Background

In health care systems, the use of digital devices has become
an accelerating trend [1], and their application was sped up by
the COVID-19 pandemic [2]. The emergence of new
sensor-based devices and wearables has revolutionized
measuring, collecting, and storing clinical data, which has
definite consequences for clinical decision-making [3]. A new
notion, digital biomarkers, hasemerged in medicine: “ objective,
quantifiable, physiological and behavioral measures collected
using digital devices that are portable, wearable, implantable
or digestible” [4]. In addition to their clinica value, digital
biomarkers enable new health care value chains[5]. According
to published reports, the global digital biomarkers market size
was valued at >US $727 million in 2019 and is predicted to
grow at a compound annua growth rate of 40% to reach
approximately US $10.38 billion by 2027 [6].

Digital biomarkers are measured across multiple layers of the
hardware (eg, sensors) and software of medical devices that
capture signals (behavioral and physiological data) from patients
[7]. Digita biomarkers can increase diagnostic and therapeutic
precision in the modern health care system by remotely and
continuously measuring reliable clinical data and alowing
continuous monitoring and evaluation [8,9]. Captured by
wearable, implantable, and digestible devices and sensors, digital
biomarkers can be used at home to provide clinical data,
collecting data that is not possible in the clinical setting [10].
This information can improve physicians and patients
decisions, personalize the treatment, and predict diseases
current and future status [11]. Continuous evaluation alows
personalized therapy [12]; for instance, continuous blood
glucose monitoring by sensors in diabetes can be linked with
patients' physical activity and food intake data, which can tailor
insulin dose adjustments and generate predictive alerts for
critically low blood glucose levels [13]. In addition, digital
biomarkers play an essentiad role in the recognition of
disease-related symptoms [14], are commonly used in clinical
trials to evaluate different therapies [15], and offer better
treatment, especially when combined with other interventions
[16]. Overal, digital biomarkers play a significant role in
precision medicine[17], can reduce clinical mistakes, improve
the accuracy of diagnostic methods, and support personalized
clinical decisions[18].

Several systematic reviews (SRs) have been published on digital
biomarkers. However, most of them focused on a specific
technology or disease area; for instance, studies reviewed the
health impacts of wearable activity trackers on a general
population [19] and in patients with Parkinson disease [20], to
name afew that covered specific technol ogiesin specific disease
areas[21-23]. Scoping reviews aim to capture the main concepts
of a research area and the available primary sources and
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categories of evidence in a formal, rigorous, and transparent
manner [24]. Digital biomarkers cover various clinical areas
such asFithit devices, activity trackers, and implantable cardiac
defibrillators. The potential value of digital biomarkers in
effective, technologically enhanced, safe, and user-centered
care pathways [25,26] has been suggested by a plethora of
published SRson their clinical benefitsin variousclinical aress.
However, no scoping review has covered all digital biomarkers
inasingle, complete study. An overview of the scope of clinical
evidence can highlight clinical areas where the evidence
supportstheintegration of digital biomarkersinto health systems
and areas with gaps in the evidence synthesis. Therefore, a
scoping review of SRson digital biomarkers may help readers
grasp the breadth of the accumulated clinical evidence in the
field. As the Cochrane Handbook states, reviews of reviews
address the need for broad evidence synthesis by covering
multiple interventions for the same condition as well as
numerousreviews of the sameintervention for different disease
areas [27].

Objectives

Given the rapid accumulation of clinical evidence partly driven
by the COVID-19 pandemic and the new European Medical
Device Regulation that took effect in May 2021, this scoping
review includes SRs published in 2019-2020 to determine in
which clinical domains digital biomarkers and sensors were

making progress before the new regulation took effect.
Specifically, this scoping review aimed to explorethe following:

1. The characteristics of SRs of digital biomarkers in terms
of populations, interventions, and outcomes.

2. The characteristics of digital biomarkers in terms of
behavioral and physiological datatypes, thedigital devices
and sensors used, and their role in the treatment pathway
inthe SRs.

The purpose of this scoping review was to categorize the
building blocks of the research questions, not to synthesize or
evaluate the quality of clinical evidence on digital biomarkers;
this will be addressed in a separate SR of SRs of digital
biomarker—based interventions, which will assess the
methodological quality and quality of evidence for digital
biomarkers in meta-analyses using A Measurement Tool to
Assess Systematic Reviews-2 and Grading of Recommendations
Assessment, Development, and Evaluation, respectively [28].

Methods

We followed the PRISMA-ScR (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses extension for Scoping
Reviews) guidelines[29].

Eligibility Criteria
According to the definition [4], digital biomarkersare behavioral
and physiological data such as heart rate, physica activity, and
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step counts collected using digital devices such as smartwatches
[30]. Accordingly, in this study, weidentified digital biomarkers
as behavioral and physiological datathat were measured using
digital devices. Digital technologies that do not objectively
quantify physiological or behavioral data were excluded from
this study. To focus on the evidence relevant to clinical care,
we included SRs that involved randomized controlled trials
(RCTs), indicating that the review synthesized causal evidence
concerning health outcomes [31]. Studies that did not report
changesin participants’ health status were excluded. In addition,
SRs containing only observational studies were inappropriate
for this study. Following the general definition of SRs[32], we
included studies that used a systematic search strategy in
electronic databases and had a predefined and clear research
guestion, inclusion and exclusion criteria, screening, and data
analysis and synthesis methods. Reviews lacking the critical
appraisal of the included studies were considered SRs if other
criteria were met [32]. We did not restrict our scoping review
to a specific population. Human studies in any clinical setting
and any age group or sex were eligible for this study. We
considered all interventionsthat intentionally or unintentionally
influence the health status of participants and involve the use
of at least one digita biomarker for any purpose related to
diagnosing patients, monitoring outcomes, or affecting the
delivery of the therapeutic intervention or for prognostic
purposes. We did not limit the scoping review to any specific
type of comparator group. Full-text English-language SRs that
considered any kind of health outcome (eg, changein the health
status of individual s or apopulation dueto an intervention) [31]
were eligible for this scoping review.

Exclusion Criteria

Studieswere excluded if (1) they were not SRs; (2) al included
studies in the SR were not RCTs; (3) they were not human
studies; (4) they did not use at least one digital biomarker to
diagnose patients, monitor outcomes, or influence the delivery
of the therapeutic intervention or for prognostic purposes; (5)
they did not use at least a wearable, implantable, portable, or
digestible device to measure behavioral or physiological data;
(6) they did not report health outcomes (ie, they did not report
a change in population health status due to the use of an
intervention); (7) they were not published in full text writtenin
English; and (8) they had not been published in 2019 or 2020.

Search Strategy

A comprehensive strategy for searching published SRs was
established, including the following steps. First, the PubMed
electronic database was searched using keywords related to the
definition of digital biomarkers in the title or abstract, as well
as applicable Medical Subject Headings terms [4], combined
with the National Library of Medicine's filter for SRs [33].
Second, the Cochrane Library database of SRswas also searched
using keywords related to digital biomarkers. The search was
limited to studies published in 2019 or 2020. Finally, during
the review process, an additional investigation was conducted
into the reference lists of identified studies.

We used the following digital biomarker—related search terms:
“digital biomarker” OR “digital biomarkers’ OR “implantable’
OR “implantables’ OR “wearable’ OR “wearables’ OR
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“portable” OR “portables’ OR “digestible’” OR “digestibles’
[28] (refer to Multimedia Appendix 1 for details of the search

strategy).

Screening and Selection of Studies

Microsoft Excel was used to manage articles and remove
duplicate references according to their digital object identifier
numbers. Two independent reviewers selected the reviewsin 2
phases as follows:

1. Titles and abstracts of retrieved records were screened to
identify relevant studies based on thefollowing 2 inclusion
criteria: Isthis an SR study (yes or uncertain, no)? and Is
it adigital biomarker—based study (yes or uncertain, no)?
The studies for which the answer to both questionswasyes
or uncertain were considered eligible for the next step.

2. The full texts of articles that met the criteria for title and
abstract were assessed based on the following binary (yes
or no) factors: whether the study was published in 2019 or
2020; whether it was written in English; whether it was a
human study; whether the study included only RCTs;
whether health outcomes were reported; and whether there
was at least one digital biomarker in the study for
diagnosing patients, monitoring outcomes, and influencing
therapeutic intervention or use of awearable, implantable,
portable, or digestible device for prognostic purposes.
Filtering the answers of all questions to yes identified all
eligible studies. At each screening stage, disagreements
were discussed between the two reviewers and resolved by
consensus (HM-N, MMA, and MF). At each screening
stage, the interrater agreement between the reviewers was
calculated using the Cohen k statistic using Microsoft Excel.
The substantial agreement rate was considered to be k>0.6
[34]. In case of low agreement (k<0.6), the reviewers were
retrained before entering the full-text phase.

Data Charting

Overview

Two review authors independently extracted data from the
included reviews and discussed their findings to ensure
consistency. All entries were cross-checked. We used charting
dataformsto extract data. Where possible, the datawere copied
and pasted directly from the text to avoid misinterpretation.
Regarding the agreement rate, Cohen k [34] was calculated
using Microsoft Excel. In terms of countries, populations,
interventions; outcomes; behavioral and physiological data; role
of digital biomarkers; type of sensor technol ogy; and descriptive
statistics, including frequency and percentage, were cal culated
using Stata statistical software (version 16.0; StataCorp LLC)
and Microsoft Excel. Regardless of country, type of digital
device, and role of digital biomarkers, the total frequency and
percentage of the other variables mentioned do not correspond
to the total number of SRs included (31% and 100%,
respectively) because an SR may have more than one category
of these variables, as shown in the reported results. R statistical
software (version 4.1.3; The R Foundation for Statistical
Computing) was used to visualize the graphs. We did not assess
the quality of the included reviews because thisis not essential
in scoping reviews [29].
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The Characteristics of SRs

We used the classification systems developed by the World
Health Organization (WHQO) to characterize populations,
interventions, and outcomes. The International Classification
of Diseases, Eleventh Revision (ICD-11), is the latest disease
classification system [35]. The International Classification of
Health Interventions (ICHI) is a tool proposed for statistical
classification, documenting, and analyzing of hedth
interventions[36]. The ICHI encompasses diagnostic, medical,
surgical, mental health, primary care, and allied health services;
practical support; rehabilitation; traditional medicine; and public
health initiatives offered by a wide range of professionals
throughout the spectrum of headth care systems. The
International Classification of Functioning, Impairment, and
Health (ICF) isaframework for assessing health and disability
at the individual and population levels [37]. The populations
studied in theincluded SRswere categorized using the ICD-11.
In addition, the populations’ age range (children, adults, older
adults, other, or unspecified) and sex (male, female, or both
male and female) were extracted. The interventions and
outcomes were also grouped using the ICHI and ICF
instruments, respectively. The |CF instrument was also used to
classify physiological and behavioral data. In addition, the
comparison types were collected from the included SRs. We
also extracted the number of included RCTsin the SRs.

The Characteristics of Digital Biomarkers

The characteristics of digital biomarkers were recorded,
including their rolein the SR (intervention, measure of outcome,
diagnostic tool, prognostic tool, or other), the type of
physiological and behavioral data gathered by digital devices
using the ICF tool [37], the type of digital device (implantable,
portable, wearable, or digestible), and the type of applied sensor
technol ogy (biosensor, chemical sensor, flow sensor, fingerprint
sensor, force sensor, heart rate sensor or pulse rate sensor,
humidity sensor, hour monitor sensor, infrared sensor, image
sensor, level sensor, muscle sensor, position sensor, pressure
sensor, thermistor sensor, or temperature sensor) [38].

We identified sensors such as heart rate sensors and pulse rate
sensors if they were involved in sensing cardiac rhythm and
function (heart rate sensors) and blood pressure (pulse rate
sensors). By contrast, position sensors were assigned to those
reviews assessing physical activities, walking, running, or gait
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functions. In addition, sensors related to smoking behavior were
grouped into flow sensors. The sensors that monitored body
temperature were categorized as temperature sensors.

Evidence Synthesis

This scoping review used descriptive-analytical methods,
including frequency, percentage, and data charting using Stata
statistical software (version 16.0). The screening process was
evaluated by calculating Cohen k between theindependent pairs
of reviewers. The graphs were designed using R statistical
software (version 4.1.3).

Results

Screening and Selection of Studies

From the computerized searches, 389 records were identified:
307 (78.9%) and 82 (21.1%) records in the PubMed and
Cochrane Library databases, respectively. After removing
duplicates, of the 389 records, 375 (96.4%) were screened for
titles and abstracts. During title and abstract screening, there
were 87 disagreements between the reviewers (Cohen k=0.54).
Therefore, the reviewers were retrained to reach a higher level
of agreement. Consequently, they entered the discussion phase
to resolve the discrepancies. In the screening phases of thetitles
and abstracts, 94% (82/87) of the disagreements were associated
with digital biomarker and 6% (5/87) with systematic review.
Of the 375 papers screened for titlesand abstracts, 199 (53.1%)
full-text papers were selected for the evaluation of eligibility.
After resolving 42 disputesin the study selection phase (Cohen
k=0.76; n=17, 40%, disagreements on health outcome; n=14,
33%, disagreements on digital biomarker—based studies; n=9,
21%, disagreements about RCTSs; and n=2, 5%, disagreements
regarding published in 2019-2020), 44.7% (89/199) of the SRs
were excluded at the full-text screening phase because of the
study design (Multimedia Appendix 2). Of the 110 remaining
SRs, 30 (27.3%) matched theinclusion criteria. After checking
the reference lists of the qualifying SRs, one more record was
included, bringing the total number of SRsthat fit theinclusion
criteria to 31. The PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) flowchart is shown
in Figure 1. The characteristics of the studies are summarized
in Multimedia Appendix 3 [39-69]. (Refer to Multimedia
Appendix 4 for the list of excluded studies and the reasons for
exclusion).
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) diagram of the selection and screening process. SR:

systematic review.

Duplicates removed
(n=14)

Records excluded

{n=176)

Not digital biomarker—based
{n=165)

Not SRs (n=11)

Full-text articles excluded

(n=169)

Mot published in 2015-2020 (n=7)
SRs excluded because of the study design
(n=89)

Studies without health outcome (n=59)
Not digital biomarker—based studies (n=14)

oy
Records identified through Records identified through the
E PubMed Cochrane Library
=1 (n=307) (n=82)
o]
Q
=
=
c
(]
)
—_—
g
c Records screened by title and
3 abstract
5 [n=375)
W
o —
h 4
Full-text articles assessed for
Z eligibility
= (n=139)
=2
20
]
A 4
Number of eligible studies
—_— [n=30)
SRs added from the citations of
E eligible studies
o (n=1)
=
o
£ v
Number of final included studies
[n=31})
e

Characteristics of theIncluded SRs

The included SRs were published by authors from 14 different
countries, most of them from Australia (6/31, 19%) [39-44],
followed by Canada (4/31, 13%) [45-48]; the United States
(4/31, 13%) [49-52]; the United Kingdom (3/31, 10%) [53-55];
Hong Kong (3/31, 10%) [56-58]; Taiwan (2/31, 7%) [59,60];
and Belgium (2/31, 7%) [61,62]. The remaining 7 studieswere
published by Chinese [63], French [64], Japanese [65],
Portuguese [66], Italian [67], Dutch [68], and Danish [69]
researchers.

Populations

Participants’ disease areas covered 13 ICD-11 chapters (Table
1). The majority of SRs studied participants with circulatory
system diseases (19/31, 61%) [40,41,45,46,49,51,53-55,
57,60,62-69], followed by respiratory system diseases (9/31,
29%) [43,46,50,57,61-65]; endocrine, nutritional, or metabolic
diseases (7/31, 23%) [40,45,50,57,62,64,65]; <eep-wake
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disorders (4/31, 13%) [50,57,63,64]; diseases of the nervous
system (4/31, 13%) [40,57,63,64]; neoplasms (3/31, 10%)
[40,52,64]; factors influencing health status or contact with
health services (3/31, 10%) [40,56,60]; mental, behavioral, or
neurodevelopmental disorders (2/31, 7%) [63,64]; diseases of
the genitourinary system (2/31, 7%) [58,64]; and diseases of
the musculoskeletal system or connective tissue (2/31, 7%)
[40,64]. Moreover, the study by Lu et a [63] included patients
with visual system diseases (1/31, 3%). Injury, poisoning, or
certain other consequences of external causesaswell as patients
with skin diseases were the eligible included populations in
another SR [64]. In 19% (6/31) of the studies, the included
populations were only nonclinical and general participants
[39,42,44,47,48,59]. In spite of comprising patients with the
aforementioned specific clinical conditions, some SRs also
included general populations without an applicable ICD-11
category, such as employees (3/31, 10%) [40,56,61]; students
(3/31, 10%) [40,46,50]; healthy participants (2/31, 7%) [40,53];
and office workers (1/31, 3%) [4Q].
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Table 1. Disease areas were identified using the International Classification of Diseases, Eleventh Revision, tool (N=31).

Populations

Values, n (%)

Diseases of the circulatory system

Diseases of the respiratory system
Endocrine, nutritional, or metabolic diseases
Diseases of the nervous system

Sleep-wake disorders

Neoplasms

Factors influencing health status

Mental, behavioral, or neurodevelopmental disorders
Diseases of the genitourinary system
Diseases of the musculoskeletal system
Diseases of the visua system

Diseases of the skin

Consequences of external causes

19 (61)
9(29)
7(23)
4(13)
4(13)
3(10)
3(10)
2(6)
2(6)
2(6)
1(3)
1(3)
1(3)

I nterventions

According tothe ICHI classification (Table 2), ahigh proportion
of theinterventionsfocused on physical activity behavior (16/31,
52%) [39-46,48,52,55-57,61,62,68] and conversion of cardiac
rhythm (4/31, 13%) [49,53,66,67]. Percutaneous transluminal
destruction of the arrhythmia circuit was covered by 7% (2/31)
of the SRs[51,54]. Other SRs concerned assessment of weight
maintenance functions (2/31, 7%) [50,59]; -cardiac
electrophysiological monitoring (1/31, 3%) [60]; assisting or
leading exercise for functions of the cardiovascular system
(1/31, 3%) [69]; assisting or leading exercise for functions
related to pregnancy (1/31, 3%) [58]; blood pressure functions

(1/31, 3%) [50]; noneconomic incentivesto encourage improved
physical activity (1/31, 3%) [65]; and economic incentives to
encourageimproved physical activity (1/31, 3%) [47]. The study
by Jo et al [50] included 4 different types of interventions, but
only 2 of these interventions could be categorized by the ICHI
instrument: weight maintenance function and blood pressure
function. The other 2 intervention types—blood cholesterol
monitoring and wearable blood glucose monitoring
systems—could not be categorized with the |CHI tool. Besides,
7% (2/31) of the SRs [63,64] did not assign an intervention
category because they did not define a specific type of
intervention; therefore, assignment to a specific intervention
was not possible with the ICHI tool.

Table 2. Categorization of interventions using the International Classification of Health Interventions tool (N=31).

Interventions

Values, n (%)

Assessment of physical activity behaviors

Conversion of cardiac rhythm

Percutaneous transluminal destruction of arrhythmia circuit
Assessment of weight maintenance functions

Cardiac electrophysiological monitoring

Assisting or leading exercise for functions of the cardiovascular system
Assisting or leading exercise for functions related to pregnancy

Blood pressure function

Noneconomic incentives to encourage improved physical activity

Economic incentives to encourage improved physical activity

16 (52)
4(13)
2(6)
2(6)
1(3)
13
1(3)
13
1(3)
13

Outcomes

Thereported outcomesfell into 13 unique categories of the ICF.
Looking after one's health (physical activity; 15/31, 48%)
[39-41,43-48,52,55-57,64,68]; waking (12/31, 39%)
[39-43,46,52,56,57,61,62,68]; heart rhythm (8/31, 26%)
[49,51,53,54,60,66,67,69]; demographic change (mortality;
7/31, 23%) [49,51,53,54,66,67,69]; and weight maintenance
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functions (7/31, 23%) [42,46-48,50,55,59] were the most
commonly reported outcomes in the studies. Blood pressure
functions (3/31, 10%) [50,55,64] and heart functions (3/31,
10%) [54,63,69] were the primary types of outcomes in 3
distinct SRseach. In addition, the following classificationswere
each assigned to one review: aerobic capacity (1/31, 3%) [41];
functionsrelated to pregnancy (1/31, 3%) [58]; sleep functions
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(1/31, 3%) [64]; and heart rate (1/31, 3%) [64]. Refer to Table
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3 for further details.

Table 3. Categorization of outcomes using the International Classification of Functioning, Disability, and Health tool (N=31).

QOutcomes

Values, n (%)

Looking after one’s health
Walking

Heart rhythm

Demographic change (mortality)
Weight maintenance functions
Blood pressure functions

Heart functions

Hematological system functions
Exercise tolerance functions
Aerobic capacity

Functions related to pregnancy
Sleep functions

Heart rate

15 (48)
12 (39)
8 (26)
7(23)
7(23)
3(10)
3(10)
2(6)
2(6)
13
1(3)
13
1(3)

Characteristics of Digital Biomarkers

The behavioral and physiological data characteristics, digital
devices, and sensors are summarized in Multimedia Appendix
5[39-69].

Behavioral and Physiological Data and Digital Devices

Digital biomarkers were extracted from the included SRs. In
total, 16 physiological and behaviora data groups were
identified using the | CF tool, such aslooking after one’s health
(physical activity; 14/31, 45%) [39,40,43-48,52,55-57,64,68];
walking (11/31, 36%) [39-43,52,56,57,61,62,68]; heart rhythm
(7131, 23%) [49,51,53,54,66,67,69]; and weight maintenance
functions (7/31, 23%) [42,46-48,50,55,59]. The other identified
data can be found in Multimedia Appendices 5 and 6. Besides,
variousdigital deviceswere also used to collect these datawhen
assessing other interventions; for example, an implantable
cardiac defibrillator to gather heart function data [60]; a Fitbit
device for capturing running activity [46]; Yorbody and
AiperMotion for capturing physical activity [45]; and smart
glasses, smartwatches, smart bracelets, smart shoes, and smart
socks for capturing data related to heart function, gait pattern
function, and temperature [63]. For more information, refer to
Multimedia Appendix 5.

Role of Digital Biomarkersin Clinical Care

A substantial number of digital biomarkers were used as
interventions in the SRs (24/31, 77%)
[39-46,48-50,52,53,55-62,65-67]. By contrast, digital biomarkers
were used to measure outcomes in 10% (3/31) of the studies
[47,64,68]. In addition, in the review by Lu et al [63], digital
biomarkers were used as intervention as well as outcome
measurement and diagnostic tools. The remaining studies (3/31,
10%) [51,54,69] did not use digital biomarkers asintervention
or diagnostic tools, as prognostic tool s, or to measure outcomes,
we categorized the role of digital biomarkers as other. In these
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studies, the included populations were patients with digital
biomarkers (implantable cardiac defibrillators).

Types of Sensor Technologies

Wearables (22/31, 71%) were the most common types of digital
devices [39-48,50,52,55,57-59,61-65,68], followed by
implantable devices (8/31, 26%) [49,51,53,54,60,66,67,69].
Thestudy by Liu et al [56] included both wearable and portable
digital devices. Position sensors < (2U/31, 68%)
[39-48,50,52,55-59,61-63,68,69] and heart rate sensors and
pulserate sensors (12/31, 39%) [49-51,53-55,60,63,64,66,67,69]
were identified as the most prevalent types of sensors used to
acquire behavioral and physiological datain the reviews. Flow
(1/31, 3%) [64] and temperature (1/31, 3%) [63] sensors were
used in 1 review each. Multimedia Appendix 5 shows the
included studies and the role and types of digital devices,
sensors, and physiological and behavioral data.

Discussion

Principal Findings

This scoping review of SRs of digital biomarkers published in
2019-2020 aimed to determine the scope of the literature in
terms of populations, interventions, outcomes, technologies
used, behavioral and physiological data, device types, and
sensors. The search yielded 31 SRsthat met theinclusion criteria
and were published primarily by Australian, Canadian,
American, and British researchers. The results showed that most
of the populations studied were patients with circulatory,
respiratory, endocrine, nutritional, or metabolic diseases.
Intervention types were also predominantly used to assess
physical activity behaviors and cardiac rhythm conversion.
Wearables were the most common types of digital devices,
mainly as interventions in the form of position and heart rate
SeNnsors.
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There are numerous scoping reviews in this area, divided into
2 categories. First, scoping reviews focus on a specific type of
digital device; for example, the study by Brognara et al [70]
examined wearable sensors for assessing gait and postural
alterations in patients with diabetes. Another scoping review
highlighted the scope of wearable technologiesin field hockey
competitions [71]. Second, some scoping reviews considered
only a specific behavioral or physiologica data type; for
example, the scoping review by Youn et al [21] examined digital
biomarkers for neuromuscular disorders. Another study also
reported the capabilities of artificial intelligence—aided digital
biomarkers to aid in the early detection of dementia [72].
Therefore, we did not restrict the study to a particular digital
device or behaviora or physiological data type to establish
comprehensive results on digital biomarkers.

Populations, I nterventions, and Outcomes

According to the findings, the populations, interventions, and
outcomes studied in the SRs predominantly fall into 2 groups:
physical activity and cardiovascular diseases. Although only
13 chapters of the ICD-11 and 10 categories of the ICHI were
included in the SRs, because of the rapid pace of developments
inthefield and thefact that digital health and digital biomarkers
areintransition[73,74], it isexpected that the number of studies
in other categorieswill increase. In addition, new devices, digital
biomarkers, and sensors are expected to be introduced in health
care systems and various disease areas because of the new
advancements [75].

SRs are essential to evidence-based practice and health care
decision-making [27,76]. According to the Cochrane Handbook,
formulating a research topic based on population, intervention,
comparison, and outcomes is one of the most significant
requirements for SRs [27]. Although 61% (19/31) of the
included SRs explicitly described a particular group with a
clinical condition such as chronic obstructive pulmonary disease
[43], others (6/31, 19%) included populations without clinical
disorders [39,42,44,47,48,59]. By contrast, 19% (6/31) of the
studies did not restrict their targeted population to a particular
therapeutic area; rather, they encompassed diverse disease areas
[46,50,57,62-64]. Asevidenced by thefindings, severa reviews
included general populations (patients with nonclinical
conditions) to whom ICD-11 codes could not be assigned. As
the use of wearable devices and sensors is spreading to broad
populations such as students, employees, and office workers,
and certain studies (RCTs) have included these populations,
ICD-11 coding should include these populations. This issue
also applies to interventions. Some (2/31, 6%) of the SRs did
not clearly define the type of intervention in their study.
Wearable health devices in health care settings, as well as
pharmacologic and nonpharmacologic interventions, are not
specific enough to be categorized using the ICHI tool. Therefore,
researchersin this area are advised to consider thisissue when
formulating their research questions. In addition, 2 types of
interventions (blood chol esterol monitoring and wearable blood
glucose monitoring systems) could not be categorized with the
ICHI tool, which should be considered by the devel opers of the
tool.
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Although some (11/31, 35%) of the studies eval uated the impact
of asingle kind of digital technology on the population, such
as a Fitbit device [46], an implanted cardiac defibrillator [53],
or a pedometer [61], others (20/31, 65%) included a variety of
technologies [40,63-65]. Inthis context, the Cochrane Handbook
suggeststhat reviews of reviews may be one way to addressthe
need for breadth in evidence synthesis because they may
combine multiplereviews of different interventionsfor the same
condition or numerous reviews of the same intervention for
different types of participants[27]. Thisis particularly true for
the digital biomarker literature because this area encompasses
a wide variety of populations and therapies, as demonstrated
by this study’s results.

Digital Devices, Physiological and Behavioral Data,
and Sensors

Although numerous studies have shown that the accuracy of
digital devicesin measuring behavioral and physiological data
may vary [77-80], most (20/31, 65%) of the included studies
used different digital devices to synthesize qualitative or
guantitative findings, which can be considered a gap in the
literature on digital biomarkers; for example, the SR by Hannan
et a [41] included various wearable digital devices (Garmin
Forerunner, Fitbit Charge, My Wellness Key accelerometer,
Yamax Digiwaker pedometer, Gex vital signs sensor, Nokia
smartphone, and SenseWear Mini Armband) as interventions
to quantitatively summarize the evidence for cardiac
rehabilitation. By contrast, another study used only a Fithit
device to generate a meta-analysis for physical activity [46].
Despite the growing acceptance of wearables, the widespread
adoption of wearablesin clinical practice is still hampered by
several barriers, including concerns about device accuracy and
cost. To overcome these barriers, multiple stakeholders must
collaborate in developing comprehensive assessment
frameworks, clinical trials, and medical education programs.
However, companies developing digital health technologies
should consider the importance of evidence generation and
validation for digital devices [7], considering that verification
and validation of digital biomarkers require amultidisciplinary
approach that includes engineering, data science, hedlth
information technology, and clinical research [8].

As shown in Multimedia Appendix 5, various digital devices
are used to collect the same behavioral and physiological data;
for example, an implantable cardiac defibrillator, i Phone-based
rhythm monitoring device [60], and Cardio First Angel [81] to
capture cardiac functions. Health economics research should
evaluate the cost-effectiveness of each device in collecting
behavioral and physiological data to determine the most
cost-effective digital device for collecting specific data; for
example, a study examined the potential cost-effectiveness of
a wearable cardioverter defibrillator for patients with
implantable cardiac defibrillator explant in a high-income
Chinese city. It concluded that the cost-effectiveness of the
wearabl e cardioverter defibrillator was highly dependent on the
daily cost of the device in China [81]. Another study that
examined the cost-effectiveness of portable devices for stroke
diagnosis found no evidence of the cost-effectiveness under
consideration for stroke diagnosis [82]. Another question that
might arise from our resultsisthe clinical effectiveness aswell

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 10 |€35722 | p.20
(page number not for citation purposes)


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

JMIR MHEALTH AND UHEALTH

as cost-effectiveness of different digital devices; for example,
portable devices (tablet computers) and wearables (Jawbone
UP24) were used to measure physical activity [56], or
implantable cardiac monitors and portable devices (Holter
electrocardiogram) were applied to record cardiac parameters
[83]. till, the question of comparative assessment of clinical
effectiveness and cost-effectiveness between wearables and
portables has remained unanswered. Digital health isundergoing
rapid change, and new digital devices are being integrated into
health care systemsto facilitateit [84]. However, research shows
that in medicine, moreisnot necessarily better [85], and rigorous
evaluation of such therapieswill becomeincreasingly important
in the future [84]. As aresult, the cost-effectiveness of similar
digital technologies could help clinicians and policy makers
improve health care quality and reduce clinical costs.

We also used asimple search syntax derived from the definition
of digital biomarkers. Still, the precision and specificity of this
search formula to find al relevant studies have not been
determined. Hence, the question regarding the devel opment of
a comprehensive and authoritative search formula with high
precision and specificity has remained unanswered and is
beyond the scope of this research. One of the significant
challenges in digital health or biomarkers is the lack of a
standard definition and mechanism for researchers to use when
formulating a search syntax for reviews [82]. Standardizing
definition termsis paramount to enhancing information retrieval
and evidence synthesis. Accordingly, the quality of evidence
synthesis of digital biomarkers may be compromised by
publication bias, resulting in lower certainty of the evidence
[83]. Digital biomarkers are an emerging field in flux and
encompass various technologies. As we explained in the
Methods section, digital biomarkers, by definition, are
physiological and behavioral datacollected using digital devices,
including wearables as well as implantable, portable, and
digestible devices. As can beinferred from the definition, there
are 2 concepts to consider with digital biomarkers: behavioral
and physiological data and digital devices that capture these
data. However, no SR of portable digital devices that satisfied
theinclusion requirementsfor this scoping study was discovered.
This issue may result from the search formula obtained from
the definition or agap in the literature.

The varieties of digital biomarkers used in different health
domains require specialized definitions, standards, and
methodologies for achieving integration [84,85]. We used the
ICF tool in this study to identify and classify behavioral and
physiological data and outcomes in digital biomarkers and
concluded that thistool hasthe potential to be used as asystem
for recognizing and categorizing behavioral and physiological
datainthefield. Asthereisno categorization schemefor digital
biomarkers, we propose that researchers use this tool. This
review also used other coding systems such asthe ICD-11 and
ICHI. The former alows systematic classification of the
population, whereas the latter supports categorization of
interventions. Using these systematized techniques, we can
place digital biomarker research into a relevant population,
intervention, comparison, and outcomes query. This may help
to ensure the consistency and advancement of digital biomarker
research [86] because the new Medical Device Regulation in
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the European Union [87] has increased the need for clinical
evidenceto support medical device approval; hence, the number
of industry-sponsored SRs in this area is expected to increase
in the future.

Implications

This scoping review examined SRs of digital biomarker—based
studies regarding population, intervention, and outcomes. To
our knowledge, thisisthe first scoping review of SRs of RCTs
involving digital biomarkers. Therefore, these results may help
clinicians and researchers to keep updated about the scope of
the literature concerning digital biomarkers. In addition, we
highlighted the behavioral and physiological datatypesaswell
asdigital devicesand sensorsused in SRsof digital biomarkers.
The aforementioned findings could also inform researchers
about the field’'s gaps, as examined in the Digital Devices,
Physiological and Behavioral Data, and Sensors subsection the
Discussion section. In addition, as mentioned earlier, we have
proposed that the ICF tool can be used by digital biomarker
researchers as a standard tool for categorizing behavioral and
physiological data.

Limitations

This study’s findings should be considered in light of its
limitations. First, we searched for studies on digital biomarkers
using a mix of “digital biomarkers, wearable, implantable,
portable, digestible” terms. We did not test the search strategy’s
precision and specificity in finding all field-related research,
but we hypothesized that relevant publications might be found
using this method. Nonetheless, this search formula may have
missed some SRs relating to this topic. Second, the short time
period (2019-2020) of the study is one of its possible
weaknesses. Due to the broad scope of the topic, we chose a
shorter time period. However, given the new European medical
devicelegidlation proposed in 2017 [87], wefelt that thiswould
be a critical time period for reviewing clinical data before
regulation.

Moreover, we expected that because the studiesin our analysis
were SRs, we could incorporate al relevant studies if we
included SRs. It is possible that non—English-language reviews
were ignored because we limited the scope of this study to
English-language research. Finally, the ICHI and | CF tools used
in this study to categorize interventions and outcomes are not
officially authorized (they are till being developed by the
WHO) because there are no established definition systems for
digital technologies. We did not examine the SRs for overlap
among RCTs. Therefore, some results may overlap.

Strengths

To our knowledge, our scoping review is the most thorough
presentation of SRs of digital biomarkers. Several scoping
reviews have already been published on digital biomarkers,
such as the use of accelerometers to measure physical activity
[88], the use of wearable and mobile technol ogy to measure and
promote healthy sleep patterns in adolescents [89], the use of
wearableinertial sensorsinwork-related activities[90], and the
use of wearable sensor technology to detect shock impactsin
sports and occupational settings [91], all of which relate to a
specific type of digital device or population. By contrast, this
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scoping review was conducted as comprehensive research to
demonstrate the full spectrum of the topic and how digital
biomarkers are already being integrated into health care systems.
Our research described the scope of SRs of digital biomarkers
without limitation to a specific type of patient or digital
biomarker. Another strength of our study is that we used the
WHO'sclassificationtools (ICD-11, ICHI, and ICF) to identify
and categorize theincluded studies’ patients, interventions, and
outcomes. In addition, physiological and behavioral data (digital
biomarkers) were classified using the ICF tool, which was
considered reliable for this purpose.

Conclusions

Our scoping review revealed that clinical evidence for awide
range of study populations, interventions, digital biomarkers,
and sensor technologies has been systematically reviewed in

Motahari-Nezhad et al

recent years. Still, some clinical areas dominate, and notable
unexplored fields exist. Understanding the clinical value of
digital biomarkers requires a systematic assessment of the
strength and quality of the evidence for their health effects.
Understanding the breadth and quality of clinical evidencewill
inform clinical and health policy decision-makers about which
areas are ripe for widespread adoption and evidence-based use
of digital biomarkers and in which areas evidence gaps remain
to befilled. Given the volume of literature on digital biomarkers
across many health domains, specific definitions, standards,
and methods for integration seem to be needed. We used the
ICFtool to categorize behavioral and physiological data(digital
biomarkers) in this study because there is no standard
measurement in this area. The results suggest that this
approach’s categorization of behavioral and physiological data
isapplicable to digital biomarkers.
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Abstract

Background: Thetermshealth app and medical app are often used interchangeably but do not necessarily mean the same thing.
To better understand these terms and better regulate such technologies, we need distinct definitions of health and medical apps.

Objective: This study aimed to provide an overview of the definitions of health and medica apps from an interdisciplinary
perspective. We summarized the core elements of theidentified definitionsfor their holistic understanding in the context of digital
public health.

Methods: The legal frameworks for medical device regulation in the United States, the European Union, and Germany formed
the basis of this study. We then searched 6 databases for articles defining health or medical apps from an interdisciplinary
perspective. The narrative literature review was supported by aforward and backward snowball search for more original definitions
of health and medical apps. A qualitative analysis was conducted on the identified relevant aspects and core elements of each
definition. On the basis of these findings, we developed a holistic definition of health and medical apps and created a decision
flowchart to highlight the differences between the 2 types.

Results: Thelega framework showed that medical apps could be regulated as mobile medical devices, whereasthereisno lega
term for health apps. Our narrative literature review identified 204 peer-reviewed publications that offered a definition of health
and medical apps. After screening for original definitions and applying the snowball method, 11.8% (24/204) of the publications
were included in the qualitative analysis. Of these 24 publications, 22 (88%) provided an origina definition of health apps and
11 (44%) described medical apps. Theliterature suggeststhat medical appsare apart of health apps. To describe health or medical
apps, most definitions used the user group, adescription of health, the device, thelegal regulation, collected data, or technological
functions. However, the regulation should not be a distinction criterion as it requires legal knowledge, which is neither suitable
nor practical. An app’sintended medical or health use enablesaclear differentiation between health and medical apps. Ultimately,
the health aim of an app and its main target group are the only distinction criteria.
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Conclusions: Health apps are software programs on mobile devices that process health-related data on or for their users. They
can be used by every health-conscious person to maintain, improve, or manage the health of an individual or the community. As
an umbrella term, health apps include medical apps. Medical apps share the same technological functions and devices. Health
professionals, patients, and family caregiversare the main user groups. Medical appsareintended for clinical and medical purposes

and can be legally regulated as mobile medical devices.

(IMIR Mhealth Uhealth 2022;10(10):e37980) doi:10.2196/37980

KEYWORDS

mobile health; health app; medical app; digital health; regulation; mobile medical device; digital health applications; DiGA;

digital care applications; DiPA; snowball search; mobile phone

Introduction

Background

The way people monitor their health has changed rapidly inthe
last decades owing to the smartphone and its widespread
accessihility [1,2]. According to the World Heal th Organization
(WHO), mobile health (mHealth) is a general term that covers
public health and medical practice through the use of
smartphones, sensors, persona digital assistants, wireless
monitoring devices, or other wireless devices[3]. It can enable
and improve the delivery of health care [4,5]. Mobile apps are
defined as software programs that run on smartphones or tabl et
platforms[6]. Such apps can promote health and primary disease
prevention [7,8]. At the same time, apps can support people
with chronic illnesses in managing their medical conditions
[8,9] or improve treatment adherence [10]. Furthermore, apps
offer the opportunity to increase the autonomy of patients
without necessarily needing to include physicians [11]. Not
only may apps help in improving or monitoring one's health,
but they can also play an important role in health economics as
they can help in saving costs and increasing utility for health
care systems [4,12-14].

Theuse of appsin health can have downsides. First, it isunclear
whether and how mHealth contributes to a health care system
with improved cost-effectiveness. Second, the evidence of a
positive health impact through apps is not aways available.
Some studies suggest alack of (long-term) evidence for health
apps, which indicates a potential risk to the health of mHealth
users [7,9,15]. These potential risks may cause unintended
consequencesfor users, their socia environment, and the overall
health care system [16]. Although some studies have reported
positive long-term effects on users’ health [7-11,15], a clear
directive on whether apps are an effective tool for diagnosing
and treating health issuesis yet to be established. Hence, there
is a need to disentangle some of the conceptual unclaritiesin
this domain and further advance research.

The potential of apps on the one hand and their risks on the
other have drawn the attention of legislators as well. Several
countries have started to regulate mobile appsin their function
asmedical devices—in 2021, the European Union (EU) Medical
Device Regulation (MDR) started to uniformly regulate apps
as medical devices in Europe [17]. The MDR is not an
app-specific regulation as it addresses medical devices in
general, including apps and other medical devices (eg, cardiac
pacemakers, catheters, and filtering facepiece 2 masks). Apps
can be affected by the areas of, for example, data protection,

https://mhealth.jmir.org/2022/10/€37980

data security, consumer protection, medicine, and social law.
App-specific laws, on the contrary, arerare[18,19]. In Germany,
appsasmedical devices have been officially made available for
prescription since October 2020. This was introduced in the
Digital Healthcare Act. The Digital Healthcare Act explicitly
considers apps as digital health applications (DiGA), which,
therefore, fall under app-specific law [20]. Despite al this,
regul ation—regardless of being app-specific or not—shares no
common understanding of appsin the field of health. Although
the law is highly dependent on accurate definitions, thereisno
legal definition of appsin the field of health. On the basis of a
standard definition of apps in health, we argue that app
developers will be nudged to use evidence-based approaches
to develop appsin health. This ensures user safety and reduces
therisk of harm [21].

The number of different stakeholdersis mainly what causesthe
current unsatisfying situation. The diversity of stakeholders
shows that appsin this field are not geared exclusively toward
health care providers but also toward the general public and
policy makers. When developing a new app, developers of
mHealth apps need to consider patients, clinicians, families,
researchers, politicians, providers, and payers aike [22].
Especially in hedlth care systems with public funding, payers
and usersdo not necessarily haveto be the same person. In some
countries (eg, Germany), health insurance companies have
started to reimbursetheir clientsfor specific mHealth apps once
prescribed by a physician [23].

Objectives

To better understand apps in health and aim at a more precise
regulation of such technologies, exact definitions of theseterms
are needed. The goal of our literature review was to explore
existing definitions of health and medical appsin the academic
literature, specifically from apublic health and law perspective.
In this study, we focused on the differences and similaritiesin
definitions and how health and medical appsrelateto each other.
We summarized the findings, resulting in more holistic
definitions of health and medical apps generatively.
Furthermore, we presented the differences between the
definitions and terms used in research and legal regulation in
the United States, the EU, and Germany. To date, existing
frameworks have only focused on, for example, user groups
[24-26] or technical functions [27-29]. Our aim was to follow
aholistic approach that combines the user group, functions, and
health aim of the apps. This approach provided uswith astarting
point that may also support researchers in building a more
in-depth understanding of what constitutes health and medical
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apps. Consequently, we hope that this will help progress the
discourse on regul ating such apps and provide abasisfor further
research in this domain.

Methods

To addressour study’s objective, wefirst conducted abackward
and forward snowball search of the literature published in 6
different databases. Second, we anayzed the literature by
inductively applying athematic content analysis approach [30].

Inclusion Criteria and Search Strategy

We applied an inclusive, multistep approach to chart
interdisciplinary research on health and medical apps. Owing
to this paper's interdisciplinary nature, we searched for
publications in the following academic databases that cover
scientific literature from various disciplines: MEDLINE
(PubMed), The Cochrane Library, Web of Science, Beck-Online,
Juris, and Google Scholar. Through this approach, wewere able
to cover different disciplines (eg, psychology, human-computer
interaction, epidemiology, ethics, public health, law, and health
economics) that are involved in the field of mHeath. We
included and excluded papers based on the criteriadescribed in
Textbox 1.

We formed an initia search strategy that we applied to al the
databases. Our basic search syntax included terms and their

Textbox 1. Inclusion and exclusion criteria of the search.

Maal3 et d

synonyms, such as“ health application,” “medical application,”
and “definition” (Textbox 2).

We did not conduct a systematic literature review but rather a
backward and forward snowball search to better connect
different research fields and their understanding of health and
medical apps (seetheflowchart in Figure 1). Theinitial database
search was conducted on January 21, 2021, and produced 60
papersthat provided adefinition of health apps or medical apps.
All of these papers (60/60, 100%) were used to conduct the
snowball search (see the following section for further
explanation). Of these initially identified 60 publications, 20
(33%) provided an original definition and, thus, were included
(n=6, 30% were identified through the database search and
n=14, 70% were identified through snowballing).

Owing to the rapidly developing field of health and medical
appsand the corresponding literature being published, wereran
the search for updates on February 3, 2022. We identified 144
more publicationsthat offered a definition of health and medical
apps during a database search. However, only 2.8% (4/144)
provided an original definition, and no other publications were
identified during the snowball search. This resulted in a total
of 24 publicationsthat wereincluded in our qualitative analysis.
Of these 24 publications, 22 (92%) provided an original
definition of health apps and 11 (46%) defined medical apps.

Inclusion criteria

«  Peer-reviewed publications

«  Full text focused on mobile health apps or mobile medical apps

Exclusion criteria
«  Nonamed concrete definitions or frameworks for apps in health

«  Published in ancther language

« Noavailablefull text

«  Full text available in English, Chinese, or German (as these languages are spoken fluently by at least one author each)

«  Evauated the effectiveness of a single app without giving a description

Textbox 2. Search termsin PubMed for the initial search.

Example search termsin PubMed

OR “medical app”[Title/Abstract])
« AND

«  Synonym health app or medical app: (“health application”[Title/Abstract] OR “health app” [ Title/Abstract] OR “medical application”[Title/Abstract]

o Synonym definition: character*[Title/abstract] OR defin*[Title/abstract] OR concept*[Title/abstract] OR outlin*[Title/Abstract] OR
mean* [Title/abstract] OR descri*[Title/abstract] OR terminology[Title/abstract] OR glossary[Title/abstract] OR framework[Title/abstract])

https://mhealth.jmir.org/2022/10/€37980
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Figure 1. Flowchart of the search strategy.
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(n=1035)

Initial database search on January 21, 2021

Updated database search on February 3,
2022 (n=274)

l

!
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g definition definition definition
= that are that are that are
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included included included
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(n=0) (n=0) (n=4)

Snowball Method: Backward Search

We formed a citation network using the snowball method after
identifying the first set of potentia publications from the
narrative database search. The snowball search method allows
for linking various scientific fields. Thisis essential as they all
have different search terms, leading to overseen but relevant
papers in systematic literature searches with a specific search
string [31-33]. Our approach followed the guidelines for
snowballing in systematic literature studies by Wohlin [32].
The aready identified papers (identified through keyword
search) served as seed articles (level 1). We screened the
reference lists of these seed articles to identify other relevant
publications (level 1). Asanext step, relevant papersidentified
through the referencelists of level 1 publicationswereincluded
(level 2). We stopped after level 2 screening as publications
became less relevant to the seed publication the further we
continued the search.

Snowball Method: Forward Search

To avoid the bias of citing only older literature (based on the
literature search solely through reference lists), we used the
platform Connected Papers [34]. This website connects
databases from different fields to form holistic citation trees
around a chosen paper. This way, Connected Papers alows for
forward snowballing (ie, which other reports cited the selected
article?) and backward snowballing (ie, which references did
the chosen paper use?). Connected Papers displays al papers
that cite the publication (level 1) and that cite level 1
publications (level 2) in a tree-like graphic. The multilevel
multidisciplinary tree of connected references helped usidentify
our topic’s core papers. We screened the publications shownin
the tree and included them if they met our inclusion criteria.

https://mhealth.jmir.org/2022/10/€37980
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Includedfull texts with original definition (n=24)

Publications included with original definition of health app (n=22)
Publications included with original definition of medical app (n=11)

Qualitative Analysis

One author collected all definitionsin atablein preparation for
the data synthesis. In total, 2 German authors independently
translated German definitions into English following the
trandation by Kramer [35] that Gesundheits-Apps in German
are health apps and Medizin-Appsin German are medical apps.
A third author translated them from English back to German to
check if the meaning was the same. Disagreements between the
authorswere resolved in agroup discussion between all authors,
where afinal consensus was reached.

After collecting and trand ating the definitions from the retrieved
literature, we conducted qualitative data analysis for evidence
synthesis. Qualitative methods helped us better understand the
rationale, perspectives, assumptions, statements, and approaches
that researchers used to define health or medical apps [36]. In
synthesizing the search results, we opted for an inductive
bottom-up approach (conventional content analysis [37]). We
devel oped categoriesfor the qualitative content assessment from
the material we screened. This was an iterative process, with
new categories being added whenever indicated by the search
results. We applied a thematic content analysis approach to the
original and translated definitions to categorize the recurrent or
common topics [30]. One author coded the definition themes
using the software MAX QDA 2020 (VERBI GmbH).

Results

Overview

The basis for the qualitative content analysis was formed by a
review of the legal landscape from the United States, the EU,
and the particular case of Germany. The given nature of law is
to form precise definitions in which every word has a concrete
meaning. Although legal definitions need to be exact enough
to be used, they also need to be abstract enough to suit individual
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cases—such as medical apps. We applied the legal definitions
of medical appsas mobile medical devices asan understanding
lensto later analyze our scientific findings.

L egal Definitions of Medical Appsas M edical Devices

Overview

Apps are not entirely unregulated, but app-specific law is till
rare [18,19]. For example, data protection law requires alegal
basis for the data processing of an app [38], and the MDR sets
high standards of quality and safety for software entering the
market as a medical device [39]. Nevertheless, these laws do
not use theterm app and are not intended to regul ate apps only.
Theselaws use broader terms such as data processing or medical
device, thus fitting more product categories than just apps.
Consequently, apps can be affected by al these laws. Only the
German regulation of DiGA and digital care applications (DiPA)
is app-specific in the health context. The following sections
provide an overview of thelegal definitions of medical devices,
mobile medical apps, DIGA, and DiPA and their thematic
overlap.

Medical Devices

Both the United States and the EU regulate some apps through
the control and supervision of medical devices. Althoughinthe
United States only the Food and Drug Administration (FDA)
isresponsible for regulating and approving, in the EU, several
national conformity assessment bodies eval uate whether medical
devices meet the standards of the EU MDR [40]. Although they
are 2 different legal frameworks, the US and EU definitions of
medical devices resemble each other—they concentrate on
particular intended purposes. Related to the Federal Food, Drug,
and Cosmetic (FD&C) Act, the US medical device is “an
instrument, apparatus, implement, machine, contrivance,
implant, in vitro reagent, or other similar or related article,
including a component, part, or accessory, which is: [..]
intended for usein the diagnosis of disease or other conditions,
or in the cure, mitigation, treatment, or prevention of disease,
in man or other animals|...]" [41].

Similarly, the European MDR depicts medical devices as*“any
instrument, apparatus, appliance, software, implant, reagent,
material or other article intended by the manufacturer to be
used, alone or in combination, for human beingsfor one or more
of the following specific medical purposes|...]” [17].

Comparing theselaws, the definition of medical devicesfocuses
on their intended use for medical purposes.

Mobile Medical Apps

The United States and European countries have recognized
various apps and their potential benefits and risks to public
health. Consequently, they have published orientation guides
and policiesdefining which appsare considered medical devices,
creating the term mobile medical apps. According to the
definition of the FDA, a mobile medical app is “a mobile app
that incorporates device software functionality that meets the
definition of devicein section 201(h) of the FD& C Act 11; and
either is intended to be used as an accessory to a regulated
medical device; or to transform a mobile platform into a
regulated medical device” [42].

https://mhealth.jmir.org/2022/10/€37980
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This definition suggests that amobile medical app isinevitably
amedical devicefrom alegal perspective and, thus, isintended
to be used for the same medicinal purposesasamedical device.
In parallel, the German Federal Institute for Drugsand Medical
Devices orientation guide on medical appsaso qualifiesmedical
apps as medical devices, referring to particular intended
purposes [43]:

Sand alone software like smartphone apps can indeed
be classified asa medical device. In order for thisto
be the case, the software must be intended by the
manufacturer to be used for humans and for at least
one of the following purposes pursuant to Section 3
number 1 [Act on Medical Devices] MPG:

« diagnosis, prevention, monitoring, treatment or alleviation
of disease,

« diagnosis, monitoring, treatment,
compensation of injuries or handicaps,

« investigation, replacement or modification of the anatomy
or of a physiological process,

« control of conception.

alleviation or

Asthis guidance was published before the current MDR entered
into force, Article 2 (1) of the MDR [17] replaces the outdated
purposes of the Act on Medical Devices. In summary, based on
the legal definitions, mobile medical apps are medical devices
and, therefore, are intended to be used for medical purposes.
Thus, the key phrase is the intended use [44].

DiGA Definition

Closely related to medical apps are DiGA, which are officialy
available for prescription in Germany since October 2020. The
law itself defines DiGA as*“medical devices of lower risk class
[intended to] support the detection, monitoring, treatment or
alleviation of disease or the detection, treatment, alleviation of,
or compensation for, an injury or disability of insured people’
(own trandation [45]).

Referring to medical devices, the definition of DiGA reveas
that the intended use is again essential for their definition.
Hence, DiGA are a small subset of mobile medical apps and
medical devices. Spoken more abstractly, all DiGA are medical
apps—and, therefore, medical devices—but not all medical
devices and medical apps are DiGA. DiGA are predominantly
regulated by the German Medical Device law and are only
offered when they fulfill the Digital Health Applications
Ordinance requirements regarding, for example, quality and
safety, data protection, and data security.

DiPA Definition

Shortly after introducing DiGA, the German legidature
regulated so-called DiPA in January 2022. According to the
law, DiPA are“applicationsthat are essentially based on digital
technologies and are used by those in need of care or the
interaction of those in need of care, relatives, and approved
outpatient care facilities to reduce impairments to the
independence or abilities of the person in need of care and to
counteract a worsening of the need for care, insofar as the
application isnot to be provided by the health insurance or other
responsible service providersduetoilliness or disability (digital
care applications)” (own trandation [46]).
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Unlike DiGA, DiPA can but do not necessarily have to be
medical devices. This affects the health aim of DiPA as
well—DiGA need to be medical devices and, thus, have to be
intended by the manufacturer to be used for medical purposes.
However, DiPA do not need this health aim as they focus on
care and the reduction of impairments or abilities of care
recipients. According to the legislator, a DiPA can sometimes
cover the same purposes as a DiGA [46], which implies that
DiPA can be used for medical purposes. Through this statement,
the legidator classifies care as a possible medical purpose.

Nevertheless, delimitation questions appear when an app
addresses medical and care purposes. In addition, DiPA can
include medical appsthat cannot be reimbursed as DiGA. DiGA
are limited to medical devices of alower-risk class (according
to therisk classes of the MDR), whereas DiPA can aso include
those of higher-risk classes. As the DiPA regulation was just
passed at thetime this paper was written, the distinction between
DiPA and DiGA is not clear yet. It is presumed that it will be
part of the former DiPA ordinance—the equivalent of the Digital
Health Applications Ordinance.

Summary of the Legal Landscape

Legal norms and guidance only contain the terms medical
devices, mobile medical apps, DiGA, and DiPA. They do not
include the term health app. Consequently, there are only legal
definitions of medical devices, mobile medical apps, DiGA, and
DiPA. Except for DiPA, these definitions directly share one key
characteristic: the intended use for medical purposes. As the
legidator implies that caring is a medical purpose, DiPA
indirectly share the intended use for medical purposes.

https://mhealth.jmir.org/2022/10/€37980
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However, the question remains asto which aspects are regul ated
by the named laws. The regulation of medical devices, mobile
medical apps, and DiGA is part of the Medical Device Law.
Accordingly, the Federal Food, Drug, and Cosmetic Act and
the MDR set high quality and safety standards for medical
devicesto meet everyday safety concerns. Medical devicesneed
to fulfill special requirementsto enter the market. For example,
the MDR stipulates the supervision of notified bodies,
conformity assessment procedures, clinical investigations,
clinical evauation, vigilance, market surveillance, transparency,
and traceability [47].

Scientific Definitions
Overview

Our search produced atotal of 22 papers providing a definition
of health apps and 11 papers that defined medical apps in
English or German (the total number of included papers was
24). No origina definitionsin Chinese wereidentified (the only
definition coming from a Chinese publication [48] was published
in English). Weidentified more papers providing adescription.
For example, Karakoyun et d [49] referred to the FDA definition
of medical apps [42]. In contrast, Azad-Khaneghah et al [50]
cited the definition of health apps by Morse et a [51], and Sun
et al [52] used the description of health appsby Aitkenand Lyle
[53]. However, al these other papers referenced definitions
from the papers included in our corpus. Hence, they were not
included in our final data set.

The included original definitions are presented in Table 1.
Where publications provided a definition of both health and
medical apps, the definitions are displayed next to each other
to make differences more visible.

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 10 [e37980 | p.34
(page number not for citation purposes)


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

JMIR MHEALTH AND UHEALTH

Maal3 et d

Table 1. Overview of theincluded original definitions of health apps and medical apps sorted by publication?®.

Author, year, country

Definition of health app

Definition of medical app

Klasnjaand Pratt [54],
2012, United States

Scherenberg and Kramer
[55], 2013, Germanyb

Albrecht et al [21], 2014,
Germany

Aungst et al [56], 2014,
United States

Boudreaux et a [57],
2014, United States

European Commission
[58], 2014, Belgium

Seabrook et a [59],
2014, Canada

Gehring et a [60], 2014,
Germanyb

Powell et al [61], 2014,
United States

Aitken and Lyle [53],
2015, United States

“At the core of many mobile phone health applicationsisa
single strategy: using the phoneto track health-related behav-
iors, physiological states, symptoms, and other parameters
relevant to health. [...] In addition to automatic detection of
health-related behaviors, anumber of phone-based health
applications can connect, often wirelessly, to devices for
measuring and uploading physiological data.”

“Transferring the established health definition of the WHO
from 1946, health apps can be described as mobile applica-
tionsthat aim to positively and sustainably influence physi-
cal, mental and social well-being on the basis of scientific
evidence”

“To better define the term * health app, we would like to
suggest using the definition provided by the World Health
Organization (WHO) in 1946 that defined health as ‘a state
of complete physical, mental, and socia well-being and not
merely the absence of disease or infirmity’ (WHO, 1948).
Apps that are in accordance with this definition of
health—including apps that deal with wellness and fit-
ness—can be summarized as ‘ health apps.’ Health apps
generally address healthy individuals who are simply inter-
ested in obtaining general information about their body and
health status and want to keep fit and stay healthy.”

“Usually, apps designated for health and fitness are meant
for daily use by patients, performing such functionsascalorie
and diet recorders, exercise assistants and patient diaries.”

“Phone application designed to promote health behavior or
health maintenance [...], with the majority being related to
diet and physical activity.”

“Lifestyle and health apps are primarily apps that directly
or indirectly promote healthy behaviors, quality of life, and
well-being for individuals”

“Theterm ‘Health App’ therefore refers to mobile applica-
tionsthat aim to positively and sustainably influence physi-
cal, mental, and social well-being on the basis of scientific
findings. [...] In addition to apps that are intended to assist

with relaxation (wellness), those that prescribe or accompany
aphysical work out (fitness) also belong to the category of
‘health.”

“mHealth apps are mobile device applications intended to
improve health outcomes, deliver health care services, or
enable health research. [...] Because apps can be used to in-
expensively promote wellness and manage chronic diseases,
their appeal hasincreased with health reform and theincreas-
ing focus on value”

“The availability of consumer apps continues to grow, par-
ticularly in the area of health care apps. Commonly referred
to as mHealth apps, these apps assist consumersin self-
management of overall wellness, disease prevention and
disease management.”

“Medical apps are used to diagnose, self-manage, monitor
and treat conditions, provide decision-support, and collect
health-related information.”

“Apps dealing with the prevention of or aid with diagnostics
and treatment of diseases aswell asinjuries could also be
added to this category, but since they touch on areastypically
covered by medical professionals, assigning the label ‘ med-
ical app’ seems more appropriate to underline the diagnostic
and therapeutic aspects of such apps. Medical apps usually
target health care professionals as well as patients that have
already been diagnosed with aspecific—often chronic—prob-
lem.”

“[...] apps categorized as medical are usually designated for
medical professionalsor as supportive appsfor patientswith
amedical condition. [...] What setsapart amedical app from
othersisthat they can play aroleasaclinical tool in medical
practice. They are utilised by allied health professionalsin

medical education, at the point-of-care, through direct inter-
action with patients, and as clinical references.”

“Medical applications (‘apps') for mobile devices such as

smartphones and tablet computers provide health care pro-
fessionals, patients, and the public with a growing number
of specialized tools and resources.”

“Among the large group of * health apps, there are of course
also appsthat have their mission in the prevention, detection
and treatment of diseases and injuries. These are genuine
medical topicsand adifferentiation into ‘ medical apps’ (apps
with amedical purpose—derived from the Latin ars medici-
nae, ‘medical art’ or ‘medicine’ [...]) isappropriate herein
order to emphasize the diagnostic and therapeutic aspect.”
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Author, year, country

Definition of health app

Definition of medical app

Lucht et al [62], 2015,
Germanyb

Albrecht and von Jan
[63], 2016, Germany®

Kramer [35], 2017, Ger-

many®

Morse et a [51], 2018,
Malaysia

EversWolk et al [64],
2018, Germanyb

Gregor-Haack [65],
2018, Germany®

Grof3 and Schmidt [66],
2018, Germany®

Moshi et al [67], 2018,
Australia

“Health apps aim at maintaining fitness and supporting a
health-promoting lifestyle. These apps are offered in the
‘Health and Fitness’ category.”

“Health apps can be defined as apps that provide users with
functionalities for the areas of health, medicine, healing or
wellness and thus, in a broader sense, transfer the WHO
definition of health (WHO 1948) to the app area.”

“Health apps address healthy users who want to use the app
to support themselves in a health-promoting lifestyle, and
who want to strengthen their resources—for relaxation, for
abetter understanding of health or illness, for a healthy, ac-
tive lifestyle—with the help of an app.”

“Mobile health (mHealth) applications (apps) are software
that are incorporated into smartphones to improve heath
outcome, health research, and health care services.”

“Basically, health apps are application programs for mobile
devices, in particular smartphones and tablets, whoseaimis
to have a positive effect on the user’s health.”

“Health apps are applicationsfor citizens and patientswhose
primary goal is health or health promotion. According to the
WHO definition of health, health apps are mobile applica-
tions that ‘ positively and sustainably influence physical,
mental, and social well-being on the basis of scientific find-
ings.”

“A distinction must be made here between health apps, which
are primarily aimed at medical laypersons interested in
health, and medical apps, which are aimed at representatives
of the health care professions. Health apps are much more
common, mostly available free of charge in app stores and
not subject to regular quality control. They range from pe-
dometers, nutrition and weight control tools, fitness-related
applications, the collection of (disease-related) user measure-
ment data, to medication management.”

“In general, medical appsare appsfor health care profession-
alsthat support their everyday work, aswell as apps for pa-
tients to better manage mostly chronic diseases. These apps
aremainly found inthe‘Medicine' category of the two major
app stores (Google Play, Apple iTunes).”

“Medical appsaddress patients or their family memberswho
arelooking for support to better manage their daily lives,
e.g., with a chronic disease. These apps are designed to
strengthen the ‘ self-empowerment’ of those affected to
manage their disease. Medical apps also include apps that
support health care professionals (physicians, nurses, thera-
pists) in their daily practice or clinical routine, e.g., with
reference works, dosage calculators, and medical decision-
making aids. In the English-speaking world, medical apps
are aso referred to as medical apps.”

“Medical apps that address either medical professionals or
must be classified as medical devices due to their medical
indication. Applications that are specifically intended to de-
tect, cureor alleviate diseases, illnesses and physical injuries
are classified as medicine and medical science.”

“Medical apps are asmaller group of health appsthat are
specifically related to medicine. These include applications
for service providers to support everyday professiond life
aswell as applications for patients for the self-management
of mostly chronic diseases.”

“A distinction must be made here between health apps, which
address primarily laypersonsinterested in health, and medical
apps, which address representatives of the health care profes-
sions. Medical apps focus on medical and nursing functions
and often relate to the areas of diagnostics and therapy; they
areregulated by theMedical Devices Act. Examplesinclude
medical reference works, calculators (e.g. for drug dosages)
or the presentation of medical documents and images.”

“One form of mHealth is mobile medical applications
(MMAS) dso known as ‘apps.’ These are atype of software
available for mobile platforms (e.g., smartphone, tablet,
smartwatch). In amedical context, MMAs may be used by
patients to self-manage and/or screen medical conditions,
rather than presenting at hospitals or clinics for additional
appointments. MMAsmay also allow for medical practition-
ersand/or alied health workers to remotely monitor, screen
and manage their patients.”
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Author, year, country

Definition of health app

Definition of medical app

Heretleif et a [68], 2021,
Germanyb

Wang and Qi [48], 2021,
China

Volpi et a [69], 2021,
Brazil

Golden et al [70], 2021,
United States

Racioppi et al [71], 2021,
United States

Tobias and Spanier [72],
2021, Israel

“The delimitation is based on the consideration of three
central perspectives: the user perspective, the technological
perspective and the regulatory perspective. Health apps are
primarily aimed at health-conscious users and offer support
in the areas of prevention, education and health promotion.
They are generally not aimed at healthcare professionals.
From atechnological perspective, their focusis on the col-
lection, recording, processing and visualization of users
health-related data. A not insignificant proportion of apps
focus purely on imparting knowledge. From a regulatory
perspective, it isworth noting that, unlike medical apps or
DiGA, health apps are not generally subject to any specific,
binding regulation.”

“Mobile health applications, the principal manifestation of
mobile healthcare, refer to health applications based on mo-
bile terminal systems such as Android and iOS that provide
services such as medical information inquiry and symptom
self-examination. Mobile health applications allow users not
only to seek answers to health problems but also to gain ac-
cessto healthcare, exercise and fitness, health management,
and other related services anytime and anywhere. Mobile
health applications alleviate the shortage of health informa-
tion resources to a certain extent, provide a convenient way
for usersto obtain health information and services, and play
an important rolein spreading heal th knowledge and meeting
the users' need for health consultation.”

“Mobile health apps (mHealth) offer away to monitor pa-
tient’s health conditions, such as diet, body weight, blood
pressure, mood, and sleep, among others, and can be used
in combination with traditional health careto facilitate access
to heathinformation|[...]. Thus, mHealth apps might increase
awareness of needed behavioral changes and the adherence
to healthy habits, along with the health care provider's
awareness of what the patient isdoing [...]. Moreover,
mHealth apps can guideillness self-management, providing
patients with psychological support and decision-making
support, and facilitating collaboration between health profes-
sionals, patients, and their families”

“In recent years, mobile health (mHealth) apps on smart-
phones have become ubiquitous tools for personal health
management and behavior tracking. mHealth apps can pro-
videindividuals with continuous feedback on health status
and progress, push notification reminders, and other useful
engagement features.”

“The Health apps specifically have the potential to enhance
patient/provider communication and assessment through
active and passive evaluation and tracking. Smartphone
mobile applications are able to record self-reported patient
outcomes, whereas activity trackers such asthe Apple Watch
and Fitbit are able to collect real-time physiological data
such as heart rate and step counts.”

“Health apps can monitor health conditions and alert the
patient or attending physician about deterioration.”

80f the 22 definitions of health apps, 9 (41%) werein German and translated into English. A total of 45% (10/22) of the publications came from Germany,
and 32% (7/22) came from the United States. Other definitions were identified from Asia (3/22, 14%) [50,53,54] or South America (1/22, 5%) [55].
For medical apps, of the 11 definitions, 6 (55%) were published in German. Asfor health apps, most descriptions for medical apps came from Germany

(7/11, 64%) or the United States (2/11, 18%), only 9% (1/11) came from Australia[71], and 9% (1/11) came from Canada[72].

bGerman publications translated by the authors (MF, HHD, and TJ) into English.

®No definition given.
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Quality Analysis of Found Definitions From Scientific
Papers

We analyzed theidentified definitionsusing MAXQDA toform
word clouds of the terms used for health apps and medical apps.
Multimedia Appendix 1 provides a brief overview of the
differences in wording of health and medical apps (for word
cloud data, see also Multimedia Appendix 1). The following
sections provide a more detailed analysis of the definitions
topics.

Health Apps

Our qualitative analysis identified the 7 most common topics
(user, health aim, definition of health, device, regulation, data,
and technological functions) addressed by most publications
for health apps. For health apps, the 2 dominant topicswere the
health aim of health apps and the used or produced data. Only
afew definitions (2/22, 9%) addressed the missing regulation
and the functions of the apps (Multimedia Appendix 2
[21,35,48,51,53-58,60-66,68-72]).

Except for 9% (2/22) of the publications [54,72], every
definition addressed the aim of health apps. A total of 45%
(10/22) of the papers [35,51,56-58,62-65,68] named health
promation asagoal of health apps. Other frequently given aims
included improving the user’ sfitness[21,56,60,62,66], wellness
[21,35,53,60,61,63], and mental and social well-being
[55,60,65]. Lessfrequently stated were the health aims disease
prevention and disease management [53,69]; illness or disease
self-management [53]; behavior tracking [70]; accessto health
information; psychological support; and decision-making
support to facilitate collaboration between the patient, their
family, and their physician [69]. More generally, Tobias and
Spanier [72] spoke about health conditions.

The user group was described in 64% (14/22) of the papers.
Although 21% (3/14) of these papers mentioned usersin genera
[48,63,64], 29% (4/14) limited this group to health-conscious
users[68], (healthy) userswho areinterested in health [21,35],
or medical laypersons interested in health [66]. Similarly,
mentioned user groups of health apps were citizens [65] and
individuals [58,63,70], patients [56,65,69,71,72], or the family
asapotentia user group [69]. Only 29% (4/14) of the definitions
named professionals (ie, non-healthcare professionals [68],
health professionals[69], or physicians[72]) as users of health

apps.

A total of 64% (14/22) of the publications included data
collectionin their definition of health apps. However, the types
of data collected were heterogeneous. In total, 36% (5/14) of
the papers stated that health apps collect data on health behavior
[35,54,57,62,70]. Other publications reported data on physical
activity (4/14, 29%) [35,56,57,60] or dietary data (4/14, 29%)
[56,57,66,69]. Some definitions restrained themselves from
naming concrete fields and were phrased more genericaly as
collecting general information about their body (1/14, 7%) [21],
other parameters related to health (1/14, 7%) [54], health
outcomes (1/14, 7%) [51], health conditions (2/14, 14%) [69,72],
physiological data (1/14, 7%) [ 71], or health-related data (1/14,
7%) [68].

https://mhealth.jmir.org/2022/10/€37980
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Concerning devices, of the 12 papers that defined health apps,
6 (50%) described health apps as mobile applications in their
definitions [51,55,60,65,66,71]. Some publications described
health apps as mobile phone (2/12, 17%) [54,57]; smartphone
(3/12, 25%) [64,70,71]; or, more generaly, as mobile device
based (3/12, 25%) [54,61,64]. Only 8% (1/12) of the papers
included tablets as devices for health apps [64].

In total, 41% (9/22) of the papers described the technical
functions of health apps. Theseincluded tracking [54,66,70,71],
data collection [66,68,71], recording [56,68,71], exercise
assistance [56,60], monitoring [69,72], detection, connecting,
measuring, and uploading [54]. A total of 5% (1/22) of the
papers each added the role of a diary [56], prescribing tools
[60Q], providing continuous feedback [ 70], alerting [72], or more
general tools for processing and visualizing data [68].

In total, 18% (4/22) of the papers (all from German authors)
included adefinition of health in their description of health apps
[21,55,63,65]. All of them (4/4, 100%) referred to the definition
given by the WHO in 1948, which framed health as “a state of
complete physical, mental, and social well-being and not merely
the absence of disease or infirmity” [73]. The regulation of
health apps was addressed by only 9% (2/22) of the definitions
[66,68]. Both publications stated that health apps are not subject
to regular quality control [66] or not generally subject to any
specific, binding regulation [68].

Medical Apps

In the definitions of medical apps, the common topics were
similar to those of health apps. In contrast to health apps, no
publication on medical apps defined medicine. Therefore, only
6 recurring issues in the descriptions of medical apps were
identified. The reports on medical apps most often stated the
health aim of the app and the user groups. Only 9% (1/11) of
the definitions specified the data and function of medical apps
(Multimedia Appendix 2).

Intotal, 91% (10/11) of the definitions described that the health
aim of medical appsisto serve as clinical tools for detection,
diagnosis, monitoring, and treatment of diseases or injuries
[21,35,54,56,60,62,64,66,67] and decision support for medicine
and nursing [21,35,54]. A total of 36% (4/11) of the definitions
also stated that medical apps serve as self-management tools
for chronic diseases and empowerment of patients
[35,54,62,65,67]. In total, 18% (2/11) of the definitions
mentioned the preventional purpose of medical apps[21,60].

Of the 11 definitions, 9 (82%) addressed users of medical apps.
Most of the definitions commonly indicated that the users of
medical appsaremedical professionals(3/11, 27%) [21,64,67],
medical service providers (1/11, 9%) [65], health care
professionals (7/11, 64%) [21,35,56,59,62,66,67], and patients
(7/11, 64%) [21,35,56,59,62,65,67]. A total of 9% (1/11) of the
definitions included the general public in the user group [59].
Another definition specifically pointed out that patients’ family
members (eg, in their function as guardians or caretakers) are
also part of the medical app user group [35].

Only 27% (3/11) of the papers defined medical apps as mobile
applications or software that operate on mobile devices,
including smartphones and tablets[59,66,67], or smartwatches
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[67]. Equally less often addressed was the data criterion. Only
9% (1/11) of the definitions stated that medical apps collect
health-related information [54], whereas no other publication
described the data or technological functions of medical apps.
In total, 18% (2/11) of the papers stated that medical apps are
regulated as medical devicesin Germany and the United States
[64,66]. We described the legal regulation of medical apps as
medical devicesin detail in the previous section.

Discussion

Many of the definitions identified through the literature search
addressed the criteria user group, a specific understanding of
the term health, a concrete device, the fragmentary regulation
of medical apps (or the lack of regulation for most other types
of health apps), data collected, or technological functions to
gather or display content within the app. A definition of health
and medical apps should reflect this structure by using these
criteria.

Definition of Health Apps

The hedth am of hedth apps can be summarized as
maintaining, improving, or managing the user's health.
However, it remains unclear what health means. Although none
of the definitions of medical apps are built on a definition of
health or medicine, some health app definitions (4/22, 18%)
included their understanding of health. Although 18% (4/22)
of the papers mentioned a definition of health [21,55,63,65],
they all followed the WHO definition of health from 1948. On
the basis of this definition, “hedth is a state of complete
physical, mental, and social well-being and not merely the
absence of disease or infirmity” [73]. Although there is no
consensus on what aspectsthe term health entails, many authors
see the WHO definition as outdated [ 74-77]. It is criticized for
defining health as binary (complete health or no health) and,
therefore, as autopian statusthat cannot be achieved [77]. When
we usetheterm health (aim), we consequently do not understand
health as a binary construct, as the WHO defined it once.
Instead, we see health as the “capability to cope with and to
manage one's malaise and well-being conditions’ [75]. This
capability is affected by potential limitations of the social,
biological, physical, or interpersonal environment [78].

Building on the literature, health apps are software programs
on mobile devices that process health-related data on or for
their user. Every health-conscious individual can use them, be
it medical laypersons, family caregivers, or health professionals,
to maintain, improve, or manage the health of an individual as
well ascommunitiesor thewhole population of a country (such
as COVID-19-racing apps). Data processing, in our
understanding, includes any operation performed on personal
data (eg, collecting; organizing; storing; adapting; visualizing;
retrieving; disseminating or otherwise making it available;
restricting; or erasing) according to the General Data Protection
Regulation [79].

Definition of Medical Apps

Medical apps are generaly used for clinical and medical
purposes and can but do not have to be legally regulated as
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mobile medical devices. From a public health perspective, they
focus on secondary (early diagnosis and treatment of acute
diseases or injuries) and tertiary (rehabilitation and management
of chronic diseases) prevention. Nevertheless, the health aim
of medical apps|eadsto the problem that some health apps (eg,
fitness trackers or diary apps) could be seen as medical apps
when used for self-monitoring by peoplewith chronic illnesses.
This would turn the health app into a medical app. To avoid
delimitation questions, we propose integrating the
manufacturer’s intention into the health aim of the app (see the
legal definition of medical devices). Accordingly, medical apps
are intended for medical purposes, which is stated in the app’s
description, privacy policies, or termsand conditions. Thus, we
propose the following holistic definition of medical apps:
Medical apps are a subgroup of health apps that focus on
secondary and tertiary prevention. They share the same
technological functions (processing of health-related data) as
health apps, and can be used on mobile devices. The main target
groups (but not exclusively) are health professionals, patients,
and family caregivers.

Following the legal definitions of DiPA and DiGA, both are
subgroups of medical apps. DiGA must necessarily be used for
medical purposes asthey are medical devices. Asthelegislator
impliesthat caring isamedical purpose, DiPA indirectly share
the intended use for medical purposes, too.

Health-Related Apps

We identified athird group of apps during the literature search
for definitions of health and medical apps. health-related apps.
This relatively vague term was used in different publications
[4,25,80]. It remains unclear to what extent this type of app is
related to heath and whether apps within this group are
homogeneous enough for an umbrella definition. We want to
emphasize that the term health-related app should not be used
asacategory because of itsfuzzy nature. Thisterm displaysthe
uncertainty within the scientific community of what a health
app is and, therefore, expresses the need for a clear definition.

Relationship Between Health and Medical Apps

Our findings regarding the differentiation between health and
medical apps (and the 2 exceptional German cases of DiGA
and DiPA) aredisplayed in Figure 2. Comparing the definitions
of health apps with those of medical apps, we recognized that
some criteria are equally relevant for both types of apps (ie,
definition criteria), whereas others are not (ie, distinction
criteria). The criteria device, collected data, and technological
function are the definition criteria as they are equal for health
and medical apps. In addition, regulation should not be a
distinction criterion either. Defining medical apps by the way
they are regulated requires legal knowledge, which is neither
suitable nor practical for a definition and cannot be expected
from all stakeholders.

On the contrary, the user group isadistinction criterion for the
main user group. Equally, the health aim of an app is a
distinction criterion. This leads to our understanding of health
apps as the umbrella term, which includes medical apps as a
subgroup.
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Figure 2. The connection between health apps, medical apps, digital health applications (DiGA), and digital care applications (DiPA). °Can be affected
by medical device regulation because of the intended use for medical purposes. ~Regulated by section 33a of volume 5 of the German Socia Insurance
Code and DiGAV as low-risk mobile medical devicesin Germany only. * Regulated by section 40a of volume 11 of the German Socia Insurance Code
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Decision Flowchart for Health and Medical Apps

On the basis of our analysis of the definitions derived from
scientific literature and the legal regulationsin the United States,
the EU, and Germany, we designed aflowchart to classify health
and medical apps (Multimedia Appendix 3).

Most of the definitions of medical apps given by scientific
papers (6/11, 55%) matched the legal regulationsin the United
States and the EU insofar as they listed medical purposes (if
they did not, it was because the scientific descriptions were not
as specific as the legal papers). Owing to this finding, the
flowchart offers insights on health and medical apps based on
the legal definitionsin the United States and the EU. However,
it does not provide insights into whether an app is legally
regulated. Instead, it showcases a specific app that fits the legal
definitions in the named regions. However, other countries
might have different legal regulations for mobile medical apps,
so this flowchart can only report on the 2 regions given as case
studies. The decision treeisintended to provide alow-threshold
and practical way to differentiate between health and medical
apps quickly. Therefore, it can be used by scientists and
developers, politicians, or users of health-related apps. Owing
to the recent introduction of DiPA, a concrete regulatory
framework for these appsis still missing in Germany. As such,
the flowchart does not include DiPA.

However, it is still unclear whether there will be more
health-specific legal definitions once other countries begin
regulating apps, similar to how Germany regulates DiGA and
DiPA. Furthermore, it is unknown how app stores define and
use the terms health app and medical app in their app
categorization. Building on these questions, it is also unclear
how the many different definitions affect the various
stakeholders. It isyet to be examined what specific user groups

https://mhealth.jmir.org/2022/10/€37980

expect from health and medical appsand how they would define
both (eg, do health-conscious people or family caregivers want
to use them in their daily lives?). It is also not evident whether
prescribed apps affect the health care systems in any way and
whether they improve health care. Finaly, it remains unclear
how we can ensure that health apps do not harm their users as
most of them are unregulated. Further research needs to be
conducted to answer al these questions.

Strengthsand Limitations

To our knowledge, this is the first study to use an
interdisciplinary approach to differentiate between health and
medical apps from a legal and scientific point of view. By
analyzing various sources, we provided an interdisciplinary and
international overview of the multiple uses of the terms health
app and medical app. The in-depth discussion of the scientific
and legal perspective on health and medical apps offersamore
holistic and deeper understanding of the similarities and
differences between these terms. We conducted a qualitative
analysis using the MAXQDA software to ensure the
transparency of the analysis process of theidentified definitions.
To present the results of our approach, we incorporated our
research findings into the creation of a decision chart
(Multimedia Appendix 3). Thismay not only assist researchers
in fostering a shared and clear understanding of the terms but
also enable practitioners to interpret the findings of our study
efficiently.

We do recognizethat our research is proneto certain limitations.
First, we applied the snowballing method in line with Wohlin
[32]. However, although using a systematic collection technique
[81] might have yielded different results, one of the key
strengths of this review isits diversity of included disciplines
and breadth of content. Hence, as the goal of our study was to
be as inclusive as possible and analyze a wide range of fields
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and databases, the snowballing method was the most feasible
option. Furthermore, we excluded gray literature that was not
cited in our references or displayed the legal regulation in
regions other than the United States or the EU. The same applies
to the descriptions of apps in the app stores. We deemed this
approach appropriate as the focus was on using the terms in
science. However, scientists and policy makers are not the only
parties involved in developing apps for health. Other
stakehol ders, such as devel opers or users, may have ascientific
education but may struggle to discern health and medical apps
represented in scientific publications. Subsequent research
should be dedicated primarily to these sources to incorporate
practitioners and other legal perspectives into our definitions
of health and medical apps. It should further be noted that we
only included literature published in Chinese, English, or
German. Economically speaking, alarge part of the health and
medical app market isinthe Asian region (eg, Japan). Therefore,
from a global perspective, our research is undoubtedly
fragmentary. Finally, it should be noted that this study does not
report whether other publications used the identified scientific
definitions.

Maal3 et d

Conclusions

With our literature review and qualitative anaysis of the
scientific definitions of health and medical apps and the legal
perspective on medical apps, we offered the first step toward
defining health and medical apps more holistically—health apps
are software programs on mobile devices that process
health-related dataon or for their users. Every health-conscious
individual can use them, be it medical laypersons, family
caregivers, or heath professionals, to maintain, improve, or
manage an individual’s and the community’s health. As an
umbrellaterm, health apps include medical apps.

Medical apps can be defined as a subgroup of health apps that
have the same technological functions (processing health-related
data) as health apps and can be used on mobile devices. The
main target user groups (not exclusively) include health
professionals, patients, and family caregivers. Medical apps
share the intended use for clinica and medical purposes and
can be legally regulated as mobile medical devices. From a
public health perspective, they focus on secondary (early
diagnosisand treatment of acute diseasesor injuries) and tertiary
(rehabilitation and management of chronic diseases) prevention.
For the special case of Germany, medical apps include DiGA
and DiPA.
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Abstract

Background: Electronic health diaries hold promise in complementing standardized surveys in prospective health studies but
are fraught with numerous methodological challenges.

Objective: The study aimed to investigate participant characteristics and other factors associated with response to an electronic
health diary campaign in persons with multiple sclerosis, identify recurrent topicsin free-text diary entries, and assess the added
value of structured diary entries with regard to current symptoms and medication intake when compared with survey-collected
information.

Methods: Datawere collected by the Swiss Multiple Sclerosis Registry during a nested electronic health diary campaign and
during a regular semiannual Swiss Multiple Sclerosis Registry follow-up survey serving as comparator. The characteristics of
campaign participants were descriptively compared with those of nonparticipants. Diary content was analyzed using the Linguistic
Inquiry and Word Count 2015 software (Pennebaker Conglomerates, Inc) and descriptive keyword analyses. The similarities
between structured diary data and follow-up survey data on health-related quality of life, symptoms, and medication intake were
examined using the Jaccard index.
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Results: Campaign participants (n=134; diary entries: n=815) were more often women, were not working full time, did not
have a higher education degree, had a more advanced gait impairment, and were on average 5 years older (median age 52.5, IQR
43.25-59.75 years) than eligible nonparticipants (median age 47, IQR 38-55 years, n=524). Diary free-text entries (n=632;
participants: n=100) most often contained referencesto the following standard Linguistic Inquiry and Word Count word categories:
negative emotion (193/632, 30.5%), body parts or body functioning (191/632, 30.2%), health (94/632, 14.9%), or work (67/632,
10.6%). Analogoudly, the most frequently mentioned keywords (diary entries: n=526; participants: n=93) were “good,” “day,”
and “work.” Similarities between diary data and follow-up survey data, collected 14 months apart (median), were high for
health-related quality of life and stable for slow-changing symptoms such as fatigue or gait disorder. Similarities were also
comparatively high for drugs requiring a regular application, including interferon beta-1a (Avonex) and glatiramer acetate
(Copaxone), and for modern oral therapies such as fingolimod (Gilenya) and teriflunomide (Aubagio).

Conclusions: Diary campaign participation seemed dependent on time availability and symptom burden and was enhanced by
reminder emails. Electronic health diaries are a meaningful complement to regular structured surveys and can provide more
detailed information regarding medication use and symptoms. However, they should ideally be embedded into promotional

activities or tied to concrete research study tasks to enhance regular and long-term participation.

(JMIR Mhealth Uhealth 2022;10(10):€38709) doi:10.2196/38709

KEYWORDS

registry; multiple sclerosis; digital health; electronic health diary; diary; participation; adherence; patient-reported outcome;

natural language processing; unstructured text

Introduction

Background

Electronic health diaries are consumer- or patient-facing
electronic tools to record personal health-relevant information
prospectively [1]. Flexibility and ease of use make electronic
health diaries an attractive option for self-learning, patient
empowerment, and health care management support [2].
Electronic health diaries are also used in research contextswhere
they offer more timely or even rea-time reporting of
health-related indicators and can thus meaningfully complement
medical recordsor retrospective questionnaires[1]. In addition,
free-text entries of diary studies can offer a window into a
person’s emotions [3-6] and daily-life contexts.

Electronic health diaries have also found application in multiple
sclerosis (M S) research, where they have been used aslogbooks
of physical activity sessions [7] or to record disability- or
health-related quality of life scores[8-10]. Furthermore, health
diaries have aso been explored in the context of
self-management improvement programs for persons with MS
[11,12], aswell asto monitor and enhance medication adherence
to disease-modifying treatments (eg, through reminder
functionalities) [13,14].

However, numerous methodological and user challenges have
been highlighted [1,15]. First, keeping hedth diaries over
extended periods (ie, months or even years) demands continual
intrinsic and extrinsic motivation, aswell as substantial support
from study investigators [1,15]. Second, studies relying on
free-text entries require special analytical methods [1,15] that
involve substantial manual data preprocessing. Finaly, to
increase compliance, the number of diary questions needsto be
relatively small—thus limiting the depth of health information
that can redlisticaly be collected (eg, regarding a person’s
disease history).

https://mhealth.jmir.org/2022/10/e38709

Objectives

Inlight of these challenges, we aimed to explore the applicability
and usability of electronic health diary data collected by the
Swiss Multiple Sclerosis Registry (SMSR) during aweek-long
health diary campaign. Specifically, we aimed to compare the
characteristics of the participants in the health diary campaign
with eligible nonparticipants of the SMSR campaign (aim 1).
Furthermore, we intended to analyze the content of the diary
free-text field section by applying 2 different natural language
processing methods (aim 2). Finally, we aimed to evaluate the
diary-collected health-related quality of life, symptoms, and
treatment information by comparing it with corresponding
survey-based information (aim 3).

These investigations were guided by severa literature- and
research-based assumptions. Recent research has revealed that
younger age is linked to a more frequent adoption of mobile
health technologies [1,2]. Therefore, we hypothesized that the
electronic health diary campaign participants would be younger
than nonparticipants with access to the registry’s web-based
platform. Furthermore, although there is usualy very good
intraindividual consistency of stable symptoms, treatments, or
side effectsamong semiannual surveys[16,17], the health diary
may be better able to capture dynamic symptoms and treatment
effects in a more comprehensive and fine-grained fashion.

Methods

Study Context

The electronic health diary data were collected by the SMSR
as part of a nested campaign entitled “A week in the life of
persons with MS,” which ran from March 9, 2019, to March
17, 2019. The SMSR is anationwide, patient-centered registry
for persons with MS (trial registration: ClinicaTrials.gov
NCT02980640) [18,19]. Theregistry waslaunched in June 2016
asacollaboration between the Swiss M ultiple Sclerosis Society
and the University of Zurich with the aim to create a
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patient-centered registry for adult persons with MS living in
Switzerland.

Since its launch in 2016, the SMSR has been collecting and
updating standard information on MS symptoms, treatment
histories, and health-related quality of lifein semiannual surveys
[19]. As of July 13, 2019, a total of 2350 participants had
contributed datato the SMSR. Participants can either enroll for
digital participation (approximately 80% of all participants), or
they can choose to complete the surveys on paper
(approximately 20%). The baseline assessment has 2 stages.
First, participants complete ashort survey (initial questionnaire)
that collects basic sociodemographic characteristics and core
data on MS diagnosis, as well as symptom and treatment
histories. A second, more extensive survey (baseline
guestionnaire) collects current symptoms and treatments, as
well as detailed information on education, work, heslth care
use, comorbidities, and M S status [18,19].

The electronic health diary is a separate feature on the digital
SM SR study platform, availablein German, French, and Italian,
and specifically devel oped to work on PCs and mobile devices.
The diary was semistructured (Figures S1-S6 in Multimedia
Appendix 1). It contained a free-text field where participants
could describe their current heath status and any other
information that they deemed relevant. There were no
restrictions on the number of characters. In addition, the diary
included structured questionsthat mirrored corresponding survey
itemsfrom thelongitudinal surveys, namely the EQ-5D-5L and
the EuroQol visual analog scale (EQ-VAS; 0-100 scale), aswell
as current MS symptoms (checkboxes) and current use of
immunomodul atory and complementary therapies (checkboxes;
Figures S5 and S6 in Multimedia Appendix 1). Visualy, the
diary was organized as a caendar sheet that alowed
retrospective entries.

Description of the Nested Electronic Health Diary
Campaign

To promote the rel ease of the el ectronic health diary, the SMSR
launched a campaign entitled “A week in the life of persons
with MS” which ran from March 9, 2019, to March 17, 2019.
All web-based participants were invited to make daily diary
entries in the freetext field and complete the structured
guestions on current symptoms and medication intake
(Multimedia Appendix 2). Participantswere encouraged to share

https://mhealth.jmir.org/2022/10/e38709
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positive and negative experiences as well as self-management
strategies.

The campaign included different communication activities
(Multimedia Appendix 3, red numbers). First, a general
announcement was issued by email on January 28, 2019. One
month later (February 28, 2019), a personal invitation was sent
by email to all web-based participants, followed by areminder
on March 8, 2019 (ie, the day before the launch of the
campaign). A final motivational reminder was sent through
email on March 14, 2019. An announcement and daily campaign
updates were posted on the SMSR website as well as on the
public website and the Facebook page of the Swiss Multiple
Sclerosis Society. The daily campaign updates included visual
summaries of different health diary items (average EQ-VAS
score, percentage of participants with a specific mood, the 3
most frequent symptoms, percentage of usersof complementary
therapies, and the 3 most frequent complementary therapies).

Study Population

Of the 1550 SM SR enrollees who had completed the baseline
assessments, 1318 (85.03%) participated through the SMSR
web platform (Figure 1). Paper-and-pencil participants were
excluded a priori because the health diary was only available
on the web. After the application of inclusion criteria and data
quality checks, we included 96.66% (1274/1318) of the
web-based enrolleeswith baseline assessments compl eted until
1 week after the campaign ended (March 26, 2019). Thistime
frame was chosen because asmall number of participants (n=21)
joined the SM SR during the diary campaign but completed the
baseline assessment only afew days after the campaign ended.
Of these 1274 enrollees, 658 (51.65%) had completed the next
semiannual survey in the spring of 2020—hereafter follow-up
survey—that included all standardized assessments from the
diary (health-related quality of life, symptoms, and medication
use). Among these 658 enrollees, 134 (20.4%) had made a
nonempty free-text entry in the electronic health diary collected
between February 27, 2019 (1 day before the invitation to the
campaign was emailed), and March 19, 2019 (2 days after the
official end of the campaign), including retrospective entries
(MultimediaAppendix 4). Thisanalysistimeframewas chosen
because the first campai gn announcement on February 28, 2019,
had already triggered numerous entries (Multimedia A ppendix
3). Entries for retrospective dates were included if they were
created during the analysis time frame.
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Figurel. Flowchart of the study population, from the perspective of the completion of the baseline and follow-up surveys (refer to Multimedia A ppendix
3 for more detailed information regarding the electronic health diary entries).
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(N=1550)
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{
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Follow-up survey not

completed

Baseline assessments and follow-up
survey completed and with digital
participation
(n=638, 100%)
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M easures

We analyzed 3 different types of dataitems that were collected
both in the diary and the follow-up survey. The first dataitem
consisted of textual diary entries describing notable daily events
or current physical and mental well-being. Only German diary
entries containing at least one word were considered for the
analysis. The second analysis included the EQ-5D-5L index
(derived from French reference value sets [20-22]) and the
EQ-VAS. Thethird type of data pertained to current symptoms
and the use of immunomodulatory medications [20,23].

Inthediary andin the follow-up survey, participants were asked
to indicate their current MS symptoms and the MS symptoms
they had experienced within the last 12 months, respectively,
from the following list: visual impairments, speech disorders,
swallowing difficulties (dysphagia), weakness, signs of
paraysis, fatigue, paresthesia (eg, deafness and tingling),
dizziness, pain, gait disorder, vestibular disorders, bladder
disorders (eg, bladder weakness), spasms (muscle cramps),
convulsions and tics, tremor, intestina disorders (eg,
constipation), epileptic convulsions, sexual disorders, memory
disorders, depression, concentration problems, problems with
spatial orientation, affective lability or lack of control over
emotions, or other unspecified symptoms.

Any current use of an immunomodulatory M S drug (diary and
follow-up survey) and use of an immunomodulatory MS drug
within thelast 6 months (follow-up survey) were collected based
on the following medication list: teriflunomide (Aubagio),
interferon beta-1la (Avonex), interferon beta-1b (Betaferon),
glatiramer acetate (Copaxone), cyclophosphamide (Endoxan),
interferon beta-1b (Extavia), fingolimod (Gilenya), azathioprine
(Imurek), alemtuzumab (Lemtrada), rituximab (MabThera),
laguinimod (Nerventra), mitoxantrone (Novantron), ocrelizumab
(Ocrevus), peginterferon beta-1a (Plegridy), interferon beta-1a
(Rebif), cyclosporine (Sandimmun), tetracosactide (Synacthen),
dimethyl fumarate (Tecfidera), natalizumab (Tysabri), and other
unspecified medications.

https://mhealth.jmir.org/2022/10/e38709

Statistical Analyses

Baseline characteristics of diary campaign participants (that is,
persons with at least one valid health diary entry during the
analysis time frame) and nonparticipants were compared
descriptively (aim 1). Continuous data were anayzed by
medians and IQRs and categorical information by frequency
counts and percentages. Using visual plots, we analyzed the
frequency and patterns of diary use over time, intending to learn
more about the impact of reminders on participants’ behavior.

For aim 2, the content of diary text entries was analyzed using
the Linguistic Inquiry and Word Count (LIWC) 2015 software
(Pennebaker Conglomerates, Inc) [24,25] using a German
dictionary [26]. On the basis of this dictionary, the LIWC
program scores the texts according to 118 word attributes and
categories by dividing the number of words belonging to a
specific attribute or category by the number of words within a
text entry to standardize for diary entry length [24]. The
following seven categories related to health and personal
experience were selected for further inspection: (1) health, (2)
body, (3) family, (4) friends, (5) work, (6) positive emations
(eg, happy, good, and love), and (7) negative emotions (eg,
sadness, anger, and fear). Using these 7 word categories, we
calculated the percentage of entries containing at least one
category-specific keyword across all diary entries. In addition,
weanalyzed an LIWC-integrated summary score for emotional
tone by plotting its distribution across all diary entries in a
histogram. The LIWC-generated emotional tone score represents
the overall emotional tone of atext, ranging from O (negative)
to 100 (positive). The scoreis computed based on the difference
between di ctionary-based positive and negative emotion scores,
but detail s of this proprietary algorithm are not publicly available
[24,27].

Furthermore, German diary text entries containing at least 10
words were analyzed descriptively by visualizing them as a
word cloud of the 100 most frequent words in Python (version
3.7; Python Software Foundation) in the Spyder integrated
development environment (version 4.1.5). Thetext entrieswere
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prepared for the visualization in several preprocessing steps.
Stop words (ie, words without a specific meaning such as and
or the) were removed using an open-source German stop word
list [28]; numerals and punctuation marks were removed as
well. The remaining words were filtered to retain only nouns,
adjectives, and verbs. Words with the same meaning were
replaced manually by 1 uniqueword (eg, the word work replaced
the following words: occupation, job, company, office,
workplace, work hours, work colleagues, etc). The words were
then lemmatized using the Python library spaCy (version 2.2.2)
[29]. Lemmati zation refersto theremoval of inflectional endings
to obtain the dictionary form of aword [30]. Vowels followed
by an e (such as oe) were replaced by a vowel with an umlaut
(in this specific case, 6) as commonly used in German. Capital
letters were then replaced by lowercase letters. Finally, all
lemmatized entries were translated into English using DeepL
Pro (DeepL SE).

Moreover, we evaluated the individual-level similarity of
health-related quality of lifeindices (EQ-5D-5L and EQ-VAS),
symptoms, and medication use between the structured diary
dataand follow-up survey data (aim 3). Similarity was expressed
by the Jaccard index, which reflects the proportion of persons
with the concurrent mention of a specific attribute value (eg, a
symptom) in the diary and the follow-up survey (overlap),
divided by the number of persons with at least one mention of
the same attribute value in either the diary or the follow-up
survey (union) [31,32]. The Jaccard index was chosen over
standard percentages because it is less affected by the rarity of
an attribute value. In case a participant had several complete
health diary entries, the health-related quality of life indices of
the closest follow-up survey were used for the similarity
analyses. The diary-based categorical symptom and medication
use variables were compared with similar follow-up survey
information on symptoms and medication use. The continuous
EQ-5D-5L and EQ-VAS scores were dichotomized using
median splits to calculate the Jaccard indices. The respective
medians were computed from the follow-up survey of all
included SM SR participants (n=658).

All descriptive analyses were conducted in R (version 4.0.3),
using the RStudio integrated devel opment environment (version
1.4.1103). Text preprocessing and word cloud visualization
were performed using Python (version 3.7) in the Spyder
integrated development environment (version 4.1.5). The
dictionary-based text categorizationswere performed using the
LIWC software[24,25]. All text analyseswere conducted using
the origina German text entries, and the results were
subsequently trandated into English for presentation using
DeepL Pro.

Ethics Approval

The SMSR has been approved by the responsible ethics
committee (Zurich Cantonal Ethics Committee; study number
PB-2016-00894), and informed consent was obtained from all
participants.
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Results

Study Populations and Diary Use

After we had applied our inclusion and exclusion criteria, our
study population comprised 658 persons with MS, of whom
134 (20.4%) had used the electronic hedth diary between
February 27, 2019, and March 19, 2019 (Figure 1). During this
period, 815 nonempty, unique diary entries written in German
(n=632, 77.5%), French (n=135, 16.6%), and Italian (n=48,
5.9%) were collected (Multimedia Appendix 4).

The median time span between the last diary entry written by
each diary campaign participant and the follow-up survey was
14 (IQR 13-15) months.

Participant Characteristics

Characteristics of the SMSR web-based study enrollees who
participated in the campaign by completing at least one
electronic health diary entry (n=134; henceforth referred to as
participants) and those who did not (n=524; henceforth referred
to as nonparticipants) are compared in Table 1. The median
age of the participants (52.5, QR 43.25-59.75 years) was higher
than that of the nonparticipants (47, IQR 38-55 years). Of the
134 participants, 101 (75.4%) were women, whereas of the 524
nonparticipants, 356 (67.9%) were women. The median time
sincethe diagnosis of MSwas 9 (IQR 4-19 for participants and
IQR 4-16 for nonparticipants) years for both groups. Persons
with primary progressive MS (PPM S) and secondary progressive
MS (SPMS) tended to be more represented among participants
(PPMS: 18/134, 13.4%; SPMS: 32/134, 23.9%) than among
nonparticipants (PPM S: 50/524, 9.5%; SPMS: 79/524, 15.1%).
In addition, the participants group contained proportionally
fewer persons in the lowest Self-Reported Disability Status
Scale stratum (84/134, 62.7%) than the nonparticipants’ group
(381/524, 72.7%).

The nonparticipants group comprised a somewhat larger
percentage of persons with higher professional education
(including with an applied university or university degree;
250/524, 47.7%, vs 57/134, 42.5%, for participants). However,
there were fewer people working >40% of weekly working
hours among the participants (45/134, 33.6%, vs 252/524,
48.1%, for nonparticipants). Nonparticipants seemed to talk
more openly about their MS with their relatives (485/524,
92.5%, vs 116/134, 86.6%, for participants).

Regarding symptoms experienced within the last 12 months,
participants reported a higher percentage for the 10 most
frequent symptoms. Thelargest differencesin percentageswere
observed for the following symptoms: gait disorder (52/134,
38.8%, vs 138/524, 26.3%, for nonparticipants), spasms (45/134,
33.6%, vs 119/524, 22.7%, for nonparticipants), and bladder
disorders (40/134, 29.9%, vs 109/524, 20.8%, for
nonparticipants). Furthermore, a higher proportion of diary
campaign participants reported no use of a disease-modifying
drug within the last 6 months (53/134, 39.6%, vs 156/524,
29.8%, for nonparticipants). The full list of symptoms and
disease-modifying medications is available in Multimedia
Appendix 5.
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Table 1. Characteristics of the study population and their corresponding P values (significance level: .05; N=658).2

Characteristics

Participantsin health diary campaign (n=134) Nonparticipants (n=524) P value

Age (years), median (IQR)
Sex, n (%)
Female
Male
Language, n (%)
German
French
Italian
Ms? duration (years), median (IQR)
MStype, n (%)

CIs®
PPMS|

RRMS?

Transition

sPMs”

Missing information
Marital status, n (%)

Unmarried
Registered partnership or married
Separated or divorced
Widowed
Missing information
Education, n (%)
Partial or completed mandatory schooling

Apprenticeship or qualification to study at university level
(Matura diploma)

Higher professional education, applied university, or uni-
versity

Other

Missing information
Work situation or work percentage, n (%)

Not working

1% to 40%

41% to 80%

81% to full time

Missing information
Talk about MSwith..J

...relatives

...friends

...boss

52.5 (43.25-59.75)

101 (75.4)
33 (24.6)

100 (74.6)
25 (18.7)
9(6.7)

9 (4-19)

2 (15)
18 (13.4)
79 (59)
3(22)
32(23.9)

N/Al

43 (32.1)
71(53)
17 (12.7)
1(0.7)
2(15)

3(2.2)
68 (50.8)

57 (42.5)

1(0.8)
5(3.7)

63 (47)
22 (16.4)
27(20.2)
18 (13.4)
4(3)

116 (86.6)
109 (81.3)
48 (35.8)

47 (38-55) <.001P

12°
356 (67.9)
168 (32.1)

<.001°
433 (82.6)
73(13.9)
18 (3.5)
9 (4-16) 170

<.001°
10 (1.9)

50 (9.5)
352 (67.2)

16 (3.1)
79 (15.1)

17 (3.2)

<.001°
174 (33.2)
273(52.1)
59 (11.3)
8(1.5)
10 (1.9)
59°
8(1.5)
250 (47.7)

250 (47.7)

7(1.4)
9(L7)
.02°
184 (35.1)
69 (13.2)
138 (26.3)
114 (21.8)
19 (3.6)
.87¢
485 (92.6)
412 (78.6)
179 (34.2)
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Characteristics

Participants in health diary campaign (n=134) Nonparticipants (n=524) P value

...work colleagues
..leisure-time partners
...other

...nobody

SRDSS¢ score, n (%)
0to 3.5
4t06.5
>7

Missing information

46 (34.3)
36 (26.9)
7(5.2)
6 (4.5)

84 (62.7)
37(27.6)
13(9.7)
N/A

Ten most frequent symptoms within thelast 12 monthé", n (%)

None
Fatigue

Gait disorder

Paresthesia (eg, numbness and tingling)

Spasms (muscle cramps)
Vestibular disorders
Wesakness

Pain

Bladder disorders (eg, bladder weakness)

Concentration problems
Intestinal disorders (eg, constipation)
Other

Ten most frequent disease-modifying medications within thelast 6 monthsj", n (%)

None

Ocrelizumab (Ocrevus)
Fingolimod (Gilenya)
Dimethyl fumarate (Tecfidera)
Interferon beta-1a (Rebif)
Glatiramer acetate (Copaxone)
Interferon beta-1b (Betaferon)
Teriflunomide (Aubagio)
Natalizumab (Tysabri)
Rituximab (MabThera)

Interferon beta-1a (Avonex)

50 (37.3)
57 (42.5)
52 (38.8)
50 (37.3)
45 (33.6)
43 (32.1)
40 (29.9)
40 (29.9)
40 (29.9)
35(26.1)
29 (21.6)
64 (47.8)

53 (39.6)
28 (20.9)
15 (11.2)
10 (7.5)
6 (4.5)

6 (4.5)
5(3.7)
5(3.7)
3(2.2)
3(2.2)
2(15)

189 (36.1)
131 (25)
23 (4.4)
13(2.5)

02¢
381 (72.7)
90 (17.2)
39 (7.4)
14 (2.7)

42°

227 (43.3)
210 (40.1)
138 (26.3)
187 (35.7)
119 (22.7)
135 (25.8)
129 (24.6)
143 (27.3)
109 (20.8)
127 (24.2)
83 (15.8)

193 (36.8)

.20°

156 (29.8)
87 (16.6)
90 (17.2)
54 (10.3)
19 (3.6)
18 (3.4)
14 (2.7)
15 (2.9)
40 (7.6)
15 (2.9)
10 (1.9)
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Characteristics

Participants in health diary campaign (n=134) Nonparticipants (n=524) P value

Other 1(0.7)

10 (1.9)

8Comparison between participantsin the Swiss Multiple Sclerosis Registry electronic health diary campaign (defined by having at least one valid diary

entry; column 2) and nonparticipants (column 3).
PTwo-tailed t test conducted.

CChi-square test conducted.

dMS: multi ple sclerosis.

€CIS: clinically isolated syndrome.

‘PPMS: primary progressive multiple sclerosis.
9RRMS: relapsing-remitting multiple sclerosis.
hspms: secondary progressive multiple sclerosis.
IN/A: not applicable.

IMulti ple answers possible.

KSRDSS: Self-Reported Disability Status Scale.

IFull list of symptoms and disease-modifying medications available in Multimedia Appendix 5.

Health Diary Use Patterns

The use of the electronic health diary was monitored over 21
days between February 27, 2019, and March 19, 2019
(Multimedia Appendix 3). Over these 21 days, atota of 815
unique electronic health diary entries were collected from 134
diary campaign participants. Of note, more health diary entries
were collected on days when email invitations or reminders
were sent than on the adjacent days; for example, the fina
reminder sent on March 14, 2019 (bar marked by ared numeral
3in Multimedia Appendix 3), displayed the largest number of

entries (n=130) of the whole observation period. In addition,
the electronic health diary was used more intensively during
the official health diary campaign period (striped bars in
Multimedia Appendix 3).

Asshown in Table 2, 23.1% (31/134) of the participants wrote
only 1entry inthediary, and 11.2% (15/134) wrote 2. Moreover,
15.7% (21/134) of the participants had =10 entries (reflecting
>1 entry every 2 days). The highest number of entries written
by 1 person was 32 (including retrospective entries made during
the analysis time frame). Multimedia Appendix 6 summarizes
the completeness of health diary entries.

Table 2. Freguency counts and percentages of participants totalizing a certain number of diary health entries written during the campaign (N=134).

Number of entriesin the health diary per participant

Participants, n (%)

© 00 N oo o b~ W N P

[ T e e T < =
N © © ® N O W N kB O

31(23.1)
15 (11.2)
6 (4.5)
5(3.7)
6 (4.5)
6 (4.5)
9(6.7)
16 (11.9)
19 (14.2)
6 (4.5)
5(3.7)
2(15)
1(0.7)
2(15)
1(0.7)
1(0.7)
1(0.7)
1(0.7)
1(0.7)
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Content Analysis of the Textual Diary Data

The 134 electronic health diary campaign participants provided
atotal of 815 electronic health diary entries (in German: n=632,
77.5%; in French: n=135, 16.6%; and in Italian: n=48, 5.9%).
For the subsequent analysis, we only used the German health
diary entries, provided by 100 participants. The emotional scores
of the 632 diary entries were low overal, reflecting negative
emotions such as very anxious, sad, or hostile tone [33]. Of the
632 diary entries, 163 (25.8%) scored between 0 and 10, and
420 (66.5%) scored between 20 and 30. Furthermore, positive
emotions were expressed in only 7.6% (48/632) of the entries,
whereaswords rel ated to negative emotionswere used in 30.5%
(193/632) of the entries (Table 3). Other frequent LIWC-based
topic categories pertained to the body (191/632, 30.2%), health
(94/632, 14.9%), and work (67/632, 10.6%).

Of the 632 German electronic health diary entries, 526 (83.2%;
written by 93 participants) contained at |east 10 words and were

Sieber et &

used to create a 100-word word cloud (Multimedia Appendix
7; refer to Multimedia Appendix 8 for the frequency of the 25
most common words). As shown in Multimedia Appendix 7
and Multimedia Appendix 8, thewords*good” and “day” occur
most often, followed by “work,” “up,” “go,” “deep,” and “tired.”
Among the 25 most frequent words, some refer to time,
including “day,” “evening,” “morning,” “hour,” “time,” and
“afternoon.” Other words pertained to activities or movement,
such as “work,” “go,” “walk,” “make,” and “errand.” Severa
frequent words also related to body parts, physical well-being,
and health issues; for example, “tired,” “leg,” “pain,” “therapy,”
and “feel.” Although comparatively fewer wordswere associated
with social contacts, some were very common in diary entries,
such as“contact” or “family.” A word cloud and the frequency
of the most common words for each MS type (ie, PPMS,
relapsing-remitting multiple sclerosis, transition, and SPMYS)
are available in Multimedia Appendix 9.

LTS LTS

Table 3. Freguency counts and percentages of the diary entries containing relevant Linguistic Inquiry and Word Count word categories (N=632).

Characteristics

Values, n (%)

Negative emotion
Body

Health

Work

Positive emotion
Friends

Family

193 (30.5)
191 (30.2)
94 (14.9)
67 (10.6)
48 (7.6)
10 (1.6)
8(1.3)

Similarities Between Structured Electronic Health
Diary Data and Questionnaire-Based Data

The responses to the electronic health diary and the follow-up
survey exhibited several notable differences and similarities
quantified by the Jaccard index (Table 4). The EQ-5D-5L
(Jaccard indices; 0.73 and 0.63 below and above the median,
respectively) and the EQ-VAS (Jaccard indices: 0.59 and 0.49,
respectively) presented the highest Jaccard indices. Furthermore,
the electronic health diary and the follow-up survey methods
converged for the evaluation of gait disorder, signsof paralysis,
and fatigue (Jaccard indices: 0.5, 0.5, and 0.49, respectively).
By contrast, several symptoms, including pain, vestibular
disorder, weakness, spasms, bladder disorders, and concentration

https://mhealth.jmir.org/2022/10/e38709

problemsdisplayed comparatively lower Jaccard indices (<0.4),
despite being reported quite frequently (n>45; refer to the
column Union in Table 4 and the Ten most frequent symptoms
within the last 12 months section in Table 1) and at |east once
in the diary and the survey. The injectable immunomodul atory
drugs interferon beta-la (Avonex) and glatiramer acetate
(Copaxone), aswell asthe oral drugsfingolimod (Gilenya) and
teriflunomide (Aubagio), exhibited the highest similarities across
both assessment methods (Jaccard indices between 0.5 and 1,
refer to Multimedia Appendix 10 for the complete list of
disease-modifying medications). Of note, despite currently being
used fregquently, ocrelizumab (Ocrevus) was not mentioned in
the diary.
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Table 4. Similarity between diary and follow-up survey information on health-related quality of life, symptoms, and medication use provided by 134
electronic health diary campaign participants.?

Characteristics Overlap Union Jaccard index
EQ-5D-5L
EQ-5D-5L: <0.71 (overall median) 52 71 0.73
EQ-5D-5L: >0.71 33 52 0.63
EQ-VAS
EQ-VAS: <80 (overall median) 34 58 0.59
EQ-VAS: >80 23 47 0.49
Symptoms
Gait disorder 33 66 0.50
Signs of paralysis 12 24 0.50
Fatigue 39 80 0.49
Paresthesia (eg, numbness and tingling) 34 73 0.47
Tremor 8 18 0.44
Intestinal disorders (eg, constipation) 14 34 041
Weakness 22 58 0.38
Vestibular disorders 23 62 0.37
Pain 22 63 0.35
Affective lability and lack of control over emotions 5 15 0.33
Spasms (muscle cramps) 18 56 0.32
Memory disorders 9 28 0.32
Bladder disorders (eg, bladder weakness) 16 51 0.31
Convulsions and tics 5 17 0.29
Sexual disorders 5 19 0.26
Visual impairments 7 30 0.23
Problems with spatial orientation 7 30 0.23
Dizziness 7 32 0.22
Speech disorders 4 20 0.20
Swallowing difficulties (dysphagia) 3 15 0.20
Depression 3 16 0.19
Concentration problems 7 46 0.15
Other 0 10 0
Epileptic convulsions 0 1 0
Ten most frequent disease-modifying medications °
Interferon beta-1a (Avonex) 2 2 1
Glatiramer acetate (Copaxone) 5 7 0.71
Fingolimod (Gilenya) 12 21 0.57
Teriflunomide (Aubagio) 4 8 0.50
Interferon beta-1b (Betaferon) 2 5 0.40
Dimethyl fumarate (Tecfidera) 1 32 0.03
Ocrelizumab (Ocrevus) 0 36 0
Other 0 33 0
Interferon beta-1a (Rebif) 0 6 0
https.//mhealth,jmir.org/2022/10/638709 JIMIR Mhealth Uhealth 2022 | vol. 10 | iss. 10 [e38709 | p.56
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Characteristics Overlap Union Jaccard index
Natalizumab (Tysabri) 0 6 0
Rituximab (MabThera) 0 3 0

8The Jaccard index was used to measure the similarities (reporting overlap) among the different sources (0=no similarity and 1=maximum similarity).
The column Overlap represents the number of participantswith overlapping reportsin thediary and in the follow-up survey. The column Union represents
the total number of participants who reported a specific dataitem at least once in the diary or the follow-up survey collecting the symptoms experienced
within the last 12 months and the medication used within the last 6 months. The column Jaccard index represents the quotient of the Overlap values
and the Union values. The EQ-5D-5L index and the EuroQol visual analog scale index were dichotomized using the respective medians of all included

Swiss Multiple Sclerosis Registry enrollees with completed follow-up survey (n=658).

bEQ-VAS: EuroQol visual analog scale.

“Thefull list of disease-modifying medications is available in Multimedia Appendix 10.

Discussion

Principal Findings

On the basis of a health diary campaign nested into the SMSR,
our study sought to explore the factors associated with el ectronic
health diary use as well as the added value of diary entries
vis-a-vis survey-collected information. By comparing the
characteristics of 134 health diary campaign participants with
those of 524 nonparticipants, our study revealed that women,
persons with a more advanced disease state, those with alower
work percentage, or those without higher education (eg, a
university degree) were more likely to devote time to the
electronic health diary.

Contrary to our initial expectations, electronic health diary
participants were on average 5 years older than the
nonparticipants, more likely to be women, less likely to have
completed higher education, and more frequently had an
advanced Self-Reported Disability Status Scale score (=4). In
addition, a larger proportion of participants reported
experiencing diverse M S symptoms within the last 12 months,
in particular from more strongly hindering symptoms such as
fatigue, gait disorder, spasms, and vestibular disorders. Not only
are these symptoms disabling, but they may also lead to amore
confined life at home. Thesefindings may seem counterintuitive
at first glance because studies comparing characteristics between
web-based and paper-and-pencil study participants (including
a study from the SMSR) usually found younger age, higher
education, and less disease severity to be associated with a
higher probability of web-based participation [34,35]. However,
this study focused entirely on web-based participants. Thus, the
stratification by health diary use reflects afurther segmentation
of this population. In our analysis, persons with a higher
symptom burden and not working full time, which are two
factors associated with ol der age, were more likely to contribute
to the electronic health diary campaign. This finding overlaps
with an independent SM SR analysis showing that, based on a
set of standardized questions, persons with a high affinity for
using digital tools for MS management also tended to be older
(but still middle-aged) and to have a higher disease burden
(Nittas, unpublished data, March 2022). It can be speculated
that an elevated disease burden seems to come with more time
at disposal and a stronger desireto tell one's story aswell asto
understand one's disease.

When analyzing the content of health diary entries, participants
reports mainly addressed themes related to the body, health,

https://mhealth.jmir.org/2022/10/e38709

and work, as confirmed by the LIWC and word cloud analytic
approaches. Moreover, the frequent mention of words such as
“deep” or “tired” corresponds well with frequent reports of
fatigue in the diary as well asin the SMSR follow-up survey
(Table 1).

A substantial number of participant reports had a negative
emotional coloration and were referring to, for example, the
adverse effects of MS on their body and daily life activities.
Indeed, keywords from the LIWC categories negative emotion
and body appeared in the same proportion of diary entries and
were thus possibly co-occurring. Diary participants seemed to
rather express concerns—possibly about their disease affecting
their body and their active life. Whereas a larger proportion of
the nonparticipants talk about MS to their relatives, diary
participants seemed to confide their worriesin the diary [36].

Of further note, the comparison of structured information from
the electronic health diary and the follow-up survey generally
exhibited good overlapsfor health-related quality of life aspects,
relatively stable and frequent symptoms, and—to a lesser
extent—for medications with a frequent intake schedule (eg,
injectable or oral drugs). The health-related quality of lifeindex
EQ-5D-5L reveded the highest overlap, which is consistent
with the general notion that thisindicator isnot very responsive
to smaller health status changes. The more subjective EQ-VAS
showed somewhat smaller overlaps, possibly because the
EQ-VAS is more responsive to daily fluctuations [9]. The
Jaccard index was also relatively high for stable or
slow-changing symptoms such as gait disorder, signs of
paraysis, and fatigue. By contrast, the similarity analysis of
medication use mostly yielded low Jaccard indices, suggesting
little overlap. Nonetheless, ol der, established injection therapies
for relapsing-remitting M'S, such asinterferon beta-1a (Avonex)
[37] and glatiramer acetate (Copaxone) [38], although not used
by a large proportion of our study participants, displayed the
highest Jaccard indices, demonstrating little change in
medication. Furthermore, more modern and convenient
treatments such as fingolimod (Gilenya) and teriflunomide
(Aubagio), which are two oral therapies with daily intake for
relapsing-remitting M S, also exhibited relatively high Jaccard
indices. Nonetheless, other modern M S drugs administered in
monthly (natalizumab [Tysabri]) infusions at clinics
demonstrated low Jaccard indices because of the diary
instructions that asked participants for MS medication in the
previous day only. Furthermore, the frequently used infusion
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drug ocrelizumab (Ocrevus) was only widely prescribed in
Switzerland after the health diary campaign ended [39].

To the best of our knowledge, this is the first study to assess
the similarities between data collected through a web-based
survey and data collected by means of an electronic diary. The
different person and disease characteristics associated with
electronic health diary use can help refine the target popul ation
for implementing electronic health diary tools in research
contexts. Furthermore, the findings suggest that health diaries
can form a meaningful complement to regular surveys by
providing additional insights into daily life topics and timely
updates on hedth-related quality of life or symptom and
medication status of persons with MS. Although ecological
momentary assessment research has highlighted the possible
risk of retrospection biasin retrospectively reporting symptoms
averaged over longer times [40], subjective perceptions of
illnesses vary strongly and meaningfully across people [41].
Indeed, evaluating subjective viewswith regard to, for example,
symptoms of people with MS not only adds value to
standardized assessments pertaining to personalized treatment
planning but also helps to explain adherence to treatment
regimens [42]. Moreover, free-text questions as implemented
in our diary can complement regular standardized assessments
by providing additional levels of detail. Furthermore, being
given the opportunity to report on their experiencesin their own
words is often appreciated by study participants and, as
suggested by the extensive expressive writing literature, may
even be of therapeutical valueinitself [43]. Our el ectronic health
diary combinesthe known advantages of ecological momentary
assessment with the advantage of not restricting answers to
forced, given choices.

The study was aso informative on a methodological level.
Although the health diary has been part of the SMSR platform
since its launch, voluntary use was very low, on average <1
entry per day per participant. By contrast, we noticed that the
use of the electronic health diary was enhanced after
motivational emails were sent to the participants. These
experiences suggest that health diary studies may benefit from
being embedded into a campaign with clear aims and alimited
time frame, as revealed by previous studies [44,45].

Strengths and Limitations

Our study benefited from a large, diverse, well-documented
study base for enrollment [18,19]. Moreover, this is the first
health diary study in MS to use a blend of different analytical
approaches (descriptive satistics and natural  language
processing) to glean insights into health diary use patterns and
daily life aspects; for example, closer inspection of diary entries
revealed novel aspects such asthe stressimposed by application
procedures for disability insurance or individual coping
strategies for well-being by persons with MS (not shown).
Therefore, diary studies harbor a significant untapped potential
for hypothesis generation and inspiration for research topics.

However, some limitations should be noted. First, our study
excluded personswho preferred paper-and-pencil surveys. This
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excluded group reflects a popul ation with more advanced disease
states and possibly lower digital literacy (Nittas, unpublished
data, March 2022). However, similar to our study, earlier
investigations also observed that at an early stage of the disease,
persons with MS are less likely to engage in research studies
(Nittas, unpublished data, March 2022), [46], hypothetically
because they are in denial regarding their disease or do not
entirely realize the scope of it yet. In addition, the distance in
time between the health diary campaign and the follow-up
survey completion was relatively long. Hence, the MS
symptomatology, as well as treatment strategies, may have
changed in the meantime (eg, ocrelizumab [Ocrevus| has started
to bewidely prescribed in Switzerland after the end of the health
diary campaign). It isimportant to mention that the results could
be replicated using different comparison data provided by the
SMSR. Future research would benefit from further investigating
the added value of such free-text health diaries by comparing
entries with standardized instruments of physical and mental
well-being assessed in parallel. Furthermore, among the 658
eligible web-based SM SR participants, only afraction (n=134,
20.4%) took part in the diary study, thus limiting the
generalizability of the results. Besides, the vast majority
(113/134, 84.3%) of the participants made <1 entry every 2
days in the diary, and 34% (46/134) contributed only once or
twiceto the diary campaign. Thislack of regularity in diary use
was also a limitation to our study. The implementation of a
diary with automated reminders[47] might be a promising way
forward to increase participation [12,14]. Nevertheless, these
limitations observed in our study may also hinder a broader
application of electronic diaries in ecologica momentary
assessments.

Therefore, a better understanding of participant needs,
motivational factors, and the effectiveness of incentives is
urgently needed to enable a broader application and long-term
use of health diariesin health research and di sease management.
In addition, in light of recent advancesin fields such as natural
language processing [48] and speech recognition [49] (eg,
Hugging Face [50]) based on machine learning or wearable
sensor technologies (eg, fitness trackers) [42,51,52], future
studies should examine how health diaries could be optimally
combined with novel technologies.

Conclusions

To summarize, our study suggests that health diaries can be a
valuable complement to regular, structured questionnaires in
the context of MS research. However, they should ideally be
embedded into a campaign with motivational activities such as
email reminders or regular data feedback. Our findings further
suggest that atopical focus on daily life aspects, health-related
quality of life, and stable symptoms elicited more similar
responses to standardized assessments and were thus less
informative than medication diaries. Hence, medication diaries
for daily dispensed (oral or injectable) drugs may offer
opportunitiesfor drug intake compliance tracking and unwanted
drug effect occurrence monitoring.
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Abstract

Background: Intermittent fasting (IF) is an increasingly popular approach to dietary control that focuses on the timing of eating
rather than the quantity and content of caloric intake. |F practitioners typically seek to improve their weight and other health
factors. Millions of practitioners have turned to purpose-built mobile appsto help them track and adhereto their fasts and monitor
changes in their weight and other biometrics.

Objective: This study aimed to quantify user retention, fasting patterns, and weight loss by users of 2 IF mobile apps. We also
sought to describe and model starting BMI, amount of fasting, frequency of weight tracking, and other demographics as correlates
of retention and weight change.

Methods: We assembled height, weight, fasting, and demographic data of adult users (ages 18-100 years) of the LIFE Fasting
Tracker and LIFE Extend apps from 2018 to 2020. Retention for up to 52 weeks was quantified based on recorded fasts and
correlated with user demographics. Users who provided height and at least 2 readings of weight and whose first fast and weight
records were contemporaneous were included in the weight loss analysis. Fasting was quantified as extended fasting hours (EFH;
hours beyond 12 in afast) averaged per day (EFH per day). Retention was model ed using a Cox proportional hazards regression.
Weight loss was analyzed using linear regression.

Results: A total of 792,692 users were followed for retention based on 26 million recorded fasts. Of these, 132,775 (16.7%)
users were retained at 13 weeks, 54,881 (6.9%) at 26 weeks, and 16,478 (2.1%) at 52 weeks, allowing 4 consecutive weeks of
inactivity. The survival analysis using Cox regression indicated that retention was positively associated with age and exercise
and negatively associated with stress and smoking. Weight lossin the qualifying cohort (n=161,346) was strongly correlated with

starting BMI and EFH per day, which displayed a positive interaction. Users with a BMI 240 kg/m? lost 13.9% of their starting

weight by 52 weeks versus a slight weight gain on average for users with starting BMI <23 kg/m? EFH per day was an
approximately linear predictor of weight loss. By week 26, userslost over 1% of their starting weight per EFH per day on average.

The regression analysis using all variables was highly predictive of weight change at 26 weeks (R*=0.334) with starting BM| and
EFH per day as the most significant predictors.
Conclusions: IF with LIFE mobile apps appears to be a sustainable approach to weight reduction in the overweight and obese

population. Healthy weight and underweight individuals do not lose much weight on average, even with extensive fasting. Users
who are obese lose substantial weight over time, with more weight loss in those who fast more.

(IMIR Mhealth Uhealth 2022;10(10):€35896) doi:10.2196/35896
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Introduction

Background

Worldwide, 13% of adults have obesity (BMI =30 kg/m?) and

39% are overweight (BMI =25 kg/m?) [1]. In the United States,
obesity is>3 times higher at 42.5% of the adult population [2],
and by 2030, the prevalenceis expected to be close to 50% [3].
Mobile health appsthat incorporate practices such asintermittent
fasting (IF) may be a cost-effective approach to mitigating
weight gain.

IFisaset of dietary patterns commonly pursued for weight loss
that limitsthe timing of eating without restricting food content.
Studies have shown that various |F methods are effective for
weight loss in people who are overweight [4-9], including
time-restricted eating, aternate day fasting, and a 5:2 diet
[10-14]. However, these studies have been conducted in small
populations (<200 compl eters), for short durations (afew weeks
up to 6 months), and with narrowly defined IF protocols
assigned to participants. In the real-world setting, IF patterns
may not be as cleanly defined, especially over longer durations
during which multiple fasting patterns may be explored.

Mobile apps for IF and weight tracking offer an opportunity to
examine IF in a less-controlled setting and investigate its
real-world efficacy for weight management. They are also a
low-cost intervention for addressing obesity in the general
population and may incentivize the adoption of healthy habits,
including exercise and hedlthy eating [15,16]. Despite their
potential benefits, the use of mobile health apps has been limited
owing to low retention rates [17-19], and only a handful of
available health apps have been subjected to rigorous study to
establish their efficacy.

This Study

We evaluated retention, fasting patterns, and weight change
among users of 2 free IF tracking apps, collectively known as
LIFE apps. LIFE Fasting Tracker (LFT), which is focused on
fasting, and LIFE Extend (LX), which additionally supports
tracking of physical activity, mindfulness, sleep, and healthy
plant intake. From 2018 to 2020, the 2 apps acquired acombined
user base of 2.5 million downloads. User accounts and backend
data storage for the 2 apps are shared, such that fasts could be
started in one app and stopped in the other, and al the data are
interchangeable. LFT waslaunched over ayear earlier than L X,
so only asmall fraction of the datain this study was generated
viaLX.

We followed nearly 800,000 users for retention and real-world
fasting behaviors. We further analyzed weight change patterns
relative to app use and demographicsin asubpopulation of over
160,000 users who used appsto track their weight over time.

We showed that practicing |F with a dedicated mobile app is
an effective and sustainable approach to weight loss in
individuals initially classified as overweight and obese. Many
users consistently used the apps to record fasts every week for

https://mhealth.jmir.org/2022/10/e35896

months. Users with obesity lost substantial weight over time,
with more weight lossin avid fasters. Weight lossin users with
obese or overweight BM| was sustained, on average, for up to
ayear with little rebound. Conversely, users with a healthy or
underweight BMI lost little or no weight, even with extensive
fasting over 52 weeks.

Methods

Mobile Appsand Users

We assembled all fasting and weight data for users who began
using either of the L1FE apps between the launch of the LFT in
May 2018 and December 2020. Analyses of fasting, retention,
and weight are al relative to when the user began recording
fastsin the apps, minimizing seasonal and other calendar effects.
Other voluntary data collected were sex, age, race, height, diet,
exercise frequency, stress level, smoking status, and primary
health concern. For inclusion in our analyses, users had to have
provided sex and date of birth and recorded at least one fast,
thefirst of which had to have been started on or after their 18th
birthday.

For the weight change analyses, we further required the user to
have provided height and an initial weight recorded within 7
days of the first fast. Heights and weights had to have been
within validation ranges of 145-203 cm and 25-249 Kg,
respectively. Height and weight can be entered in either metric
or imperia units, with subsequent conversion to metric units
for storage and analysis. Weidentified 902 users whose weight
change at weeks 1 to 52 was >5 SD from the average across all
users for that week. Without knowing which value or values
were presumably misentered, we ssimply excluded those users
entirely from the weight analysis, made feasible by the study’s
large sample size. Weights were subject to a 24-hour burn-in
period, using the last weight recorded during that time as the
baseline value. This burn-in accommodated users who may
have entered an initial weight in the app based on their
recollection and entered an update after checking it on a scale
or who corrected their entry after checking units.

Fasting

We assembled all fasting records for the full set of nearly
800,000 users. Although the apps allowed shorter and longer
fasts to be tracked, we eliminated fasts under 8 hours and
truncated fasts to a maximum length of 240 hours. To reduce
the effects of forgotten fasts that were ended and saved in the
appslong after eating had resumed, we eliminated any fast that
was 120 hours or longer but where a fasting goal of under 24
hours had been specified by the user. This yielded 25,983,817
fasts for our analyses.

We aggregated fasting statistics for each user for weeks 1 to
104 but primarily investigated weeks 1 to 52. Information
regarding week 53 to 104 was used, when available and
applicable, to determine retention. For each week, we totaled
the number of started fasts, the average fast length, and the sum
of hours beyond the first 12 in a fast, which we call extended
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fasting hours (EFH), and EFH per day (ie, EFH per day=sum
of EFH for al fastsstarted in aweek/7). The 12-hour time point
in a fast is when the body is expected to have depleted the
energy from recently consumed food and may begin ametabolic
switch to deriving energy from the breakdown of fat [20]. This
shift isalso referred to as entering ketosis and isthought to help
drive weight loss and other health benefits [20]. EFH per day
also presents aunified way to analyze fasting effectsfor people
with different total fasting time and frequency but similar time
inketosis. For example, auser who performsdaily 16-hour fasts
will have the same 4 EFH per day as a user who performs two
26-hour fasts per week, even though their total recorded fasting
timeis quite different (112 vs 52 hours per week).

We also cal cul ated the cumul ative means of these measures for
all weeks, up to and including the given week.

Retention

We assessed user retention based solely on records of completed
fasts and not on other user behavior such as log-ins or use of
other app features. Starting with the date of each user’s first
fast, we assessed their fasting activity for each week. The most
restrictive definition of retention is when a user is only
considered retained so long as they record a fast in each
consecutive week. We refer to this definition as retention with
a 0-week grace period. In contrast, the most lenient definition
of retention is where the user is considered retained the entire
time between their first and last recorded fast, regardless of how
much activity they have in between. Werefer to thisasretention
with an unlimited grace period. Thisdefinition isalso sometimes
called rolling retention [21].

We explored retention by varying the number of weeks in the
graceperiod. Welooked at 0, 2, 4, 8, 13, 26, and unlimited-week
grace periods. After considering this spectrum of retention
metrics, we decided to apply the 4-week grace period retention
definition for all subsequent analyses. For example, if the user
recorded no fastsin weeks 10 to 13 but did fast in week 14, the
user was still considered retained in weeks 10 to 14, but if they
resumed fasting in week 15 or later, their retention would have
ended with week 9. Note that our univariate estimates of
retention are conservative because many users start near the end
of our data collection period, thus not having the opportunity
to be counted as activein the app during the full 52 weeks (plus
the grace period) that they might otherwise have counted toward.
In the multivariate analysis, we used right censoring to account
for thisissue.

Weight Change and BM|I

Userswereincluded in theweight change analysesfor all weeks
for which they satisfied the 4-week grace period retention
definition and in which they had arecorded weight. To account
for the wide range of starting weights, weight change was
analyzed as percent change from the user’s starting weight. The
effect of obesity was also considered in some anayses by
stratification on starting BMI. We categorized BMI using the
Centers for Disease Control and Prevention definitions [22],
with the further division of the healthy BMI category into
healthy low and healthy high defined as the ranges 18.5 to 22
and 23 to 24, respectively. Healthy low and healthy high
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categories had an approximately equal representation in our
baseline user data.

For the weekly weight aggregates, we cal culated mean weight
and the number of weights recorded during the week. The
baseline weights were excluded from the week 1 aggregates.

Analysis

We performed all data analysis using Python 3.9 librariesin a
JupyterLab [23] notebook environment installed within
LifeOmic’'sPrecision Hedth Cloud, the secure, Hedlth Insurance
Portability and Accountability Act—compliant backend of the
LIFE apps. A security review process was used to ensure that
no identifiable data were released from the precision health
cloud. In addition to providing descriptive summary statistics,
including means, SDs, and percentages, we used multivariate
modeling approaches. Retention was modelled using Cox
proportional hazardsregression, asimplemented inthe Lifelines
package (version 0.27.1) [24]. Right censoring was applied to
users who joined late in the study and did not have the
opportunity to be retained for 52 weeks. Weight change was
modeled using ordinary least squares regression, asimplemented
in Statsmodels (version 0.12.2) [25]. Graphs were generated in
Seaborn (version 0.11.1) [26], which was also used to generate
the Cls displayed, except for the hazard ratios and regression
figures, which were generated in Plotly (version 5.0.0) [27].
Data handling was managed using Pandas (version 1.3.1) [28].

Ethical Considerations

This study was exempt from ingtitutional review board approval
per Indiana University’s research guidelines [29]. The study
consisted of retrospective secondary analysis of deidentified
data. The use of these data for research and aggregate reporting
is covered in the privacy policy of the LIFE apps[30].

Results

LIFE Apps Users

A total of 792,692 users satisfied the inclusion requirements
for the fasting and retention analysis. The detailed demographic
and biometric data for this population are presented in
Multimedia Appendix 1. Their mean age was 36.7 (SD 10.9,
range 18-100) years, and 81.3% of users were female. Users
werelocated in nearly 200 different countries, with the majority
being in the United States. Of these, 161,346 users met the
height and weight measurement requirements and recorded at
least one post-burn-in weight. This subpopulation was
demographically similar to the entire population.

Retention

Figure 1 displays the retention patterns for the L1FE apps over
the course of 52 weeks, calculated using 7 different fasting
activity grace periods. There was an immediate drop of 28.7%
of users (227,867/792,692) who never recorded a fast beyond
week 1. Under the unlimited grace period, where up to 102
weeks of no fasting records were permitted, 41.9%, 29.6%,
21%, and 13.9% of users were retained at 13, 26, 39, and 52
weeks, respectively. At the other extreme, O-week grace period
retention (also known asfull retention) captured amuch smaller
fraction of users (7.3%, 2.7%, 1.4%, and 0.8%, respectively).
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Figure 1. User retention, calculated by different grace periods of inactivity. In total, 792,692 users were tracked starting from their first recorded fast.
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Intermediate grace periods corresponded naturaly to
intermediate retention rates (Figure 1). For all remaining
analysesin this study, we opted to use the 4-week grace period
definition of retention becauseit allowed usto study the evident
variability of use while precluding highly prolonged inactivity.
These users recorded a fast approximately every month at a
minimum. Retention rates under this definition were 16.7%,
6.9%, 3.6%, and 2.1% at 13, 26, 39, and 52 weeks, respectively.
While users may have slowly increased their fasting frequency,
taken a break, or ramped down at the end, exploring such
behavioral dynamics falls outside the scope of this study.

Demogr aphics

Retention using the 4-week grace period differed substantially
by several demographic criteria (Multimedia Appendix 1). The
Cox proportional hazards regression model built over the first
52 weeks confirmed that several factors were significant, even
after controlling for other factors (Multimedia Appendix 1;
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Figure 2). While many demographic and behavioral factors
werefound to correlate with retention, 4 trendswere particularly
notable in the Cox model. Older users had higher retention—a
hazard ratio of 0.617 (95% Cl 0.596-0.639) for users aged =60
years means they are estimated to be about 38% less likely to
drop each week than users <30 years. Similarly, increasing
levels of exercise (asreported at baseline) reflected much greater
retention, with daily exercisers dropping about 28% less often
than users with a sedentary lifestyle. Conversely, stress and
smoking conferred lower retention rates—10% and 25% higher
drop rates respectively for users with extreme stress or daily
smoking habits relative to users who have no stress and never
smoked. While losing weight was the most common primary
health concern, those users’ retention was substantially lower
than for users whose primary concerns were healthy aging and
preventing chronic disease. Sex and starting BMI appeared to
have only small effects on retention.
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Figure 2. Hazard ratios with 95% Cls for failure to retain. Based on the Cox proportional hazards model over the 52-week study. HR=1 corresponds
to the reference values: female, age <30 years, primary health concern as weight loss, starting BMI in the normal low category, white, typical western

diet, sedentary, and never smoker. HR<1 reflects higher retention rates.
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Fasting Practices and Patterns

Weekly Fasting Frequency

Even when retained, user fasting behavior is likely to change
over time. We examined fasting patterns based mainly on the
first 26 weeks among users retained that long. The 26-week
period is long enough to see what long-term use of the fasting
appsis like, while affording a larger sample size than looking
only at users who were retained at 52 weeks. It also avoids
overweighting the first few weeks of use when we had the
largest sample but while userswere still establishing their fasting
routines.

The most common days to start a fast were Sunday, Monday,
and Tuesday, whereas Friday and Saturday were the least
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RenderX

popular. We al so examined the distribution of fasts per user per
week over the first 26 weeks for 54,811 users retained at 26
weeks using the 4-week grace period. The mean frequency was
425 (SD 1.91) fasts per week. Fasting frequency was
approximately bimodal, with a broad peak centered on 3 fasts
per week and a sharp peak at 7. Slightly more than one-quarter
(13,981/54,881, 25.5%) of the users fasted 6 to 7 times per
week. In Figure 3, weekly fasting frequency is shown separately
for the 3 most common self-reported race values. The
differences suggest large cultural influences on auser’s choice
of fasting routine. Older users were also much more likely to
fast 6 to 7 times per week than younger users (4033/11,768,
34.3%, vs 1521/9572, 15.9%) for users =50 years versus those
<30 years.
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Figure 3. Fasting frequency statistics for users retained at 26 weeks, averaged over the first 26 weeks of use and grouped by self-reported race. Bins

are half-fast width, left-inclusive, and include 7 in the highest bin.
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Fasting Lengths

The most common fasting length of the 26 million fastsanalyzed
over the entire length of the study was 16 hours. The mean and
median lengths were 21.0 and 18.0 hours, respectively, while
the lower and upper quartiles were 16.1 and 20.9 hours. Figure
4 showsthe complete distribution of fasting lengths. The modal

Figure 4. Histogram of fast lengths and alog scale histogram inset.
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starting and ending hours were 7 PM and noon, respectively
(Figure 5). A total of 93.5% (24,289,517/25,983,817) of fasts
were <32 hours, typically spanning asingle night. A pattern of
multiday fastsis evident when plotted on thelog scalein Figure
4 (inset), with smaller peaks for each additional day and clear
spikes at precise multiples of 24 hours.
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Figure5. Distribution of starting and ending hour of fastsin local time.
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We al so examined the average fast |length by user for the 54,881
users who were retained at 26 weeks under the 4-week grace
period definition. Figure 6 showsthose 26-week averages broken
down by user fasting frequency. Overall, 8.2% (4506/54,881)
of users had amean fast length of >32 hours, indicating a pattern
of multiday fasts. As expected, among users who fasted <3

Torres et al

3 15 18
Fast endlng time
(hour of day)

times per week, a much larger fraction (4055/17,057, 23.7%)
was in the multiday zone of >32-hour average fasts, athough
the modal average was 18 hours. The average fast lengths for
users who fasted 6 to 7 times per week also varied greatly,
peaking at 19 hours.

Figure 6. Distribution of average fast lengths per user across the first 26 weeks for users still retained at 26 weeks, broken down by weekly fasting

frequency.
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Combining fasting length and frequency, the cumulative mean
EFH per day was 5.0 at 26 weeks, which would correspond to
adaily fasting routine of 17 hours.

Weight Change

Demographics

We analyzed weight change for the 161,346 users who met the
4-week grace period retention criteria and recorded multiple
weights in the fasting apps. From the univariate perspective,
weight change as an outcome varied by several factors, including
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age, primary health concern, starting BMI, and EFH per day
(Multimedia Appendix 2).

To address the correlation and confounding among variables,
we conducted an ordinary least squares regression analysis of
weight change at the 26-week time point. At 26 weeks, there
were 1252 userswith arecorded weight and valuesfor all input
variables. The result was that the only factors with P<.05 were
starting BMI, EFH per day, and Black or African American

race (Multimedia Appendix 2; Figure 7); R?=0.334. Results
were similar for the models built at weeks 13, 39, and 52 (data
not shown).
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Figure 7. Regression coefficients with 95% Cls for weight change at 26 weeks. The model was built using ordinary least squares linear regression for

the 1252 users who had answers for all variables and aweight recorded in week 26 (R2=0.334). Coefficients are shown as zero for the reference states:
female, age <30 years, primary health concern asweight loss, starting BMI in the normal low category, white, typical western diet, sedentary, and never
smoker. The regression coefficients reflect the difference in percent weight change at 26 weeks relative to the reference state for that category.
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We further graphically explored the 52-week patterns of weight
change relative to EFH per day and starting BMI, which
emerged as the main variables explaining variability in weight
change. Figure 8 depicts weight change for users who are not
categorized as underweight binned weekly based on their
cumulative average EFH per day. While users fasting less than
2 EFH per day lost only about 2% of their starting weight by
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26 weeks, users with more extensive fasting lost more than 1%
of their starting weight for each additional hour of EFH per day.
Within each EFH per day bin, weight change appeared to
eventually plateau, with weight loss continuing longer at higher
levels of fasting. Weight loss continued for 39 weeks for users
with =8 EFH per day before plateauing. A graph of weight
change stratified by starting BMI is shown in Figure 9.
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Figure 8. Weight change over time, stratified by users’ cumulative average extended fasting hours (EFH) per day. Excludes users with underweight
starting BMI. Mean values are plotted with 95% Cl's represented by shading.
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Figure9. Weight change over time, stratified by user’s starting BM| category. Mean values are plotted with 95% Cl s represented by shading.
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We examined the combined effects of starting BMI and fasting
quantity by plotting the EFH per day strata separately for each
starting BMI category (Figure 10). Within each category, the
effect of increasing EFH per day appears to be approximately
linear, as seen previously in Figure 8, but the scale at which
extended fasting impactsweight lossincreaseswith higher BMI.
Similarly, it is clear that the starting BMI is still predictive of
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weight loss, even after accounting for the amount of fasting.
The evident interaction between these 2 factors was confirmed
by rebuilding the 26-week regression model with the addition
of an interaction term for continuous measures of starting BMI
and EFH per day. Inthat analysis, the P value for the interaction
term was <.001, whereas the P values for the EFH per day bins

increased to >.05. R? increased slightly to 0.356.
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Figure 10. Weight change over time, stratified by user’s starting BMI level and cumulative average extended fasting hours (EFH) per day. Mean values

are plotted with 95% Cl's represented by shading.
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We also examined the number of users who achieved certain
thresholds of weight loss. Figure 11 shows the proportion of
users with starting BMI =25 kg/m? (ie, overweight or obese)
who reached weight loss of 5%, 10%, 15%, and 20% over time.
Success in reaching the 5% weight loss threshold was mostly

weeks. By 26 weeks, 67.2% (1475/2194) had lost at least 5%
of their starting weight, and 38.9% (854/2194) had lost at |east
10% of body weight. Reaching higher weight loss thresholds
generally took much longer to achieve, with gradually larger
fractions of users reaching them in 52 weeks.

Figure 11. Percentage of users with obese or overweight starting BMI (=25 kg/mz) who achieved 5%, 10%, 15%, and 20% weight |oss by week.
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Discussion

Context

This study is the largest examination of |F conducted to date
and is orders of magnitude larger than any previous effort
[5,7,12,31-33]. Owing to the use of mobile appsto record fasting
events and weight, we were able to document real-world
behavior and results, including both retention and weight
change. Unlike most prior studies, we included people with
healthy weight or underweight rather than just people
categorized as overweight or obese, and our population covered
extensive demographic variability, including an age range of
18to 100 years.

Retention

The spectrum of retention metrics (Figure 1) shows that there
are many users who consistently used the apps to record fasts
every week for months (0-week grace period). Other userstook
breaks lasting weeks or months, but came back to the apps
later—13.9% of users recorded a fast during weeks 52 to 104
(ie, retention at week 52 with an unlimited grace period), which
is an underestimate because most users downloaded the app
lessthan 2 years before the end of the study. Whether users are
engaged in IF during reporting gaps is unknown, but these
variable use patterns are likely typical for mobile health apps,
aswell as health behavior in general [34,35].

Retention statistics for mobile apps are not commonly available
for proprietary apps. An analysis by AppsFlyer found that day
30 retention (fraction of original users active on day 30) for
health and fitness apps in the United States in 2020 averaged
<6% [36]. The week-12 retention statistics (fraction of original
users active during week 12) for all appsin 2020 were 3.6% for
Android and 5.1% for iOS. This 12-week retention definition
is more generous than our 0-week grace period definition, yet
the retention we observed at that time point (Figure 1) was
greater, perhaps owing to the simple core utility of the fasting
app for tracking the timing of fasts.

Age was the best predictor of retention in our study, which is
consistent with other analyses of retention predictorsfor lifestyle
interventions [37]. Older users may become more fixed in new
habits, appreciate the consistency of using apps regularly, and
belesslikely to try out multiple competing apps. They are also
more likely to have serious health concerns, such as heathy
aging, which may increase their motivation to adhere to new
interventions. Users whose stated primary health concern was
weight loss were younger and had the lowest retention rate.

Several other variables were notable in their relationship to
retention in both univariate and multivariate analyses
(Multimedia Appendix 1). Consistent with previous reports
[37,38], 26-week retention was more than twice as high for
daily exercisersversus sedentary users. Thiswas also concordant
with previous findings of higher dietary compliance among
those who exercise regularly [39]. Stress has been shown to
predict poor adherence to weight loss programs[37], and users
of the LIFE apps reporting extreme stress had the lowest
retention. Smoking conferred lower retention rates compared
with nonsmoking, which isal so consistent with previous reports
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[40,41]. Interestingly, retention differences by sex, diet, and
starting BMI were among the smallest.

Fasting Patterns and Weight Change

Thereal-world spectrum of fasting behavior documented in our
study shows variable and flexible adherence to IF regimens,
making specific idealized fasting protocols hard to discern in
the data. We did clearly see a group of 25.5% of users who
practice a daily, or nearly daily, fasting routine (=6 days per
week) averaged over the first 26 weeks, whereas the rest skip
multiple days per week. Among users who fast, on average,
fewer than 3 times per week, the majority fast under 24 hours,
suggesting that they are more sporadic in their fasting or less
vigorous in tracking in the apps. A total of 7.5% of users had
averagefastsover 32 hours, likely corresponding to the extended
paradigms of |F such as 5:2 and alternate day fasting.

Owing to the multidimensional gradations of fasting patterns,
we proposed the concept of EFH per day, asametric to quantify
fasting acrossall users. EFH per day combines fasting frequency
and fasting length into a single measure and servesto unify the
various fasting regimens for analysis. EFH per day was
predictive of weight lossin anearly linear fashion (Multimedia
Appendix 2; Figures 8 and 10), supporting it as a relevant
framework for quantifying fasting. We also showed that the
magnitude of the fasting effect varied by starting BMI, with
greater weight loss in individuals with higher levels of obesity
practicing the same level of IF. Our findings have clear
implications for people who wish to lose weight by using IF.
The daily 16:8 IF routine that is commonly promoted is a
minimum for those who wish to lose more than a few percent
of their weight.

To explain these results, we hypothesize that the correlation
between EFH per day and weight loss and the interaction with
starting BM| can be attributed primarily to differencesin caloric
restriction. In previous studies, those who practiced alternate
day fasting, the 5:2 diet, or time-restricted eating reduced their
daily calorie intake by 10% to 30% [42]. With shorter eating
windows, userswith low starting BM| may be able to consume
sufficient calories to maintain their weight, while users with
higher BMI cannat, resulting in disproportionate weight loss.
Various IF regimens have been shown to be as effective for
weight lossasintentional caloric restriction [6,8,43,44], dthough
IF might be easier to adopt and follow in the long term [13,45].

The weight loss effects of longer fasts may additionally be
driven by the metabolic switch from glucose to ketones derived
from fat tissue and free fatty acids [46]. This switch has
previously been associated with weight loss [20] and occurs
between 12 hours and 24 hours into a fast, depending on
previous carbohydrate intake and energy expenditure [46,47].
A primary benefit of the switch from use of glucoseto freefatty
acids and ketones is the mobilization of body fat stores while
preserving muscle mass, thereby improving body composition.
Associated improvements in insulin sensitivity, visceral fat
mass, and systemic inflammation may persist at the end of each
fast when the system reverts to glucose metabolism, in part
because of preserved muscle mass [19]. These effects are
amplified in longer fasts, as insulin sensitivity reaches a nadir
at 54 hours.
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Analysis of weight loss threshold achievement facilitates the
comparison of |F with other interventions. By 26 weeks, 67.2%
(1475/2194) of users with overweight and obese starting BMI
lost at least 5% of their starting weight. Thisis comparable to
theresults achieved by users of the Diabetes Prevention Program
through the Noom platform, 64% of whom lost over 5% of their
body weight in 24 weeks [48]. In our study, 38.9% (854/2194)

of users with BMI =25 kg/m? lost at least 10% of their body
weight in 26 weeks, while this threshold was achieved by only
23% of Noom usersin the same amount of time[49]. In another
comparison, only 25% of the participants enrolled in the
Livongo Diabetes Prevention Program lost more than 10% of
their body weight by 54 weeks, with most users achieving 5%
weight loss[50].

While it is common for people who lose weight to be subject
to weight regain [51], overweight users sustained most of their
weight loss at 52 weeks, with users in obese class |1 and Il|

(BMI =35 kg/m?) trending toward even more weight loss at 52
weeks. In contrast, users whose starting BMI classified them
as underweight had no weight change on average at 13 weeks
and proceeded to gain weight if they continued with the apps
out to 52 weeks. This is an important finding because of the
frequently raised concern that | F may promote eating disorders
[52]. Our findings suggest that IF is generaly a safe practice
even for users at the low end of BMI because even those users
who fasted extensively tended to lose little weight (Figure 10).

Age was positively associated with greater weight loss,
consistent with previous findings [53]. The effect we observed
is explained by more fasting by older users rather than as a
consequence of metabolic or dietary differences, according to
our multivariate model. This is consistent with a 2013 study
that showed that, compared with younger participants, older
adults lost significantly more weight after a diet and exercise
intervention and were more successful at maintaining weight
loss even after 3 yearsof aninternet-based maintenance protocol
[54]. The lack of weight loss difference between women and
men is also consistent with previous findings [55].

Conclusions

Asof 2016, closeto 50% of adultsin the United Stateshad tried
to lose weight within the preceding 12 months according to
Centersfor Disease Control and Prevention data[56]. Moreover,
as of 2018, over 40% of adults in the United States were
considered obese [57]. In our study of mobile app usersin the
real-world setting, we found that IF is an effective strategy for
weight loss for many people. Studies in people with obesity
demonstrate that losing 10% of your body weight is enough to
improve blood pressure and normalize cholesterol blood levels,
while losing just 5% is enough to improve glycemic control,
which is central to the prevention and management of diabetes
[58]. In just 13 weeks, among LIFE apps users with a starting
classification of overweight or obese, 60% of them lost 5% or
more of their starting weight and 21% lost >10%, reflecting the
potential clinical valuethat isachievable. Theserates of success
were higher in our users than in users of paid apps with active
coaching, such as Noom and Livongo.
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Self-reported datain this mobil e setting offered many intriguing
correlates of retention and weight loss. Meaningful factors
included diet, exercise, stress, and smoking, all of which lend
themselves well to mobile tracking, including integrated
wearables, for reliable measurement and analysis.

Future Work

To better understand the mechanisms and residual variability
of weight loss by app users, we would like to study the caloric
input and expenditure of users directly. This can be achieved
by asking usersto record their daily dietary intake and exercise.
Tracking exerciseisamenable to passive tracking with wearable
technology, and many users of the LI1FE apps (specifically LX)
already have regular data ingestion established with the most
common fitness trackers. Such an additional study could help
resolve the somewhat surprising finding that the diet and
exercise habits self-reported at the beginning of the study did
not correlate with weight change.

Although weight management isaclinically important objective,
other clinically relevant outcomes could be measured and
correlated with fasting behavior. These include assessments of
mental and physical health, diseaseincidence, insulin resistance,
medical costs, and professional and educational absenteeism.
Advocates of |IF point to studiesin anima models and humans
that suggest many of these benefits [11,14,59-61]. Facilitated
by mobile and digital technology, we may be able to evaluate
real-world evidence for these promises and tease apart their
etiology.

Finally, studies show that social support improves health and
well-being, and that people who have strong support networks
are more likely to lose weight than those who do not [62,63].
The LIFE apps have asocia “Circles’ feature, where users can
communicate with other users within the app. An analysis of
circle participation isasubject for future work, but preliminary
results suggest that retention is higher for userswho are socially
active in the app.

Limitations

The primary limitation of this study was that most data were
self-reported, except for some weight values that were entered
by smart scales. Thislimitation is compensated for by the large
sample size of the study.

The observed weight change averages may be potentialy
confounded by users who stopped recording weights or even
stopped using the app because of alack of progress. Conversely,
users who achieved success might have been less motivated to
continuerecording fastsand weights. Similarly, users may have
been more likely to weigh themselves and record their weight
inthe app if they had lost weight, which could then exaggerate
the weight loss estimates in this study. These effects may be
challenging to untangle, but the trends and correl ates of weight
change identified should be robust.

Owing to the limited observational nature of this study, users
who fasted longer may have adopted other diet-rel ated practices
more than users who fasted less without our knowledge.
Similarly, we did not have information about users previous
experience with IF. Given that the largest retention losses and
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greatest rates of weight change occurred in the earliest weeks
of app use, previous fasting experience or even recent weight

Torres et a

limitation was offset by the wide range of fasting behaviors
among users. We used this natural variability as a form of

self-directed intervention, which allowed us to contrast and
quantify the effects of different levels of fasting on a much
broader scal e than would befeasible for arandomized controlled
trial.

changes could skew the reported progress. In an IF-naive
population, we expect weight loss to be relatively larger.

Another limitation of the study is that, due to being
observational, it lacked explicit controls. However, this
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Abstract

Background: Mental disorders in adolescence and young adulthood are major public health concerns. Digital tools such as
text-based conversational agents (ie, chatbots) are a promising technology for facilitating mental health assessment. However,
the human-like interaction style of chatbots may induce potential biases, such as socially desirable responding (SDR), and may
require further effort to complete assessments.

Objective: This study aimed to investigate the convergent and discriminant validity of chatbots for mental health assessments,
the effect of assessment mode on SDR, and the effort required by participants for assessments using chatbots compared with
established modes.

Methods: In a counterbalanced within-subject design, we assessed 2 different constructs—psychological distress (Kessler
Psychological Distress Scale and Brief Symptom Inventory-18) and problematic alcohol use (Alcohol Use Disorders Identification
Test-3)—in 3 modes (chatbot, paper-and-pencil, and web-based), and examined convergent and discriminant validity. In addition,
we investigated the effect of mode on SDR, controlling for perceived sensitivity of items and individuals' tendency to respond
in asocially desirable way, and we al so assessed the perceived social presence of modes. Including a between-subject condition,
wefurther investigated whether SDR isincreased in chatbot assessmentswhen applied in a self-report setting versus when human
interaction may be expected. Finaly, the effort (ie, complexity, difficulty, burden, and time) required to compl ete the assessments
was investigated.

Results: A total of 146 young adults (mean age 24, SD 6.42 years, n=67, 45.9% female) were recruited from a research panel
for laboratory experiments. The results revealed high positive correlations (all P<.001) of measures of the same construct across
different modes, indicating the convergent validity of chatbot assessments. Furthermore, there were no correlations between the
distinct constructs, indicating discriminant validity. Moreover, there were no differences in SDR between modes and whether
human interaction was expected, although the perceived social presence of the chatbot mode was higher than that of the established
modes (P<.001). Finally, greater effort (all P<.05) and more time were needed to compl ete chatbot assessmentsthan for completing
the established modes (P<.001).

Conclusions:  Our findings suggest that chatbots may yield valid results. Furthermore, an understanding of chatbot design
trade-offsin terms of potential strengths (ie, increased social presence) and limitations (ie, increased effort) when assessing mental
health were established.

(JMIR Mhealth Uhealth 2022;10(10):e28082) doi:10.2196/28082
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Introduction

Background

Mental disorders are a leading cause of disease burden in
high-income countries and first emerge in adolescence and
young adulthood [1]. Thus, mental health in young peopleisa
major public health concern [2]. However, psychological help
remains difficult to access [3]. To address this problem, digital
technologies provide a scalable aternative for accessing
low-threshold psychological assessments, digital diagnostics,
and interventions [4]. In particular, digital technologies can
support the early detection of symptoms, diagnostics, and
treatment asthey may improve accessto mental health services
for difficult-to-reach populations without requiring on-sitevisits
using desktop PCs, tablets, or mobile devices [5].

Text-based conversational agents (ie, chatbots) are a promising
digital technology in this context [6-12]. Chatbotsinteract with
users via natural language [13], keeping individuals engaged
in the task at hand, thereby increasing adherence [10,14].
Chatbots as software-based systems enabling asynchronous
interactions have received increasing attention during the
COVID-19 pandemic to provide information about infection
numbers, rules, and restrictions [15], thereby improving health
literacy and reducing the burden on the health care system. In
addition, chatbots have been investigated in several studiesand
applied to assess or monitor mental health [16], deliver
information for improving mental health literacy [9,14,15,17],
and assist and compound therapy sessions as guided or blended
care[18-22]. Irrespective of the popularity of chatbots, reviews
of their application in the context of (mental) health emphasize
the quasi-experimental nature of studies and the need to
empirically evaluate their impact [7,16,23-26]. Specifically, for
wider application, the extent to which anew mode for assessing
a construct (eg, chatbots assessing psychological distress)
converges with established assessment modes of the same
construct (ie, the convergent validity) needsto be demonstrated.
In addition, discriminant validity (ie, the extent to which a
construct can be distinguished from another, unrel ated construct)
needs to be examined. However, to date, no study has
specifically examined the validity of chatbot use in assessing
mental health.

Thisisparticularly relevant, asthereisevidencethat individuals
preconsciously attribute human characteristics to chatbots
because of increased perceived social presence [27-30]. Social
presence can be defined as “the degree of salience of the other
person in a mediated communication and the consegquent
sdlience of their interpersona interactions’ [31]. Thus,
individuals may feel asense of personal, sociable, and sensitive
human contact during a computer-mediated interaction.
Although anincreasein perceived socia presencein face-to-face
interviews has been found to increase response biases [32-35],
self-reported assessments associated with reduced social
presence have demonstrated reliability and validity compared
with, for example, face-to-face assessments [36-40]. However,

https://mhealth.jmir.org/2022/10/e28082

the natural language interaction style of chatbots may yield
response biases such as socially desirable responding (SDR)
[32,41,42], where participants disclose less socially sensitive
information, which might be of special interest when applying
for mental health assessment.

Previous evidence indicates that SDR may increase when
individuals expect their responses to be immediately reviewed
and evaluated by a researcher [33,43,44]. If chatbots are
perceived as human actors [42,45], this may lead individuals
to believe that their responses are immediately reviewed and
evaluated. This may bias the results compared with web-based
assessments that are not presented with a natural language
interface and would limit the application of chatbotsin remote
settings, in which information is not immediately shared with
aclinician. Consequently, it is necessary to investigate whether
SDR is increased in settings where individuals do or do not
expect their responses to be immediately reviewed when
assessed by chatbots.

Finally, there is evidence that chatbots may not necessarily
reduce participants effortsto compl ete the assessments[46,47].
Although the completion of assessments delivered via
established assessment modes is simple (eg, by ticking a box
or clicking a button), chatbots require more complex natural
language interactions. Thismay increase the cognitive resources
and duration required for assessments using chatbots [46,47].
Thus, it is necessary to investigate whether individuals using a
chatbot perceive assessments as more effortful (ie, as being
more complex, difficult, and associated with more burden), as
well aswhether they require more time to compl ete assessments
than when using established modes.

Objectives

This study aimed to investigate (1) the convergent and
discriminant validity of assessments using chatbots, (2) the
effect of assessments using chatbots on SDR, and (3) the effort
of assessments using chatbots compared with established
paper-and-pencil and web-based assessment modes. Specificaly,
we proposed the following hypotheses: chatbots applied to
assess mental health (ie, psychological distressand problematic
alcohol use) in healthy young adultswill show high convergent
validity with established assessment modes and high
discriminant validity (hypothesis 1); increase SDR compared
with established assessment modes (hypothesis 2a); increase
SDR compared with established modes, especially in settings
where individuals do not expect their responses to be
immediately reviewed by the research team (hypothesis 2b);
and be perceived as more effortful (ie, complex, difficult, and
associated with more burden) and will require more time to
compl ete than established assessment modes (hypothesis 3).

Methods

Experimental Design

A laboratory experiment applying a randomized mixed design
with 3 within-subject conditions and 2 between-subject
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conditions was conducted. The within-subject manipulation
comprised three assessment modes: (1) paper-and-pencil mode,
(2) desktop computer using atypical web-based screening mode
(web-based), and (3) assessment on a desktop computer screen
using achatbot (chatbot). For the between-subject manipulation,
we randomly assigned participants to two conditions:
participantsin condition A (low-stake condition) wereinformed
that their responses were not immediately reviewed by the
research team, and participants in condition B (high-stake
condition) wereinformed that their responseswereimmediately
reviewed and may require a follow-up interaction with the
research team.

Procedure and Manipulation

The experimental procedure is illustrated in Figure 1. First,
participants were assigned to 1 of the 2 conditions. We
conducted 6 experimental sessions on 2 consecutive days, with

Figure 1. Experimental procedure.

Schick et &

3 sessions assigned to condition A (low-stake condition) and 3
sessions assigned to condition B (high-stake condition). After
signing the informed consent form, participants were seated in
front of a desktop computer screen in single air-conditioned
and soundproof test chambers. Second, participants listened to
a prerecorded voice message explaining the experimental
procedure and the instructions. Participantsin condition B were
informed of their individual participation numbers. The number
was displayed on the computer screen throughout the
experiment: in the web-based mode, LimeSurvey [48] displayed
the participant number at the top of the screen; in the
paper-and-pencil mode, participants had to writetheir participant
number on the questionnaire; and in the chatbot mode,
participants were addressed with their participant number (ie,
“Hello participant 324352") displayed in the chat window below
their responses.

Mental health assessments

Random . Pre-
Instructions .
group . experiment
; via speakers . .
assignment questionnaire

Paper-and-

penci Web-based Chatbot
’_ _‘ Post-
Paper-and- 5
L Chatbot pencil | Web-based J expgrlmeqt
— questionnaire
Web-based | Chatbot | F2Per-and

pencil

Next, the computer screen was automatically turned on, and the
experiment began with a pre-experiment questionnaire using
LimeSurvey [48]. Subsequently, mental health was assessed
using the 3 different modes in a counterbalanced order (Figure
2). The web-based mode used the default LimeSurvey question
format. The paper-and-pencil mode comprised aprintout of the
digita version, which was placed in an envelope in each
chamber. After completing the paper-and-pencil mode, the
participants were asked to place the questionnaire in the
envel ope and seal the envel ope with adhesive tape. The chatbot
mode was developed using the Microsoft Bot Framework [49]
and wasintegrated into LimeSurvey. The chatbot presented the
items one after another and offered 2 ways of responding, either
by natural language or by selecting a value (implemented as a
button). The chatbot incorporated the following social cuesto
further increase perceived socia presence [28,30]: an
anthropomorphic icon [50], the capability to engage in small
talk [51], adynamically cal culated response delay based on the
length of the response [30], and a typing indicator (3 moving
dots indicating that a message is being prepared) [52].
Microsoft's personality chat small talk package was used to
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enable a small talk interaction. This knowledge base was
implemented in Microsoft’s QnA Maker and was connected to
the chatbot. When the QnA model identified a high match with
an incoming user message, the chatbot answered with an
appropriate small talk phrase. However, the chatbot's
capabilities were restricted, and no sophisticated conversations
were possible. For example, the small talk included greetings
such as “Hi/Hello/Good Morning!” and “How are you?’;
however, the small talk did not account for the context. After
answering with asmall talk phrase, the chatbot always repeated
the prior question. In addition, we did not record the log files
of the chats. On the continuum of machine-like to human-like
appearance, we chose an intermediate design to avoid the
induction of negative affect toward the chatbot, which has been
postulated for theincreased human-likeness of robots according
to the uncanny valley theory by Mori [53]. In addition, we chose
the nameindicator Chathbot, as robotic names have been reported
to be positively perceived [6].

Finaly, the participants answered a postexperiment
guestionnaire using LimeSurvey. They werethen debriefed and
received their compensation.
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Figure 2. Investigated assessment modes (displayed in German).
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In the pre-experiment questionnaire, we assessed demographic
variables (eg, sex, age, and education), followed by questions
on participants’ prior experience with using specific technologies
(ie, internet and chatbots) with regard to health questions. Next,
their experience with paper-and-pencil and web-based surveys,
aswell as with chatbots, was assessed on a scale ranging from
1 (no experience) to 5 (very much experience).

Balanced I nventory of Desirable Responding

On the one hand, we applied the short form of the Balanced
Inventory of Desirable Responding (BIDR) scale, which
comprises two subscales: self-deceptive enhancement and
impression management [54,55] to capture SDR. The 18 items
were rated on a 7-point Likert scale ranging from 1 (strongly
disagree) to 7 (strongly agree). We calculated the total score
for each scale and the BIDR total score, which ranged from 1
to 126.

On the other hand, we operationalized SDR as aresponse shift;
that is, a change in participant’s mental health scores between
repeated assessmentsin different modes.

Mental Health Measures

Mental health was assessed using the following measuresin all
3 modes.

Kesser Psychological Distress Scale

Psychological distress in the past month was measured using
the Kessler Psychological Distress Scale (K10) [56]. This
10-item self-report questionnaire is rated on a Likert scale
ranging from 1 (never) to 5 (always). The K10 total score was
calculated. Strong psychometric properties of the K10 have
been reported [56].

Brief Symptom Inventory

We used the short form of the Brief Symptom Inventory
(BSI-18) [57,58] to assess psychological distress in the past 7
days. Participants indicated whether they had experienced 18
symptoms, comprising 3 dimensions; somatization, depression,
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and anxiety. Theitemswere rated on ascale from 1 (not at al)
to 5 (very much). We calculated the total score indicating
general distress (BSI-General Severity Index) [58].

Alcohol Use Disorder s | dentification Test-3

We assessed al cohol use by applying the Alcohol Use Disorders
Identification Test (AUDIT)-3 questionnaire [59,60], which
has been shown to perform similarly well asthe AUDIT-10in
detecting risky drinking behavior [60]. Theitemswere presented
on a5-point scale with different label s asking about the amount
of acohol consumption. The total AUDIT-3 score was
calculated.

The time at the beginning and end of data collection in each
mode was recorded. In the postexperiment questionnaire,
participants had to rank the 3 modes regarding complexity,
difficulty, and burden. Subsequently, we asked participants to
rate others' discomfort when answering each item of the mental
health measures, thereby deriving a measure of subjective
sensitivity in line with Bradburn et al [61].

Attention and Manipulation Checks

In the attention check, participants had to select a specific item
on a Likert scale to verify that they carefully followed the
instructions (“ Please select the answer very often”). To test the
within-subject manipulation, we investigated differencesin the
perceived social presence of each mode using the 4 items by
Gefen and Straub [62], which were rated on a 7-point Likert
scale. Theinternal consistency of the perceived social presence
of the 3 modes was high (Cronbach a>.89).

Furthermore, participants had to indicate in the postexperiment
guestionnaire whether their answerswereimmediately reviewed,
inlinewith Fisher [44] (between-subject manipulation check).

Power Analysisand Recruitment

An a priori analysis in G*Power software
(Heinrich-Heine-Universitat Diisseldorf) [63] estimated atotal
sample size of 116 (0=.05; f=0.15; Cohen d=0.95). For
recruitment, we invited individuals registered with the
university’s research panel, comprising mainly students from
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the Karlsruhe Ingtitute of Technology. The experiment lasted
45 minutes on average and participants were compensated for
their participation with €8 (US $8.06) after the experiment.

Statistical Analysis

SPSS Statistics (version 25; IBM Corp) and STATA (version
16.0; StataCorp) were used to analyze the data. Participant
characteristics were summarized using means and SDs for
continuous variables and frequencies and percentages for
dichotomous variables. To investigate differences between
groups, we calculated the ANOVAS for individuals' tendency
to respond as socialy desirable (BIDR) and the perceived
sensitivity of each measure (K10, BSI-18, and AUDIT-3).
Furthermore, differences between prior experience with, aswell
as the perceived social presence of, modes were investigated
by calculating repeated-measures ANOVAS (rmANOVAS). As

data.on prior experience (x%=46.4; P<.001) and perceived social

presence (x22=49.5; P<.001) violated the assumptions of
sphericity, Huynh-Feldt corrections were applied.

Theinternal consistency of the mental health measuresfor each
mode was evaluated using Cronbach a. Next, the test-retest
reliabilities of the chatbot-based, paper-and-pencil-based, and
desktop-based assessment modes were eval uated by calculating
intraclass correlation coefficients (ICCs) ranging from 0 (no
agreement) to 1 (perfect agreement).

Totest hypothesis 1 on the discriminant and convergent validity
of assessment modes, we calculated Pearson correlations and
applied Bonferroni correction to account for multiple testing.
In line with the multitrait-multimethod approach by Campbell
and Fiske[64], wetested 3 independent assessment modeswith
2 different constructs—psychological distress (K10 and BSI-18)
and problematic alcohol use (AUDIT-3)—to derivediscriminant
and convergent validity. Validity is indicated by a correlation
coefficient of 20.50 [63].

To test hypothesis 2a, we cal cul ated repeated-measures analyses
of covariance (rmANCOVAS) with the within-subject factor
mode (paper-and-pencil, web-based, and chatbot) and the
following covariates: (1) perceived sensitivity of the items and
(2) individuals' tendency to respond socially desirable (BIDR).
Sex was also included as a control variable in all the analyses.
Lavene test revedled the homogeneity of variances for all 3
measures. As the AUDIT-3 data violated the assumptions of

sphericity ()(22:13.2; P=.001), the Huynh-Feldt correction was
applied in the rmANCOVA.

To test hypothesis 2b, rmANCOVAs with the within-subject
factor mode (paper-and-pencil, web-based, and chatbot) and
condition (A and B) as additional covariates were calculated.
Lavenetest reveal ed the homogeneity of variancesfor all modes.
Again, the AUDIT-3 dataviolated the assumption of sphericity

(X22213.4; P=.001), and the Huynh-Fel dt correction was applied.

To test hypothesis 3 on the effort of assessment, we analyzed
the ranked-ordered data on complexity, difficulty, and burden
by calculating Friedman tests and Dunn-Bonferroni post hoc

https://mhealth.jmir.org/2022/10/e28082
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signed-rank tests for pairwise comparisons. Differences in the
duration to complete the assessments were investigated by
calculating rmANOVAs with the within-subject factor mode
(paper-and-pencil, web-based, and chatbot). Asthe dataviolated

the assumptions of sphericity (x%=9.1; P=.01), the Huynh-Feldt
correction was applied.

Ethics Approval

The experiment took place at the Karlsruhe Decision and Design
Lab, adhering toits procedural and ethical guidelines. No ethics
approval was applied for as participants were recruited from
the registered participant panel of healthy students. Individuals
voluntarily participated after being fully informed about the
study procedures and signing the informed consent form. No
identifying data were collected.

Results

Sample Characteristics

Weinvited all individualsregistered in the university’sresearch
panel to participatein the experiment. A total of 155 individuals
participated in the study, of whom 9 (5.8%) participants were
excluded as they failed the attention check, indicating that they
may not have followed the instructions of the experiment or
had not read the individual items carefully. Consequently, 146
participantswereincluded in the analysis, of whom 72 (49.3%)
were in condition A and 74 (50.7%) were in condition B.

The sample characteristics and control variables are presented
in Table 1. Overall, weinvestigated a sample of young students
from which most participants had a high school or bachelor’s
degree. In addition, two-thirds of the participants (100/146,
68.5%) indicated that they had used the internet to access
information on mental health before. However, only 4.1%
(6/146) of participants replied having interacted with a chatbot
in a health-related context before. Prior experience with
assessment modes differed across the 3 modes, as revealed by
the rmANOVA (F s 22039=225.23; P<.001). Post hoc analyses
with aBonferroni adjustment further showed that the experience
with chatbots (mean 1.73, SD 1.02) was lower than the
experience with paper-and-pencil surveys (mean 3.45, SD 0.85),
as well as the experience with web-based surveys (mean 3.52,
SD 0.82, al P<.001). Experience with paper-and-pencil surveys
did not significantly differ from that with web-based surveys
(P=.78). Individuals' tendency to respond socially desirable, as
measured using the BIDR, did not differ between conditions
(F1,144=0.131; P=.72) and was centered on the mean (W, 45=0.98;
P=.09). The perceived sensitivity of the items of the 3 mental
health measures did not differ between the 2 conditions (all
P>.47) but differed between the 3 measures (Fy 41 gg > =105.64,
P<.001). Post hoc analyseswith Bonferroni adjustment indicated
that AUDIT-3 items (mean 3.39, SD 1.07) were rated as more
sensitivethan K10items (mean 2.59, SD 0.66; P<.001), aswell
as BSI-18 items (mean 2.33, SD 2.33, P<.001). Furthermore,
the K10 items (mean 2.59, SD 0.66) were perceived to be more
sensitive than the BSI-18 items (mean 2.33, SD 0.58; P<.001).
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Table 1. Sample characteristics (N=146).

Schick et &

Variable Full sample L ow-stake condition (n=72) High-stake condition (n=74)
Age (years), mean (SD) 24.2 (6.42) 23.44 (6.06) 24.93 (6.71)
Female, n (%) 67 (45.9) 30(41.7) 37(50)
Education, n (%)

Middle school 3(2.1) 2(2.8) 1(1.4)

High school 89 (60.9) 43 (59.7) 46 (62.2)

Bachelor's 46 (31.5) 25(34.7) 21(28.4)

Master's 8(5.5) 2(2.8) 6(8.1)
Technology experience?, n (%)

Internet 100 (68.5) 51 (70.8) 49 (66.2)

Chatbot 6 (4.1) 2(28) 4 (5.4)
Survey experience, mean (SD)

Paper-and-pencil 3.45(0.85) 3.53(0.87) 3.36 (0.82)

Web-based 3.52(0.82) 3.57(0.77) 3.47 (0.88)

Chatbot 1.73 (1.02) 1.64 (0.86) 1.82 (1.15)
Social desirability, mean (SD)

BIDRY total 83.60(9.38) 83.32(9.15) 83.89(9.67)

BIDR-SDE® 41.55 (5.00) 41.65 (4.62) 41.46 (5.39)

BIDR-IM¢ 42.05 (6.93) 41.68 (7.06) 42.43 (6.82)
Sensitivity of measures, mean (SD)

K10° 2.59 (0.66) 2.61(0.71) 2.57(0.62)

BS-18 2.33(0.58) 2.34(0.58) 2.33(0.57)

AUDIT-39 3.39(1.07) 3.45 (1.07) 3.32(1.08)

3N umber of participants who previously used technology in a health-related context.

bBIDR: Balanced Inventory of Desirable Responding.

°BIDR-SDE: Balanced Inventory of Desirable Responding—Self-deceptive enhancement.
dB8IDR-IM: Balanced Inventory of Desirable Responding— mpression management.

€K 10: Kessler Psychological Distress Scale.
’BSI-18: Brief Symptom Inventory-18.
9AUDIT-3: Alcohol Use Disorders Identification Test-3.

Manipulation Checks

With regard to the within-subject manipulation, the results of
the rmANOVA revedled a significant effect of mode on
perceived social presence (Fysg20667,-61.96; P<.001), with
socia presence rated highest in the chatbot mode (mean 2.74,
SD=1.51) compared with the web-based mode (mean 1.48, SD
0.88; P<.001) and paper-and-pencil mode (mean 1.79, SD 1.21;
P<.001).

Responses to the between-subject manipulation check showed
that 93.2% (136/146) of participants provided a correct
answer—2.7% (4/146) of individualswith wrong answerswere
incondition A and 4.1% (6/146) werein condition B—and were

https://mhealth.jmir.org/2022/10/e28082

aware of their condition. Consequently, we concluded that both
within-subject and between-subject manipulations were
successful.

Reliability of Chatbotsfor Mental Health Assessments

Table 2 displays the mean, SD, Cronbach a, and ICC for the
mental health measures in each mode by condition. The ICCs
of the paper-based, desktop-based, and chatbot modes were
high and ranged between 0.96 and 1.00, indicating excellent
agreement across modes and a high test-retest reliability.
Cronbach a did not strongly vary between modes and ranged
between 0.74 and 0.92, indicating an acceptable to excellent
internal consistency of the measures.

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 10 [e28082 | p.84
(page number not for citation purposes)


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

JMIR MHEALTH AND UHEALTH Schick et &

Table 2. Internal consistency and test-retest reliability of mental health assessments.

Measure and mode Full sample L ow-stake condition High-stake condition 1cc@
Values, mean Cronbacha  Values, mean Cronbach a Values, mean Cronbach a
(SD) (SD) (SD)
K 10° 0.96
Paper-based 19.36 (6.53) .89 19.44 (5.66) 84 19.28 (7.31) 92
Web-based 19.77 (6.67) 88 19.47 (5.63) 82 20.05 (7.57) 91
Chatbot-based 19.7 (6.45) 86 19.43 (5.81) 82 19.95 (7.04) .89
BSI-18° 0.99
Paper-based 11.54 (8.45) 86 11.35(6.72) 78 11.73(9.9) 9
Web-based 11.56 (8.89) 87 11.29 (7.48) 82 11.81 (10.12) 90
Chatbot-based 11.09 (8.4) .86 10.71 (7.09) 8 11.46 (9.54) .89
AUDIT-3¢ 1.00
Paper-based 3.42 (2.45) .80 3.50 (2.60) 85 3.34(2.30) 74
Web-based 3.40 (2.44) 81 3.49 (2.62) 86 3.32(2.28) 75
Chatbot-based 3.43 (2.49) 82 3.49 (2.64) .86 3.38(2.36) 76

8 CC: intraclass correlation coefficient.

bK 10: Kesder Psychological Distress Scale.

BSI-18: Brief Symptom Inventory-18.

dAUDIT-3: Alcohol Use Disorders I dentification Test-3.

- . . coefficients ranging from 0.83 to 0.96, indicating convergent
Validity of Assessments Using Chatbots (Hypothesis validity. Furthermore, there were strong positive correlations

1 between the AUDIT-3 scores assessed using the different modes.
Asdepicted in Table 3, there were strong positive correlations  There were no significant correlations among AUDIT-3, K10,
between the measures of psychological distress (K10 and and BSI-18 after Bonferroni correction, indicating discriminant
BSI-18) assessed by the different modes, with correlation validity between the different constructs.
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Table 3. Pearson correlation of questionnaires and modes. Higher numbers reflect a stronger association between variables.
Mode K10? BSI-18° AUDIT-3¢
Paper- Web-based Chatbot- Paper-based Web-basedr  Chatbot-based  Paper- Web-based Chatbot-
basedr (P r (Pvaue) basedr (P r(Pvalue) (Pvaue) r (P value) basedr (P r (Pvalue) basedr (P
valued) value) value) value)
K10
Paper-based 1 0.89 0.88(<.001) 0.89(<.001) 0.83(<.001) 0.85(<.001) -0.1(21) -0.12(.14) -0.13(.12)
(<.001)
Web-based  0.89 1 0.87(<.001) 0.88(<.001) 0.89(<.001) 0.86(<.001) -0.18(.04) -0.19(.02) -0.20(.02)
(<.001)
Chatbot- 0.88 0.87 1 0.85(<.001) 0.84(<.001) 0.85(<.001) -0.09(.27) -0.11(.17) -0.12(.16)
based (<.001) (<.001)
BSI-18
Paper-based  0.89 0.88 0.85(<.001) 1 0.96(<.001) 0.96(<.001) -0.1(.22) -0.12(.15) -0.14(.10)
(<.001) (<.001)
Web-based  0.83 0.89 0.84(<.001) 0.96(<.001) 1 0.96 (<.001) -0.14(.09) -0.16(.06) -0.18(.04)
(<.001) (<.001)
Chatbot- 0.85 0.86 0.85(<.001) 0.96(<.001) 0.96(<.001) 1 -0.15(.07) -0.16(.05) -0.17(.04)
based (<.001) (<.001)
AUDIT-3
Paper-based -0.1(.21) -0.18(.04) -0.09(.27) -0.1(.22) -0.14 (.09) -0.15(.07) 1 0.99 0.99
(<.001) (<.001)
Web-based -0.12(.14) -0.19(.02) -0.11(.17) -0.12(.15) -0.16(.06) -0.16 (.05) 0.99 1 0.99
(<.001) (<.001)
Chatbot- -0.13(.12) -0.20(.02) -0.12(.16) -0.14(.10) -0.18(.04) -0.17 (.04) 0.99 0.99 1
based (<.001) (<.001)

3 10: Kesdler Psychological Distress Scale.
bBSI-18: Brief Symptom Inventory-18.
CAUDIT-3: Alcohol Use Disorders | dentification Test-3.

dUnadj usted P value; the Bonferroni corrected significance level was computed by dividing the unadjusted P value by the total number of tests; that is,

P=.05/45=.0011.

SDR to Chatbotsin Mental Health Assessments
(Hypotheses 2a and 2b)

Addressing hypothesis 2a, the rmANCOVA on the effect of
mode on menta health assessment revealed no main effect of
mode on K10 (F;g,=0.35; P=.71). Moreover, there was no
interaction between mode and social desirability (F,5,=0.80;
P=.45) or perceived sengitivity of theitems (F, ,,=0.43; P=.65);
however, there was a significant interaction with sex
(F2284=3.21; P=.04). The second mental distress measure, the

BSI-18, showed similar results. The rmANCOVA revealed no
significant main effect of mode on general distress (F; 545=0.90;
P=.41). Again, there was no interaction between mode and
social desirability (F;,g,=1.7; P=.19), sensitivity (F,g,=0.23;
P=.80), or sex (F 2,=2.66; P=.07). Similarly, thermANCOVA
on AUDIT-3 scoresreveal ed no significant main effect of mode
(F1.9026057=0.00; P=1.00), as well as no interaction of mode
with social desirability (F;gp26957,=0.01; P=.99), perceived
sengitivity of items (Fpgo0s057=0.24; P=.77), or sex
(F1.00,26057=0.33; P=.71).
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The effect of the condition on mental health assessment
(hypothesis 2b) was investigated using a second set of
rmANCOVASs. The results revealed no significant interaction
effect between mode and condition on psychological distress
assessed by K10 (F; 55,=0.91; P=.41), general distress assessed
using the BSI (F,,5,=0.29; P=.75), or alcohol use assessed by
AUDIT-3 (Fy.g; 260.14=0.55; P=.57).

Difficulty of AssessmentsUsing Chatbots (Hypothesis
3)

Table 4 shows the mean rating of complexity, difficulty, and
burden. A Friedman test revealed a significant difference
between the difficulty associated with the modes (x%=13.5;
P=.001). Dunn-Bonferroni post hoc tests showed that the
assessment by a chatbot was rated as significantly more difficult
than using the paper-and-pencil mode (z=3.63; P=.001).
Furthermore, there was a statistically significant differencein
perceived complexity depending on the mode ()(22:10.15;
P=.006). Again, Dunn-Bonferroni post hoc tests showed that
the chatbot assessment was ranked as more complex than the
paper-and-pencil assessment (z=3.16; P=.005). In terms of
burden, a Friedman test indicated that there was a statistically
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significant difference (x22:12.4; P=.002), and Dunn-Bonferroni
post hoc tests further revealed that the web-based assessment
required significantly less effort than the chatbot (z=2.64; P=.03)
and the paper-and-pencil assessment (z=—3.34; P=.003). The
analysisof duration revealed asignificant effect of mode (F; o,

Table 4. Effort of assessment modes.

Schick et &

276.66—186.60; P<.001). Post hoc analyses with Bonferroni
adjustment revealed that the pairwise differences between all
modes were significant (P<.001). The longest duration was
logged to complete the chatbot assessment and the shortest
duration was required to complete the web-based assessment.

Effort variable and mode Rank, mean (SD)
Complexity
Paper-and-pencil 1.80(0.84)
Web-based 2.03 (0.66)
Chatbot 2.17 (0.89)
Difficulty
Paper-and-pencil 1.81(0.78)
Web-based 1.96 (0.7)
Chatbot 2.23(0.9)
Burden
Paper-and-pencil 2.16 (0.79)
Web-based 1.77 (0.73)
Chatbot 2.08 (0.87)
Duration (seconds)
Paper-and-pencil 184.62 (79.28)
Web-based 128.78 (56.07)
Chatbot 265.1 (65.82)
Discussion resulted inthelow external validity of thelaboratory experiment.

Principal Findings

This study examined the validity, effect on SDR, and effort
required for the completion of chatbot-based assessments of
mental health. Theresultsrevealed that all assessments of mental
health (K10, BSI, and AUDIT) in each mode showed acceptable
to excellent internal consistency and high test-retest reliability.
High positive correlations between the measures of the same
construct across different assessment modes indicated the
convergent validity of the chatbot mode, and the absence of
correl ations between distinct constructs indicated discriminant
validity (hypothesis 1). Although assessment modes were not
affected by social desirability (hypothesis 2a), chatbot
assessment was higher for perceived socia presence. Therewas
no evidence of an interaction between condition and mode,
indicating that social desirability did not increase because of
expectations around immediate follow-up contact with a
researcher in the chatbot assessment mode (hypothesis 2b).
Finaly, in terms of participants' effort (hypothesis 3), the
assessment using a chatbot was found to be more complex,
difficult, and associated with more burden than the established
modes, resulting in alonger duration to complete.

Limitations

The present findings must be considered in light of severa
limitations. First, the selection of a student sample may have

https://mhealth.jmir.org/2022/10/e28082

According to previous mental health assessmentsin the general
population, our sample showed only moderate distress [65].
There is evidence that individuals disclose more information
on sensitive topics such as health risk behavior in clinica
settings [66]. Future research should further investigate the
application of chatbots in clinical samples, as the present
findings on socia desirability or perceived social presence of
chatbots do not readily generalize to clinical populations.

Second, we reduced the effect of between-person differences
by selecting a within-person design, which had severa
limitations. Each participant completed questionnairesin all 3
modes, with an average break between modes of approximately
1 minute. During the break, participants rated their socia
presence and read the instructions in the next experimental
section. The break may have been too short to minimize memory
effects. In addition, all measures used Likert scales, which may
have increased memory effects because of their simplicity. To
addressthislimitation, we completely counterbal anced the order
of the 3 modes in the experimental procedure. Furthermore, in
a sengitivity analysis using data from only the first mode
presented to the participants, we did not find any differences,
which further supports the reported results (Multimedia
Appendix 1, Table S1). However, other factors such asthe need
for consistent responses may have overcome social desirability.
Again, alonger break between assessments or a between-subject
design could be applied in future experiments.
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Third, the lack of an effect of mode on change in mental health
scores may have been a result of the experimental design or
chatbot design. As mentioned previously, we did not assess
socia pressure; however, individuals showed stronger SDR in
high-stakes assessment situations. Thus, the assessment of social
pressure is recommended for future studies. Furthermore, in
this experiment, the chatbot followed a procedural dialog flow
using Likert scales and, in addition to basic small talk
capabilitiesusing several social cues[30], was unableto answer
guestions about topics other than the assessments. Although we
demonstrated a higher perceived social presence of the chatbot,
thismay not have been sufficient to resembl e the communication
flow of a human interviewer. In addition, the perceived socia
presence of the chatbot may have led to increased expectations
of participantsin termsof the chatbot’sinteractivity and natural
language capabilities [28]. Thus, the chatbot may have raised
expectations that may not have been met [67]. Consequently,
future research should investigate different chatbot designsthat
support less restricted non—goal-oriented natural language
interactions. In thisregard, further experiments should evaluate
theinfluence of social and empathic responses on mental health
assessments.

Fourth, this study investigated the convergent and discriminant
validity of measures and modes to assess the constructs of
psychological distressand alcohol use. We aimed to reduce the
participant burden by selecting only 3 measures of mental health.
However, other even less related constructs could have been
investigated to facilitate the evaluation of discriminant validity.
Thisissue should be addressed in future research.

Finally, thelonger duration of completing the assessment using
a chatbot may have resulted from participants potentially
entering their responses by typing or using the menu option. In
this study, we did not assess the method of entering data that
was used. In future research, either one response option should
be favored or the 2 response options may be compared by
applying a microrandomized design.

Comparison With Prior Work

The use of chatbotsfor mental health assessment isan emerging
field, and robust investigations of their positive and potential
negative effectsare required [16]. Given that recent studies have
shown the feasibility of the application of chatbotsin general,
particularly in relation to monitoring [15], offering information
on, as well as delivering interventions for, improving mental
health [62,63], there is a need for methodological research on
the use of chatbotsin this context [7,16,23-26]. This appearsto
be particularly important in cases where chatbots may be seen
as social actors (ie, human interviewers) evoking social
desirability. Therefore, it needsto be shown that using chatbots
for assessing mental health does not result in biased outcomes.

The application of chatbots has been previously shown to affect
the collected data and either reduce [68-70] or increase[42] the
SDR compared with assessments by human interviewers. Other
studies have found that chatbot assessments may result in
comparable resultswith established modes|[8,46,71]. However,
some studies have found this effect only in adult samples[72]
or depending on the chatbot's visual and linguistic design
[42,73]. In this context, chatbots with high conversational
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abilities or a more human-like embodiment have been shown
to elicit more SDR to socially sensitive questions than
established modes[42,73]. However, thiswas not the case when
a chatbot with fewer human-like conversational abilities was
presented [42,73], which is consistent with findings of this study.
Thus, an assessment using a chatbot with the presented design
and procedural dialog flow does not seem to induce additional
SDR. Despite this finding, it may be of interest to develop
chatbotswith high conversational abilities asthese may enhance
adherence and increase compliance, for example, in digital
interventions [8,11,21,24]. This is particularly important for
delivering interventions and building stable human-chatbot
interactions [51]. Therefore, further research on chatbots is
required, for example, in which different conversational
interaction strategies may be applied. A promising approach
may beto enablereciprocal self-disclosure, in which the chatbot
reveals sensitive information, as this has been shown to result
in areciprocal effect on promoting individuals' self-disclosure
[70], aswell as perceived intimacy and enjoyment [ 74]. Another
promising approach may be the application of contingent
interaction strategies, as individuals disclose more information
on a website if contingent questions depending on previous
interactions are displayed [75]. Moreover, voice-based
conversational agents may improve response quality to sensitive
questions [76]. However, more research on the design of
voice-based conversational agentsfor mental health assessment
is required [77]. In addition, unconstrained natural language
input to conversational agents poses safety risks that must be
evaluated thoroughly. As recently shown by Bickmore et al
[78], voice-based assistants failed more than half of the time
when presented with medical inquiries. Therefore, further
evaluation of human-computer interactions and education about
the capabilities of conversational agentsis required.

In contrast to previous findings on assessments using chatbots
reporting higher dataquality or more engagement [8,9,11,47,69],
we showed that chatbot assessments were more difficult,
complex, and associated with more burden to complete than
assessments using established modes. In addition, more time
was required to complete the assessments. The latter has been
previously shown [47] and may result from the increased
cognitive demand of acommunication flow, where an individual
must decode and aggregate theimpression-bearing and rel ational
functions conveyed in computer-mediated communication [79].
In addition, increased effort may result from individua
preferences or prior experienceswith chatbotsin other contexts.
It has been shown that populations with high health literacy
rates prefer established modes because of their efficiency and
ability to proceed at their own pace [46]. This may be
particularly relevant in asample of young students. Furthermore,
thisfinding isin line with the communication literature arguing
that simple tasks may be conducted more efficiently through
learner media [80]. Thus, simple tasks such as selecting Likert
scale items in mental health questionnaires may be more
efficiently conducted through the use of established modes such
as paper-and-pencil or web-based assessments [81]. This may
imply that the best application area of chatbotsin mental health
may not be symptom monitoring or screening but rather
providing information or delivering an intervention in
unstructured natural language interactions. Recent evidence
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supports the use of chatbot-based interventions as they have
been found to perform equally well as standard treatment
methods (eg, face-to-face and telephone counseling) [7].

This work provides further evidence on the use of chatbots to
assess mental health on site in clinics but also in asynchronous
remote medical interactions (eg, at home) [17,70,82]. As the
assessment modes between conditions did not differ, theresults
show that the application of achatbot resultsin valid responses,
regardless of whether the data are immediately reviewed and
evaluated by a human actor [70,83]. Therefore, chatbots have
the potential to reduce the workload in clinical settings by
providing valid remote assessments, which is especially
necessary for situations in which the medical system is at its
limits. As stated by Miner et al [15], chatbots may be a digital
solution that may help provide information, monitor symptoms,
and even reduce psychosocial consegquences during the
COVID-19 pandemic. Recently, several chatbotsfor monitoring
COVID-19 symptoms have been published, as reviewed by
Golinelli et al [84]. In contrast to other mental health apps,
chatbots have the advantage of providing communication that
may additionally help to reduce loneliness during means of
physical distancing [85,86]. For example, it has been shown
that users may devel op astrong social rel ationship with achatbot
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when it expresses empathetic support [21,51,85,87-90].
Moreover, promising real -world exampl es of empathetic mental
health chatbots have shown their effectivenessin practice, such
asthe mobile app chatbots Wysa[85], Woebot [6], and Replika
[91]; however, they have also raised ethical concerns[10]. Thus,
the application of chatbotsin mental health research and practice
may depend on the specific application (symptom monitoring
vs guided intervention) and its potential advantages (ie,
increased social presence) and disadvantages (ie, increased
effort) while respecting users' privacy and safety.

Conclusions

These findings provide evidence of the validity of chatbots as
digital technology for mental health assessment. In particular,
when paper-and-pencil assessments are not applicable (eg,
remote assessments in eHealth settings) or when it may be
beneficial toincrease perceived social presence (eg, to establish
along-term user-chatbot relationship), chatbots are promising
alternatives for valid assessment of mental health without
leading to socially desirable responses. However, as participants
efforts have increased, future research on appropriate chatbot
designs and interaction flow is necessary to fully leverage their
advantages in compounding digital care.
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Abstract

Background: Conversational agents (CAs), also known as chatbots, are computer programs that simulate human conversations
by using predetermined rule-based responses or artificial intelligence algorithms. They are increasingly used in health care,
particularly via smartphones. There is, at present, no conceptual framework guiding the development of smartphone-based,
rule-based CAs in health care. To fill this gap, we propose structured and tailored guidance for their design, development,
evaluation, and implementation.

Objective: The aim of this study was to develop a conceptual framework for the design, evaluation, and implementation of
smartphone-delivered, rule-based, goal-oriented, and text-based CAs for health care.

Methods: We followed the approach by Jabareen, which was based on the grounded theory method, to develop this conceptual
framework. We performed 2 literature reviews focusing on health care CAs and conceptual frameworks for the development of
mobile health interventions. We identified, named, categorized, integrated, and synthesized the information retrieved from the
literature reviews to devel op the conceptual framework. We then applied this framework by developing a CA and testing itin a
feasibility study.

Results: The Designing, Devel oping, Evaluating, and Implementing a Smartphone-Delivered, Rule-Based Conversational Agent
(DISCOVER) conceptual framework includes 8 iterative steps grouped into 3 stages, as follows: design, comprising defining the
goal, creating an identity, assembling the team, and selecting the delivery interface; devel opment, including devel oping the content
and building the conversation flow; and the eval uation and implementation of the CA. They were complemented by 2 cross-cutting
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considerations—user-centered design and privacy and security—that were relevant at all stages. This conceptual framework was
successfully applied in the development of a CA to support lifestyle changes and prevent type 2 diabetes.

Conclusions: Drawing on published evidence, the DISCOVER conceptual framework provides a step-by-step guide for
developing rule-based, smartphone-delivered CAs. Further evaluation of this framework in diverse health care areas and settings
and for avariety of usersis needed to demonstrate its validity. Future research should aim to explore the use of CAsto deliver

health care interventions, including behavior change and potential privacy and safety concerns.

(JMIR Mhealth Uhealth 2022;10(10):€38740) doi:10.2196/38740
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Introduction

Background

Conversational agents (CAs) are computer programs that use
text, speech, and other input modalitiesto enable communication
with users[1]. They can be accessed through avariety of ways,
such as social media platforms (eg, Facebook Messenger),
websites, and smartphone apps, or deployed using stand-alone
digital devices (eg, Alexa, Google Assistant, and Siri). The
interactive nature of CAs makes them acceptable to a diverse
group of users [2-4] and a preferred tool in a number of
disciplines, including customer service, retail, and e-commerce

[5-7].

In health care, CAs are increasingly used to assist in various
tasks, such as patient education, self-management of chronic
conditions, and routine task automation (eg, appointment
booking), and support health professionals decision-making
for diagnosisand triage [3,8-10]. Morerecently, CAshave seen
large-scal e implementation with the introduction of Babylon's
artificial intelligence (Al)-based symptom checker CA to the
UK National Health Service and to Rwanda's National Health
Insurance Scheme[11]. CAshavethe potential to support health
care delivery, improve access to health care services, and
automate tasks [12], and they may also reduce health
professionals workload [13].

CAs vary in complexity and capability. There are 3 design
dimensions used to classify CAsS. purpose, communication
channels, and response generation architecture [6]. According
to purpose, CAs can be classified into task- or goal-oriented
CAs, which respond to a limited humber of tasks within a
prespecified domain, or non—task- or non—goal-oriented CAs,
which are potentially able to respond to an unrestricted variety
of user requests [6]. Communication channels can commonly
be divided into 2 main types: text-based or voice-based CAs.
Response generation architecture can be broadly classified into
3 groups: rule-based and retrieval-based CAs, which produce
a response by selecting it from a pool of predetermined
responses either following simple rules to match phrases or
identifying specific keywords in the text [6,14,15], and
generative-based CAs, which use Al agorithms to develop a
contextual response informed by the system’s previous and
ongoing learning [6,14-16]. Although all 3 groups may involve
the use of Al agorithms[6], rule-based CAs alow developers
greater control over the conversation content and flow, which
is a useful feature when developing CAs for health care. By

https://mhealth.jmir.org/2022/10/e38740

contrast, Al algorithms, particularly neural networks, may
develop decisionsthat are not explainable or understood by the
end user, a phenomenon referred to as the black box [17]. In
health care settings, the black box effect may lead to biased or
erroneous decision-making and patient harm [18], which may
limit the use of Al. A new field of explainable Al is currently
emerging that aims to provide justification for algorithm
predictions and increase system transparency, athough the
validity of results for individual patients should be carefully
considered [19].

CAscan bedeployed using avariety of digital devices, including
smartphones. The widespread availability of smartphones in
high-income countries and increasingly in low- and
middle-income countries [20] makes them an ideal interfaceto
deliver CA interventions. Smartphones offer usersthe possibility
of continuous and dynamic monitoring of health conditionsin
a private space and at the time of their convenience [21] not
only of subjective, self-reported data but also of objective,
sensor-based data. Furthermore, smartphones alow for the
delivery of interventions according to user needs [22]. CA
interventions are complex and often require lengthy, costly
design and development processes led by multidisciplinary
teams of health care professional's, computer scientists, and app
devel opers, which may limit the number of teams ableto engage
in CA development, particularly in low- and middle-income
countries. However, mobile health (mHealth) interventions,
particularly SM Stext messages delivered using mobile phones,
are effective in delivering health care interventions, especialy
in low-resource settings [23,24].

Severa frameworksfor the design and devel opment of mHealth
interventions currently exist, offering guidance at every step of
the cycle, from the conceptualization of user needs [25,26] to
the devel opment of thedigita health intervention [25-27]. These
frameworks focus on generic, app-based interventions without
aconversational interface. However, Zhang et a [28] described
a framework for the development of Al-based CAs to deliver
behavior change interventions that may require significant
deployment of resources, including a large, multidisciplinary
team, and close supervision of the Al algorithms to prevent
unintended and potentially harmful effects on the users.
However, to date, no conceptual framework for the design,
development, and evaluation of rule-based CAs has been
published despite agrowing interest in the use of CAsin health
care settings.
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Objectives

CAs condtitute a specific type of digital intervention
characterized by the use of a conversational interface, often led
by an agent with adistinct personality as evidenced by itstone
of speech, method of interaction, and visual representation,
whichisoften associated with higher level s of engagement with
the user. These features and the ubiquity of smartphones support
the need for a framework that is accessible to large as well as
smaller research teams with limited resources to guide CA
development, including the distinct design and devel opment
challenges of CAs such asthe creation of dialogs and the look
and personality of the agent, grounded in current best evidence.
Therefore, this research aimed to develop a conceptua
framework for the design, development, evaluation, and

Dhinagaran et d
implementation of  smartphone-delivered,  rule-based,
goal-oriented, and text-based CAsfor health care.

Methods

We developed the Designing, Developing, Evaluating, and
Implementing a  Smartphone-Delivered,  Rule-Based
Conversational Agent (DISCOVER) conceptual framework
according to the methodology described by Jabareen [29],
consisting of the iterative, qualitative analysis of
multidisciplinary data based on the grounded theory method. It
comprises 8 interlinked stepsaimed at integrating and analyzing
the data and developing and validating the conceptual
framework [29] (Figure 1).

Figure 1. The 8 phases of the methodology by Jabareen [29] for conceptual framework development.

Mapping the selected data sources

Extensive reading and categorizing of the selected data

Step 2
Step 3 Identifying and naming concepts
Step 4 Deconstructing and categorizing the concepts

Integrating concepts

Synthesis, resynthesis, and making it all make sense

Validating the conceptual framework

Rethinking the conceptual framework

Step 1

We conducted 2 literature reviews. The first review aimed to
summarize the current literature on conceptual frameworks for
the design, development, and evaluation of mHealth
interventions, and the second review focused on
smartphone-delivered, rule-based CAs. A description of these
literature reviews can be found in Multimedia Appendix 1
[5,30-62] and Multimedia Appendix 2 [5,30-62]. Multimedia
Appendix 3 presents the search strategy used to retrieve the
studies for the review of CAs.

Step 2 and Step 3

The screening of retrieved citations was performed in 2 stages,
independently and in paralel, by DD and LM. The same 2
reviewers extracted data from al the included studies
independently and in parallel. At all stages of screening and
data extraction, the results were compared, and discrepancies
were resolved by consensus between the reviewers.

Step 4
The data analysis followed qualitative meta-synthesis to
systematically summarize the findings across al the included

https://mhealth.jmir.org/2022/10/e38740
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studies. Thisstep involved grouping the concepts extracted from
both literature reviews into overarching domains.

Step 5and Step 6

The next 2 stepsinvolved linking the overarching domains and
developing the first iteration of the conceptual framework.

Step 7 and Step 8

The conceptua framework was further amended based on
discussions among the research team members and feedback
from colleagues collected in a seminar. We subsequently applied
the conceptua framework to develop a rule-based, text-based,
smartphone-delivered CA prototype (Precilla) designed to
support healthy lifestyle changes and educate participants about
diabetes. The development, feasibility, and acceptability of
Precilla have been reported elsewhere [63,64].

The feedback received from team members and colleagues and
the lessons learned during the application study led to the
refinement of concepts and domain labels, definitions, order,
and grouping that were derived in the current version of
DISCOVER presented in this paper.
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Ethical Consider ations

This study was approved by the Nanyang Technological
University Institutional Review Board (IRB-2018-11-032).

Results

A Framework for Guiding the Design, Development,
Evaluation, and | mplementation of
Smartphone-Delivered, Rule-Based CAsin Health
Care: Overview

The conceptual framework development was informed by the
2 literature reviews and iterative consultations within the
research team. Further refinements were aso informed by the
development of our CA prototype (Precilla) [63,64] aswell as
by presentations at clinica seminars and conferences.
Multimedia Appendix 4 outlines the methodology applied in
the development of the DISCOVER framework according to
each step described by Jabareen [29]. Multimedia Appendix 5

Dhinagaran et a

[63,64] presentsthe stepsto develop CA Precillamapped to the
steps of the current version of the conceptua framework.

The 2 literature searchesretrieved atotal of 55 studies, of which
41 (75%) described conceptual frameworks for the design,
development, and evaluation of mHealth interventions and 14
(25%) wereclinical trial s eval uating smartphone- and rule-based
CAs. The findings from these reviews are presented in
Multimedia Appendices 1 and 2. The “Characteristics of
included studies” tables are presented in Multimedia Appendix
6[47-58], MultimediaAppendix 7 [5,32,65-67], and Multimedia
Appendix 8 [3,30,31,33,34,68-80].

Theinitial framework contained 8 steps. They were subsequently
condensed into 5 steps augmented by 2 overarching themes
relevant to all phases of the development process. Further
refinements led to the framework presented in this paper
consisting of an iterative process of design, development,
evaluation, and implementation steps, each comprising several
components, as presented in Figure 2 and described in the
following sections.

Figure 2. The DISCOVER conceptual framework for the design, development, and evaluation of rule-based, smartphone-based conversational agents

in health care.

oser-centered deSig,,

Data privacy and secur'ty

Step 1: Design

Thefirst stage comprised 4 interlinked steps encapsulating the
initial conceptual work of identifying the health care focus of
the CA, target users, multidisciplinary team members, and the
CA delivery interface.

Defining the Goal

Overview

A clearly defined goal isthe first step in the design process and
the foundation that will guide the development and evauation
of the CA. This step consists of 3 interlinked areas of
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eva uation—compl eting athorough needs assessment, defining
theaim, and characterizing the end user and obj ectives—which,
inturn, determine the parametersto be tested and reported. The
CA goa was described in 64% (35/55) of the papers in our
reviews [3,5,25-28,65,68-76,81-99].

Needs Assessment

The design process should commence with an in-depth needs
assessment to understand existing gaps that may be filled by
the CA. These may be informed by a literature review
[83,90,91,96,100] to assess potential research areas and the
needs and challenges of the target population, including not
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only patients but also caregivers, health care providers (HCPs),
and other experts[25,26,87,89,95,98] . Researchers should a so
involve end users in this initial phase by using surveys and a
variety of qualitative methods [70,87] such as in-depth
interviews and focus group discussionsto gather their views.

The Aim

Aligned with the needs assessment, the design team should
formulate clear, attainable, and relevant objectives to drive the
CA design and development process. It isimportant to consider
the CA tempora profile, which characterizes 4 types of CAs
according to the type and frequency of CA-user dialogs[101].
The CA tempora profile will aso determine the type of
objectives included, broadly classified as short term or long
term [101]. A short-term objective refers to an outcome to be
completed as soon as the interaction with the CA ends, such as
medication reminders [30]. A long-term goal would involve
several CA-user interactions being completed over aperiod, as
in mental health interventionsto promote mental well-being in
the general population [3] or young people with cancer [70].
Complex CA interventions may include short- and long-term
goals, such as CA Vik [30] providing medication reminders
(short-term goal) and health education (long-term goal) to
patients with breast cancer. Furthermore, Kowatsch et al [73]
used prompts and reminder SMS text messages to enhance
children’s discipline and routine, which are essential for the
self-management of asthma.

Determining the End User

The next important design consideration is to determine the
target population. Aninitial assessment should establish whether
the CA will be offered to healthy users or individuals with a
specific medical condition, caregivers, or HCPs. It isimportant
to generate a detailed and accurate portrayal of the target user,
including gender, age group, cultural beliefs and socioeconomic
concerns, digital and health literacy, access to digital devices,
and smartphone penetration rate. If the intervention is
educational, aknowledgetest should beimplemented [73]. The
acceptability of CAs by the target population and the perceived
risk of using a CA for health care matters should be evaluated,
particularly for severe or highly stigmatizing conditions [102]
such as mental health disorders [103,104].

Creating the CA | dentity

This step involves determining the CA’'s name, appearance,
tone of communication, language, and other characteristicsthat
define its identity. This step was discussed in 25% (14/55) of
the papersin our reviews[5,31,32,66,69,70,72-78].

CA Personality

User interaction with CAs appearsto be enhanced when the CA
displays a well-defined, positive, and empathic personality
[105,106]. In general, giving a name and profile picture to the
CA may enhanceitssocial presence and user acceptance[107],
although its effect appears to be small [106]. In health care
settings, using a human-like avatar rendering realistic features,
including medical attire, may increase user satisfaction [105],
although avatars displaying highly realistic features may upset
users and decrease engagement, an experience referred to as
the “uncanny valley” [108].

https://mhealth.jmir.org/2022/10/e38740
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Studies have consistently shown that CAs displaying empathy,
relational behavior, and self-disclosure enhance the user
experience [78,105] and increase the working aliance [109].
Conversely, users would notice if the CA did not convey
empathy [69].

Acceptability may be further enhanced if the CA design
acknowledges the specific cultural or demographic traits of the
target population [73] or offers options to personalize the
interface (eg, offering a male and female persona) [31,73].
Alternatively, CAs may explicitly disclose their identity [70]
to reduce user expectations about their capabilities. Finaly, CA
personality should align withitsintended function. For example,
health care CAs often display one of two personality types: a
more approachable, empathi c coach-like persondlity, particularly
if delivering behavior change interventions [77] supporting
self-management of chronic disorders[73,78] and mental health
conditions [3], or a heath care professional persona to
emphasize the legitimacy of the CA and its content [1].

Tone and Language

Thelanguage recommended for text-based interventions should
be encouraging, positive, friendly, polite, and light-hearted and
may include light humor while at the same time being formal
[110]. To maintain the flow of the conversation, it may be
advisable to use visual cues such as successive moving dots
signaling that the CA is“typing” the next message.

Thetext should bewrittenin clear, short sentencesusing simple
language and avoid scientific jargon. The National I nstitutes of
Health recommends that patient education materials be written
at or below the sixth-grade reading level (ages of 11 and 12
years) to reach adiverserange of individualswith varying levels
of literacy [111]. The readability of the text can be assessed
using ascale such asthe Flesch-Kincaid grade level to determine
its suitability [112]. Furthermore, the CA should use the target
population’s native language in its communications [75] and,
if needed, the conversational content may be trandated to one
or more languages, particularly if the CA will be deployed in
multiethnic, multilanguage societies.

With regard to the tone of the conversation, despite the
text-based nature of the CA, it may be advisable to simulate
more casual, verbal speech while avoiding the use of “textese”
[113], a form of abbreviated written or typed language
characterized by unconventional spelling and grammar (eg,
“tonite” instead of “tonight”) and abbreviations and contractions
(eg, “pls’ instead of “please” or “wanna’ for “want to”) [114].
Furthermore, words written in full capital letters should be
avoided as they equate to shouting [110].

Emojis may be used to articul ate emotions or other expressions
more efficiently than text [ 70]. However, emojis are vulnerable
to varied interpretations across cultures and contexts and should
be used mindfully. Fadhil et al [115] noted a context-specific
nature of emojis whereby they increased efficacy in a mental
health intervention but did not help in promoting physical
well-being.

CAsdesigned to address sensitive topics such asHIV and AIDS,
sexually transmitted infections, or mental health disorders may
emphasize the confidential nature of the messages or include
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codewordsto protect users’ privacy. Thisisparticularly relevant
in low- and middle-income settings, where family members
may share a single smartphone [116].

Selecting the Delivery Interface

Human | nvolvement

Conditional to the CA's aim, the design and development team
may consider a“hybrid” intervention where theinteraction with
the CA would be complemented by regular interactions with
HCPs offering timely feedback on aself-management technique
or regular support and mativation [33,72,73]. Alternatively, as
presented in the study by Stasinaki et a [79], the CA may be
fitted with multiple channels, where the user can converse with
the CA in one channel and directly with an HCP in ancther.

Peer support is recognized to play an important role in
promoting adherence to self-management interventions [117]
and afurther point of human involvement to be considered. The
CA intervention may include an additional communication
channel for usersto interact, share experiences, and receive peer
support. For example, Wang et al [75] developed a WeChat
intervention to support smoking cessation where the CA not
only responded to individual users but also acted as a group
moderator.

Delivery Channel

CAs may be delivered through a variety of channels, such as
stand-alone apps [3,73] and existing messaging platforms
[68,71,75] such as Facebook Messenger, Telegram, WeChat,
and WhatsApp, or embedded in a website [69]. Each channel
possessesits own set of complexities, and the decision regarding
the delivery channel should be based on the target population
needs and the expertise of the CA development team [118]. If
the research team does not include app devel opers or computer
scientists, the CA may be embedded in a messaging platform
or may be developed using a CA development platform that
offers templates or other design solutions for individuals with
no previous programming knowledge[5,118], such as Chatfuel,
ManyChat, and others. CAsare generally web-based, and some
of these platforms are free of charge. Alternatively, if the team
expertise or project budget alows, the CA may be delivered
through a stand-alone app. This approach offers design
flexibility, such asavariety of data collection sourcesincluding
smartphone sensors, health programming interfaces, connected
medical devices, and patient self-reported data [119]. The
combination of subjective patient reports with aobjective,
real-time data may reduce users' responsihility to update their
progress and at the same time receive relevant, dynamic
coaching based on the current data [120], which in turn may
increase adherence to the intervention.

In addition, factors associated with the target population may
also affect the selection of the most suitable delivery channel
and operating system (eg, Android or Apple’'s iOS). For
example, Kamita et a [71] implemented their CA on the
messaging platform “LINE” as it was the most popular social
network servicein Japan, and Wang et al [ 75] selected WeChat,
the most common messaging app in Hong Kong.

https://mhealth.jmir.org/2022/10/e38740
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Communication Modalities

Aligned with theframework focus, text would bethe CA’smain
input and output modality. Messages should be brief, fit the
mobile screen without scrolling [69], and be of an adequate font
size to allow for comfortable reading. Moreover, if the CA
targets populations for whom reading might be challenging,
such as older adults or visualy impared individuas,
text-to-speech assistive technology may be incorporated into

the app.

Visual aids such asimages or videos are useful to adapt content
to audiences with lower educational attainment [121], deliver
personal narratives relevant to the end users (eg, young people
with cancer), or decrease the amount of textual information
[76]. When using multimedia content, it is important to use
high-resolution files to avoid pixelated or blurred images.
Furthermore, if pictures are obtained from the web, devel opers
should abide by copyright regulations and either source the
pictures from free stock photo repositories, acquire the image
rights, or produce the images in-house.

Assembling a Multidisciplinary Team

The composition of the design and development team would
be based on the objectives of theintervention. In addition to the
inclusion of health professionals with the relevant expertise, it
is recommended to include end users as well [69,70]. For
example, a CA to support alifestyle intervention in overweight
adol escents was devel oped by amultidisciplinary teamincluding
computer scientists, physicians, apsychotherapist, and diet and
sports experts [72]. End-user involvement in the intervention
design is critical to ensure that it aligns with user needs. User
involvement was reported in a large number of studies in our
review (36/55, 65%); for example, young people with cancer
participated in focus groupsto refine the content of a CA aimed
at delivering positive psychology to enhance well-being [70],
and young patients with asthma and their parents were part of
a multidisciplinary team of experts who developed a CA to
improve cognitive and behavioral skills[73]. In general, studies
that mentioned the composition of their multidisciplinary teams
often reported computer scientists and physicians as key
members [72-75], although other health professionals such as
physiotherapists [ 78], psychologists [3], and music therapists
[76] may be included as well.

Step 2: Development

Developing the Content

Content development may involve determining the sources of
information, adapting content to the target audience, defining
the behavior change theories and techniques guiding the
intervention [28,94], and establishing error management and
safety-netting strategies [26-28, 30, 67-70, 73, 75, 77, 79, 80,
82, 83, 85, 87, 90, 92-97, 99, 100].

Evidence-Based I nfor mation

All health-related information included in the CA should be
derived from reputable sources and adequately referenced.
Sources of evidence-based information include comprehensive
literature reviews; clinical practice guidelines; Cochrane
systematic reviews; and reputable organization websites such
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as the World Health Organization, MEDLINE Plus, and the
Centersfor Disease Control and Preventionin the United States
or the National Health Service Health A to Z in the United
Kingdom [65]. For example, Kowatsch et a [ 73] used evidence
from multiple sources such as published literature on the
improvement of asthma management in children [122],
technology acceptance research [123], and user-CA working
aliances [124] to inform their intervention for asthma
management.

Managing Errors

Another important aspect of content development is to ensure
an adequate understanding of user requests, particularly for
potentially serious or life-threatening health conditions.
Safeguards to be implemented within the dialog include the
request for clarification if the CA receives an unfamiliar input
or directing the user to contact an HCP or ahuman administrator
[125,126]. These strategies were included in TensioBot, an
intervention to facilitate self-measurement of blood pressure
where, after obtaining confirmation of a blood pressure
measurement value outside the normal range, the CA alerted
the attending physician [68]. Important strategies to manage
unintended errors include using validated data entry fields;
limiting the datainput to predetermined number ranges, words,
or characters; or including predefined options for the user to
select.

Safety Netting

In general, health care CAs should include adisclaimer clearly
stating that the intervention “does not replace healthcare
provider’sadvice.” Furthermore, in the case of health conditions
associated with rapid deterioration of patient status leading to
medical emergencies, such as cardiovascular conditions,
diabetes, chronic pulmonary disorders, or mental health
conditions that increase the risk of suicide, information should
beincluded to assist usersin managing an emergency situation,
such as the provision of emergency services or crisis helpline
telephone numbers [127], links to contact their primary
physician, or clear advice on first aid treatments such as offering
a sugary drink to manage a hypoglycemic event in a person
with diabetes [128].

Types of M essages

The content and style of the messages should be aligned with
the health condition and CA aim. Broadly, the messages may
be educational [30,78] or motivational [34,77,79] or deliver
reminders to perform a self-management task [68], input data
[77], comply with preset tasks[ 73], take amedication, or attend
an HCP appointment [68]. For CAs tasked with engaging with
the user during clinic visits, it may be useful to include a status
report or summary of the consultation [126].

CAsassuming a coach-like personamight emphasi ze sympathy,
empathy, and participants’ achievements [78]. Interventions
attempting to modify users behavior may deliver messages
with higher emotional content, as reported in the study by
Carforaet al [80], where only emotional messages led usersto
reduce red meat consumption. In addition, the Wang et a [75]
CA used 4 types of messages to deliver a smoking cessation
intervention: group announcements, health-related information,
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reminders to share positive results and progress, and fixed
answers to frequently asked questions or requests.

Behavior Change Theories

CAsareincreasingly used to promote behavior change[1,129].
Behavior change interventions are complex [130] and often
comprise one or more behavior change techniques (BCTs) to
induce change. In our assessment, 4% (2/55) of the studies used
a behavior change theory to guide the intervention design,
including the Health Action Process Approach [78] and the
technology acceptance model [71]. In addition, 13% (7/55) of
the studies [31,72-75,77,80] reported the use of specific BCTs
such as goal setting, self-monitoring, tracking and feedback,
socia support, use of rewards, and anticipated regret.

For example, a study described a multicomponent behavior
change intervention incorporating several BCTs, such as goal
setting, self-monitoring, stimulus control, and behavioral
contract, to support a hedthy lifestyle for adolescents with
obesity [34,79]. Furthermore, including group chatswhere peers
or HCPs offer relevant information and emotional support may
also assist in promoting positive behavior change, such asusing
a CA-led WeChat peer group to promote smoking cessation
[75].

Optional Add-ons

Depending on the purpose of the CA, it may be appropriate to
integrate data from external devices such as glucometers [131]
or activity trackers [119]. Alternatively, access to smartphone
sensor data[132] may facilitate passive monitoring of the user’s
activity [79] or determine novel digital biomarkersto assessthe
user’smood [133] or disease status[134]. The use of smartphone
sensors for passive monitoring may further allow for real-time
information sharing with HCPs, caregivers, or peers, afeature
that may be particularly useful to monitor older people living
alone, who may be at higher risk of falling, or individuals with
severe chronic illnesses and multiple hospital admissions.

Building the Conversation Flow

A good CA is eloquent and knowledgeable and, thus, requires
a meticulously crafted script. Conversation flow building was
discussed in 35% (19/55) of the papersin our literature search
[3,27,28,30-32,65,73,78,79,82,85,87,92-96,99].

Providing Suitable Answer Options

For a good conversation flow, the predefined answer options
should be sufficient and appropriate to align with the user intent,
defined asthe user goalsor intentionsin each conversation turn.
Congtructing amind map outlining the different facets associated
with a topic (eg, medication adherence) and the likely
influencing factors (lifestyle components or emotional state)
would help predict the most relevant answer optionsto provide
to the user [135].

Selecting a Mapping Tool

A mind map is adiagram representing concepts, ideas, or tasks
generated from a key concept, which is generally represented
in the center of the graph [136]. Mind maps are an effective
method of brainstorming [137] that can be applied to building

the conversation flows. Severa web-based programs and
platforms are available to organize the conversation flow,
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including tools specifically designed to build the CA
conversation, such as SAP Conversational Al [138] or
MobileCoach [35]. Conversation flows may also be built using
nonspecific mind mapping software such as Xmind [139]. Mind
mapping isuseful to assist in recording the flow of conversations
between different topics or different user interactions. A
well-constructed conversation flow leads the conversation,
guides the user, and can address all relevant questions about its
purpose. Furthermore, interactivity, personalization, and
consistent messaging have been noted as valued qualities[140].

Per sonalizing Content and Delivery

Interventions should be tailored to individual participant needs
[110]. When compared with generic CAs, context, situational,
or individually aware agents promote a more positive user
experience[132]. Personalized interventionsinclude addressing
the user by their name or nickname [141]; delivering
notifications and reminders tailored to individual needs [110],
such as medication or appointment reminders; and notifications
for missed activities or unread messages [30,78]. For example,
an intervention promoting self-management of chronic pain
offered personalized content based on the user's type and
duration of pain and personal interests[78].

An important caveat involves the design of interventions
offering personalized advice based on user measurements, such
as suggesting a treatment based on individually reported data
(eg, blood glucose levels or blood pressure readings), as these
interventions may require regulatory oversight and be considered
a“mobile medical application” [142].

Selecting Appropriate M essage Timing and Frequency
The timing and frequency of messages are important
components when planning the intervention and may be
determined by the intervention scope aswell as user preference.
Earlier studies on SMS text messaging interventions have
suggested a preference for weekly messaging [113]. However,
different intervention types may require a more adaptive
message delivery system, such as smoking cessation programs
that often require an increased volume of messages closeto the
desired quit date [143] or high-risk behavior prevention
programs targeting binge drinking or inappropriate sexual
behaviors timing their messages to when the risky behavior is
expected to occur, for example, on a Friday night [116,141].
Therefore, strategiesfor message delivery and frequency could
be adapted to suit the CA intervention.

Just-in-time adaptive interventions (J TAIs) leverage smartphone
sensor data to “provide the right type (or amount) of support at
the right time” [22]. Smartphone sensor data would determine
and even predict “states of vulnerability” (susceptibility to
negative health outcomes) [144] and “ states of receptivity” (the
capacity to receive, process, and use the intervention) [120] in
the user when theintervention may be required and more useful.
This novel approach may be particularly useful for behavior
change interventions supporting a healthy lifestyle, such as
increasing physical activity or adhering to a healthier diet, or
supporting substance use remission [22,120]. Nevertheless,
researchers considering this approach should take into account
human and economic resources as J TAl design may require a
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larger development team that includes computer scientists and
app developers.

Using Engagement Strategies

Strategies to keep the users engaged for the intended duration
of the intervention are particularly important in health care
settings. These aspects were discussed in 11% (6/55) of the
studies in our reviews [3,30,31,73,78,79]. Reported strategies
included natifications, weekly summaries, reminders,
motivational statements, persuasive techniques, ahigh frequency
of messages to promote habit formation, and daily
encouragement. In addition, CA-specific engagement strategies
included building rapport and attachment with the user [72,73]
or adding gamified components to incentivize CA use for
rewards and points[73,79].

Step 3: Evaluation and Implementation

Evaluation

The evaluation of digital interventions, including CAs, starts
early in the development process and comprises several iterative
steps. To ensure the validity of the results, the process must use
arobust methodol ogy that isadequate for theintervention design
[15]. Indigital health interventions, acommonly used evaluation
methodol ogy isthe multi phase optimization strategy by Collins
et al [145,146].

The CA evauation follows 3 distinct stages representing the
intervention development process. The initial iterations of the
CA may be evaluated using one or more usability testing
methods [147] aiming to produce a minimum viable prototype.
Once this working prototype is ready, pilot and randomized
trials may ensue to assess the effectiveness of the CA [148].
Several aspectsof CA eval uation were discussed in 36% (20/55)
of the studies in our reviews [25, 26,28, 33, 71,73, 83, 85, 86,
88, 89, 91-95, 97-100].

The evaluation design may include one or more aspects of the
CA functionalities, including clinical or technical attributesand
user experience. The outcomes should be clearly defined and
include widely used and validated outcome measurement tools
whenever possible to improve the comparability and
reproducibility of the research results. Examples of outcome
measurement tools include the Patient Health Questionnaire-9
[149] to screen for depression, the Flourishing Scale [150] to
assess psychological well-being, the Brief Pain Inventory [151]
to assess pain intensity and itsinterference in activities of daily
living, and the Working Alliance Inventory-Short Revised [ 152]
to evaluate the CA-user working alliance.

Usability Testing

The evaluation of the CA should start early in the devel opment
cycle [153]. In theinitial stages, formative evaluation aims to
assess the viability of the digital tool by assessing its usability,
usefulness, and user experience [154] using one or more
qualitative or quantitative research designs. Qualitative methods
include surveys, interviews, focus group discussions, and “think
aloud” protocols [147] in which users express their opinions
about the product as they use it. Quantitative methods include
closed-ended questionnaires, task compl etion assessments, and
A/B testing [147,155]. An A/B tedt, split test, or controlled
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experiment compares two or more versions of a product to
evaluate the intervention componentsthat perform better or are
preferred by the user [155]. This stage relates to the screening
and confirming stages in the multiphase optimization strategy
[145,146], which use afractional factorial design to assesswhich
components should be included in the digital intervention and
the best dosagesto usein amore cost-effective fashion. Finally,
microrandomized trials are another novel methodology that is
particularly useful for assessing and optimizing the delivery of
JTAIS[156]. Microrandomized trials allow the randomization
of multiple components to occur at multiple timestriggered by
predefined decision points[156] and have been used to evaluate
CA interventions, as reported by Kramer et a [119,157].

Efficacy and Effectiveness of the CA Intervention

Once initial evaluations have determined the components that
should be included in the intervention and the frequency of
administration, atraditional randomized trial design should be
implemented to assess the effectiveness of the CA intervention
compared with current best practices [145,146,148]. Given the
complexities and cost that afull-powered randomized controlled
trial often entails, researchers may consider conducting a pilot
study to refine the study methodology or assess the feasibility
of the study design and participant recruitment strategies, among
other aspects [158]. For example, Casas et al [77] conducted a
pilot study to preliminarily assess a CA aimed at coaching
participants to make healthier food choices, whereas Greer et
a [70] evaluated a CA delivering a positive psychological
intervention to young people with cancer.

User Engagement and Acceptability

Overview

Digital health interventions often report high rates of participant
attrition, which may limit the validity of research findings and,
more importantly, the effectiveness of the intervention.
Therefore, the assessment of the CA-led intervention should be
complemented by regular evaluations of end-user adherenceto
aswell asengagement with and acceptability of theintervention.
Several assessment methods are commonly used, including
guantitative, data-driven analyses and qualitative assessments
of users’ opinions.

Data-Driven Analyses

Thedefinition of adherenceto digital healthinterventionsrefers
to the extent to which auser hasinteracted with theintervention
[159]. This term may be used to define the degree to which a
user interacts with the CA (greater adherence equals moretime
engaging with the intervention) or the degree to which the
user-CA interaction complies with the prescribed
recommendation (intended use of the intervention) [159]. In
health care interventions, the concept of “intended use” is
preferred, and it should be clearly defined during the CA design
and development stage for the subsequent adherence
measurements to be meaningful. Increased adherence to an
intervention may be related to its increased effectiveness
[75,160], although the data are not conclusive [3,161,162].

User engagement with the CA may be evaluated using data
metrics such as the times the user opened the app, time spent
interacting with the CA, the extent of the dialog, or the number
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of screens opened if the CA also includes other functions[70].
Chaix et a [30] measured use duration, interest in various
educational contents, and level of interactivity as indicators of
engagement. Nevertheless, researchers should consider the
challenges of defining engagement with digital interventions,
which may include other user-related variables such as the
severity or stage of the disease as well as the long-term
engagement with the CA [163].

Other aspects of CA use, such as underused or missing topics
or CA functionalities not working as intended, may also be
assessed. CA use analyticsare often embedded in host platforms.
Commercial platforms such as ManyChat [164] may offer a
variety of built-in analytics tools such as the number of times
the CA isaccessed. Some of these platforms offer free-of -charge
services. For health care CAs, the open-source MaobileCoach
platform [35] offers flexible, customizable use analytics.

Qualitative Evaluation

Acceptability refers to the “affective attitudes towards a new
digita hedth intervention” [165]. It is a dynamic concept
comprising theintention to engage with the novel CA, theactual
interaction with the CA, and the postengagement satisfaction
[165].

Acceptability is a subjective term that is generally assessed
using questionnaires or other qualitative methods such as focus
groups or interviews. For example, Kowatsch et a [73]
evaluated the acceptance of a CA to support asthma
self-management using a 7-point Likert scale (strongly
agree-strongly disagree) for perceived usefulness, ease of use,
enjoyment, and use intention, and Echeazarra et al [68] used a
survey with questions on ease of use, preference for the CA
over existing methods, CA usefulness for itsintended purpose,
and whether the user had stopped using it as measures of
acceptability and satisfaction. Furthermore, Gabrielli et a [69]
facilitated a participatory design workshop where suggestions
for improvement were provided via open-ended questions, and
Ly et al [3] conducted semistructured interviews on the benefits,
opportunities, and challenges associ ated with the CA for mental
health. Yan et a [166] described a very involved process of
evaluation of an mHealth intervention to promote physical
activity. A focus group discussion was organized whereby each
SM Stext message was displayed and participantswere required
to respond either with “Yes, | likeit” or “No, let’s changeit to
make it better.” This voting was then followed by a discussion
inwhich suboptimal messageswereimproved and the strengths
of effective messageswere noted. Finally, participants may also
be questioned about their willingness to recommend the
conversation to others, which isagood indicator of satisfaction
and acceptability [70].

Several aspects of user engagement and acceptability may be
measured using one of several app quality rating tools, of which
the most commonly used one is the Mobile App Rating Scale
[167]. The use of standardized, validated rating scales may
improve the reproducibility of this research area and facilitate
the reporting of trial results, although they are not specific for
CAs.
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Economic Evaluation

The economic evaluation includes not only the affordability of
the project but al so the cost-benefits associated with devel oping
the CA. These analyses should consider the end-user perspective
as well as the potentia benefits for the health care system in
general [168,169]. Digital health interventions appear to be
cost-effective [170], athough reports often present varying,
inconclusive results [171]. Although it is often mentioned that
one of the potential advantages of digital health interventions,
particularly in the long term, may be a significant decrease in
health care costs[172], the upfront expenses of developing the
digital intervention might be substantial. For example, Kowatsch
et a [73] reported upfront expenses of approximately US
$250,000 to develop a CA to support asthma self-management
in young patients. The development costs will vary conditional
to thetype and functionalities of the CA, the use of amessaging
platform or development as a stand-al one app, and the number
of team members, among other aspects. Despite the increasing
importance of conducting economic evaluationsof digital health
care interventions, only 2% (1/55) of the studies included in
our reviews reported economic evaluation data [73]. Recent
documents from the World Health Organization [168] and the
International Training and Education Center for Health [169]
at the University of Washington in the United States, as well
as arecent review [171], present a practical overview of how
to perform economic evaluations.

I mplementation

Once the effectiveness of the CA intervention has been
determined in rigorous clinical trials, the research team should
consider implementing the intervention in the broader
population. |mplementation research aimsto integrate research
and practice[173] and understand the usersand context in which
an intervention would be implemented. The research methods,
including pragmatic trials, participatory action research, and
mixed methods studies, aim to assess the intervention
“acceptability, adoption, appropriateness, feasibility, fidelity,
implementation cost, coverage, and sustainability” [174-177].
Important considerations include the need to upgrade the
systemsto adapt to higher traffic, personnel to providelong-term
system maintenance and updates, and the costs these changes
may incur [25,26]. Furthermore, the team should consider CA
intervention commercialization strategies, including engaging
HCPs, health insurers, or governmental organizationsif aligned
with the health care focus of the intervention [26].

Finally, the team should be aware of and comply with the current

regulatory frameworks for digital health interventions.
Increasingly, countries are developing national policy
frameworks to regulate the evauation, use, and

commercidization of digita health interventions [178],
particularly if theintervention is considered adigital therapeutic
[179]. Digital therapeuticsrefer to “ evidence-based therapeutic
interventionsthat are driven by high-quality software programs
to prevent, manage, or treat amedical disorder or disease” [179],
may require a provider’s prescription to be accessed [179], and
often require approval from official regulatory bodies such as
the Food and Drug Administration in the United States [180]
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and the Conformité Européenne mark in the European Union
(EVU) [181].

Cross-Cutting Considerations

Thethemes described in this section are rel evant throughout all
the design stages referred to in the previous sections.

User-Centered Design and Co-design

User-centered design refersto design practices that include the
end users views to guide the process, either in a passive,
consultive manner or as active participantsin the design process
(co-design) [182]. Several approaches to user-centered design
have been described. They share the genera principles of
involving users during the design process, although the steps
involved in the process and the type and extent of end-user
involvement may differ. They include but may not be limited
to human-centered design [183,184] and design thinking [185]
(often considered synonyms), user-centered design [186],
co-design [182], and participatory action research [187].

End usersinclude patients, caregivers, HCPs, or other relevant
stakeholders. There are several benefits of including end users
as part of the CA development team, such as a better
understanding of users’ and communities' needs, development
of culturally sensitive products, and improved communication
between the different stakeholders[188,189]. This, inturn, may
increase compliance with the intervention and improve
health-related outcomes [190]. For example, to develop a CA
to promote positivity and well-being in young people after
cancer treatment, Greer et a [70] conducted interviews and
focus groups with young adults treated for cancer to refine the
informational content.

During the eval uation stage, thinking-out-loud usability testing
is another example of a user-centered design methodology in
the design of digital health interventions, including CAs[191].

The role of user-centered design in the development of digital
health interventions has been repeatedly emphasized by several
frameworks included in our review (36/55, 65%)
[25,26,36-39,41-46,62,69,70,73,76,82-85,87-100,110].

Privacy and Security

Overview

Safeguarding the privacy and security of CA users data is
essential and should be a part of the entire design and
development cycle. Health information is considered personal,
sensitive information that should be protected at all times. The
level of data protection should align with the data collected by
the CA, if any. Therefore, the functionalities of the CA will
determine the type of sensitive data to be collected and guide
the inclusion of data protection software such as firewalls and
encryption.

In general, devel opers should minimize the amount of personal
and sensitiveinformation collected from users by asking specific
guestions to avoid oversharing or simply providing
predetermined responsesinstead of using freetext. Furthermore,
all CAsshould include aprivacy policy that is brief and written
in clear language outlining the data collected and the uses of
these data. All data must be encrypted during transit (when the
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message is being sent) and at rest (when the message has been
delivered) [192]. The platform on which the CA will be
deployed may also vary according to the CA functionalities.
For example, a CA collecting users' personal data should not
be deployed on proprietary or messaging platforms as the
platform data management policies may not be clearly reported
[65] or data sharing with third parties may occur without
informing the user [193]. This might create an ever-increasing
digital footprint, potentially allowing for user identification
from data aggregation rather than actualy identifiable
information [194].

A 2020 framework for governing the responsible use of CAs
in health care highlighted the importance of safeguarding data
privacy, including user health data, history of interactions, and
disclosure of user data even if unintended [195]. In addition,
the framework highlighted the user’'s right to access their
personally identifiable information, the requirement of user
consent before recording or saving health-related data, and the
preclusion of using the stored data as a means of surveillance
or to discriminate users against health care privileges or
coverage [195].

Compliance With Data Privacy L aws

Health care CAsthat collect users' sensitive data must comply
with country-relevant data privacy laws, such as the Health
Insurance Portability and Accountability Act inthe United States
[192] or the General Data Protection Regulation (GDPR) inthe
EU [196]. These laws' jurisdiction is generally limited to the
issuing country; however, the GDPR appliesto any EU citizen
within or outside the EU. The GDPR, which went into effect
in 2018, is an overarching law that aims to enhance the rights
of individuals over their personal data, defined as any data that
may allow for the identification of a person on their own or
combined with other data, including pseudonymized data[196].
Alternatively, the Health Insurance Portability and
Accountability Act is industry-specific and applies only to
health-related data [197]. Other countries have adopted their
own data protection laws and regulations. In Singapore, the
Personal Data Protection Act isabaseline regulatory framework
informing the collection, distribution, and use of personal data
[198].

In addition to the aforementioned GDPR, children’s data are
generally more stringently safeguarded. For example, in the
United States, the Children’s Online Privacy Protection Act
[199] requires that verifiable parental consent be obtained by
all digital operators (not restricted to health care) collecting data
from children (aged <13 years). Similar considerations are
included within the GDPR and the Singapore Persona Data
Protection Act, with the caveat that, in some European countries,
parental consent is required for children and adolescents aged
<16 years.

Discussion

Principal Findings
We present a new conceptual framework for the design,

development, evaluation, and implementation  of
smartphone-delivered, rule-based, and text-based CAs. The
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DISCOVER conceptual framework includes 8 iterative steps
arranged in three main groups: (1) design, which includes
defining the goal, creating an identity, assembling the team, and
selecting the delivery interface; (2) development, which
comprises devel oping the content and building the conversation
flow; and (3) evaluation and implementation. User-centered
design and privacy and security were included as cross-cutting
considerations, which are relevant at every stage of the
framework.

This framework was based on the comprehensive analysis of
36 mHealth frameworks, 5 CA taxonomies, and 14 primary
studies reporting on the design and development of rule-based
health care CAs. The framework was applied in a web-based
pilot study using a CA deployed on Facebook Messenger. The
existing mHealth frameworks provided general guidelines to
develop mHealth interventions for health care, from the
characterization of the target population to evaluation, with
emphasis on the application of user-centered design techniques
in all stages of development. Concurrently, the CA taxonomies
provided focused on several aspectsof CA design and evaluation
aswell astheimpact of design features on CA-user interactions.

Considering the multifaceted nature of embodied CAs, we
decided to focus on CAs that are nonembodied.

Comparisons With Prior Work

The existing frameworks for the design and development of
mHealth interventions provide detailed guidancein all steps of
the intervention development, starting with an understanding
of the needs and the profile of the end users through a review
of existing literature or formative research [67], and they
emphasize the need for patient and public involvement to make
the intervention as relevant to the target population as possible
[90,98]. These frameworks also described the importance of
conducting iterative evaluations to identify limitations before
testing themHealth interventionin alarger-scaletrial [28,98,99].
However, the literature on the design and development of CAs
was restricted to the development of taxonomies that were not
limited to health care describing CA design platforms [5],
classification of CAsaccording to the approach to conversation
design [67], characteristics of embodied agents [66], or the
impact of CA characteristics on user interactions[32]. Moreove,
thetaxonomy by Denecke et al [65] referred to health care CAS,
but they focused exclusively on CA evaluation. Therefore, a
conceptual framework guiding the development of health care
CAswas needed to expand previous mHealth frameworks with
elements particularly relevant to CAs, such as personality
development, converting evidence-based content into
conversations, and using novel research designs for evaluation.
Furthermore, our framework focused particularly on the
development of the CA, including personality, display of
empathy, and disclosure of itsidentity as acomputer-generated
entity without human involvement, and on the development of
dialogs guided by up-to-date evidence-based information
Sources.

This framework described the devel opment of rule-based CAS,
allowing theresearch team total control of the conversation and
dialog flow. There are severa reasons for this. First, our
framework presents easy-to-follow steps that could be applied
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by smaller research teamsthat do not include computer science
or Al specialists or that undertake the CA devel opment project
under restricted financial resources. Second, we aimed to
provide guidance for the development of goal-oriented CAs
aimed at delivering health education content or simple
interventions aimed at improving healthy lifestyle choices or
self-management behavior and, therefore, prioritize control over
the conversation content using a rule-based paradigm, albeit
less engaging, over Al algorithmsthat have yet to becometruly
explainable.

Implications for Future Research

Future research should apply the DISCOVER conceptual
framework to the devel opment of CAs offering behavior change
interventions aimed at different specialties, settings (hospital
or outpatient), target groups, and cultures. Moreover, although
the use of theoriesin the design of behavior changeinterventions
isfavored and may increase the eff ectiveness of theintervention
[77,200], it is still unclear which behavior change theories or
techniques are better suited for CA-led interventions.
Alternatively, because of theinteractive nature of CAs, it would
be appropriate to assess whether behavior change interventions
previously proved effective in traditional face-to-face settings
are equally effective when led by a CA.

Although the concepts of identity creation, conversational flow,
and delivery are important, their relative relevance to varying
target populations is still unknown. In addition, more research
on the assessment of health care chatbot interventions can help
inform the ideal health-related outcome measures and digital
data sets required for a comprehensive evaluation. Finally,
although this framework is comprehensive and many
components may apply to Al CAs, a separate framework is
needed to describe specific aspectsrelevant to Al CAs, such as
dia og development using machinelearning or natural language
processing techniques, voice versus text parsing, and many
others.

Strengths

This is, to the best of our knowledge, the first conceptual
framework outlining the steps required to develop a
smartphone-delivered, rule-based health care CA offering clear
yet comprehensive guidelines to accommodate health care
researchers with varying computer science expertise.
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The DISCOVER framework builds on an analysis of existing
mHealth frameworks and a stringent analysis of rule-based CA
literature complemented by the team’s demonstration of its
applicability in the development of arule-based CA to support
lifestyle changesin people at risk of developing diabetes.

Limitations

Much of theinformation provided is anecdotal or derived from
research conducted on SM S text messaging and other mHealth
interventions because of the scarcity of research on the
evidence-based development of rule-based CAsfor health care.
Therefore, this framework provides an overview of the main
steps required to develop arule-based CA.

The descriptions and examples presented in the conceptual
framework focused on CA interventionsfor end usersto support
either a healthy lifestyle or the management of a chronic
condition, as derived from the literature reviews and our
experience developing a CA. Nevertheless, the design and
development principles discussed in this study could apply to
other relevant user groups such as caregivers and health care
professionals.

Furthermore, thisframework isfocused on rule-based CAsand,
although it may guide researchers in the development of
particular aspects of Al CAs, it does not provide guidance on
the development of Al-based conversations. In addition, the
economic, socia, and behaviora characteristics of different
populations may limit its generalizability.

Conclusions

Theinterest in and potential for CAsin health care are growing,
but guidelinesto design, devel op, evaluate, and implement these
interventions are currently lacking. Drawing on published
evidence, the DISCOVER conceptual framework provides the
first attempt to fill this void. The process was divided into 8
iterative steps arranged in 3 overarching groups and
complemented by 2 cross-cutting considerations. Future research
should explore aspects of CA development such as the use of
behavior change theories and privacy and safety concerns.
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and settings and for avariety of usersis needed to demonstrate
itsvalidity.
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Abstract

Background: Approximately 800 million people, representing 11% of the world's population, are affected by mental health
problems. The COVID-19 pandemic exacerbated problems and triggered a decline in well-being, with drastic increase in the
incidence of conditions such as anxiety, depression, and stress. Approximately 20,000 mental health apps are listed in mobile
app stores. However, no significant evaluation of mental health apps in French, spoken by approximately 300 million people,
has been identified in the literature yet.

Objective: This study aims to review the mental health maobile apps currently available on the French Apple App Store and
Google Play Store and to evaluate their quality using Mobile App Rating Scale-French (MARS-F).

Methods: Screening of mental health apps was conducted from June 10, 2022, to June 17, 2022, on the French Apple App Store
and Google Play Store. A shortlist of 12 apps was identified using the criteria of selection and assessed using MARS-F by 9
mental health professionals. Intraclass correl ation was used to eval uateinterrater agreement. Mean (SD) scores and their distributions
for each section and item were calculated.

Results: Thehighest scoresfor MARS-F quality were obtained by Soutien psy avec Mon Sherpa (mean 3.85, SD 0.48), Evoluno
(mean 3.54, SD 0.72), and Teale (mean 3.53, SD 0.87). Mean engagement scores (section A) ranged from 2.33 (SD 0.69) for
Reflexe reussite to 3.80 (SD 0.61) for Soutien psy avec Mon Sherpa. Mean aesthetics scores (section C) ranged from 2.52 (SD
0.62) for Mental Booster to 3.89 (SD 0.69) for Soutien psy avec Mon Sherpa. Mean information scores (section D) ranged from
2.00 (SD 0.75) for Mental Booster to 3.46 (SD 0.77) for Soutien psy avec Mon Sherpa. Mean Mobile App Rating Scale subjective
quality (section E) score varied from 1.22 (SD 0.26) for VOS—journal de I’ humeur to 2.69 (SD 0.84) for Soutien psy avec Mon
Sherpa. Mean app specificity (section F) score varied from 1.56 (SD 0.97) for Mental Booster to 3.31 (SD 1.22) for Evoluno.
For all the mental health apps studied, except Soutien psy avec Mon Sherpa (11/12, 92%), the subjective quality score was always
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lower than the app specificity score, which was always lower than the MARS-F quality score, and that was lower than the rating
score from the iPhone Operating System or Android app stores.

Conclusions: Mental health professionals assessed that, despite the lack of scientific evidence, the mental health mobile apps
available on the French Apple App Store and Google Play Store were of good quality. However, they are reluctant to use them
in their professional practice. Additional investigations are needed to assess their compliance with recommendations and their

long-term impact on users.

(JMIR Mhealth Uhealth 2022;10(10):e41282) doi:10.2196/41282

KEYWORDS

mobile apps; behavior change; mental; prevention; mobile health; mHealth; lifestyle; French; well-being

Introduction

Approximately 800 million people, representing 11% of the
world’s population, are affected by mental health problems[1].
In addition, the COVID-19 pandemic exacerbated problems
and triggered adeclinein well-being, with adrastic increase in
the incidence of conditions such as anxiety, depression, and
stress [2]. However, within the World Health Organization's
classification of mental, behavioral, and neurodevel opmental
disorders (International Classification of Diseases-11), abroad
spectrum of mental conditions exists, varying from mild,
one-time disorders to severe, chronic, and disabling disorders
[3]. Similarly, the mental well-being concept encompasses more
than the absence of mental health disorders and symptoms and
may include psychological parameters such as subjective
autonomy, well-being, personal fulfillment, and positive
relationships[4]. Thereisgrowing recognition that mental health
and mental well-being are distinct entities with specific
determinants[5]. Preserving positive identity, maintaining good
self-esteem, being able to control and adapt to one’s own life,
and preventing social isolation and solitude are al positive
aspects of well-being that can contribute to optimizing autonomy
[6,7].

Mental disordersareareal public health problem [8]. Each year,
approximately 20% of adults are affected by anxiety disorders
[9]. Depression affects>300 million peopleworldwide[10,11].
In France, the mental health of French adults deteriorated
between 2015 and 2020, partly because of the COVID-19 crisis,
asindicated by alongitudinal study of adults[12]. French adults
were more affected by depressive or anxiety symptoms. In
addition, in recent years, the number of workers reporting
complaints of severe stress hasincreased. Thus, stressis one of
the most common occupational health problems. In Europe, the
prevalence of men and women reporting work-related stress
always or most of the time is 26% and 27%, respectively [13].
Stressat an early stage of working life can contribute to burnout,
depression, and unfavorable work outcomes in later life,
depending on the life course perspective [14,15]. Various
psychosocial interventions have been suggested to overcome
stress, such as relaxation, mindfulness practices, or social
engagement, ideally performed in groups [16,17].

New technologies have the potential to overcome these
challenges by providing large-scale hedlth literacy programs,
low-threshold approaches [ 18], or education for the population
and health care workers [19]. In this sense, disruptive
technologies provide a fantastic opportunity for enhancing

https:.//mhealth.jmir.org/2022/10/e41282

mental health approaches|[20]. Beyond supporting people with
mental disorders, apps can al so be used to improvetheir overall
well-being by encouraging behavior changes, including the
practice of meditation and mindfulness. Mobile appsrelated to
mental health are known as mental health apps and vary in type
and number [21]. In 2022, global spending on mental health
mobile apps is estimated, not including China, to be
approximately US $500 million [22]. Currently, there are
reportedly up to 20,000 mental health apps[22].

Growing digital device use for mental health support aso
suggests mental health apps as a possible pertinent aspect for a
proactive mental health and wellness model inthe coming years
[23]. Appsthat capture the user’s moods or emotional conditions
and then deliver information have significant and positive
support, as do apps offering regular, short meditation sessions
[24]. Mental health apps promote positive mental health and
well-being, involving adecrease in symptoms of mental health
conditions such as anxiety, stress, and depression. Mental health
apps have the potential to be effective in improving the
symptoms of certain mental disorders [25] and to improve
well-being [26] and life satisfaction, with a more effective
emotional management [21,24]. During the first 10 months of
2020, consumers spent arecord of US $1.1 billion on wellness
apps worldwide [22].

Nevertheless, no exploratory studies, which identify the
development and application trends of evidence-based appson
topics such as outcomes of mental health or well-being apps,
are currently available [25]. Further comprehensive validation
and evaluation of these apps from a clinical perspective is
needed [27].

The study aimed to review the mental health mobile apps
currently available on the French Apple App Store and Google
Play Store and to evaluate their quality using Mobile App Rating
ScaleFrench (MARS-F).

Methods

Selection of the French Mobile Health Apps

Mental health—related apps were screened in the French App
Store (iPhone Operating System [iOS]) and in the French Google
Pay Store (Android) from June 10, 2022, to June 17, 2022, by
2 academic researchers. Thefollowing search termswere used:
“bien étremental” (mental well-being), “santé mentale” (mental
health), and “bien étre” (well-being). Each search term was
introduced separately in the Apple App Store and Google Play
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Store because no truncation or use of logic operators (AND,
OR, and NOT) was possible.

Each researcher eliminated duplicate apps by cross-checking
the names of apps and developers. Then, both researchers
checked that they had the same list of apps and downloaded
them. They checked thefollowing inclusion criteria: (1) mainly
inthe French language, (2) mental well-being as subject matter,
(3) targeting adult users, and (4) self-personalized programs.
The exclusion criteria were apps (1) focusing on content
unrelated to mental health services, such as menta training,
yoga, physical activity, and nutrition; (2) targeting people with
specific disorders such as suicidal tendencies, eating disorders,
or addiction; and (3) providing asingle function only.

Selection of Mental Health Professionals

Theinclusion criteriafor raters were the following: (1) mental
health professional and (2) practicing at ahospital or performing
private clinical activity in France. The exclusion criteria were
(2) not having a mobile phone; (2) not being able to download
apps from the Apple or Google stores; (3) never having used a
mobile app; and (4) having hearing, visual, or motor disabilities.

Selection of a Standardized Rating Scale for M obile
Apps

MARS-F[28] wasused in thisstudy. Thefirst part of thisscale,
named App classification, includes the main characteristics of
the app, such as the name, version, devel oper, focus or target,
theoretical background or strategies, age group, and so on. This
part was reviewed by the 2 academic researchers. The Mobile
App Rating Scale (MARS) scale is composed of a main part
(23 items organized into 5 sections, named A, B, C, D, and E)
and an additional part (section F with 6 items).

Section A (engagement section; 5 items) determines whether
the app isinteresting, fun, customizable, and interactive (sends
alerts, feedback, reminders, and messages and allows sharing).
Section B (functionality section; 4 items) analyzes the app
operation, ease of learning, flow logic, navigation, and gestural
design of the app. Section C (aesthetics section; 3items) focuses
on the graphic design of the app, color palette, overal visual
appeal, and stylistic consistency. Section D (information quality;
7 items) assesses whether the app contains high-quality
information (feedback, text, references, and measurements)
from a credible source. Section E (subjective section; 4 items)
determinesthe interest of the user in the app. Section F (mabile
app specificities; 6 items) analyzes the point of view of mental
health professionals regarding the effect of selected apps on
knowledge, possible changesin user attitudes and intentionsto
change, and probability of changing the identified targeted
behaviors. In our study, the targeted health behavior was mental
well-being.

Each item was rated on a 5-point Likert scale (1=strongly
disagree to 5=strongly agree). The score for each section was
obtained by calculating the mean score of the items. The mean
of section scores (sections A, B, C, and D) corresponds to the
overal quality MARS score. The mean score of section E
corresponds to the subjective quality score, and the mean score
of section F evaluates the specificities of the app. The scores

https:.//mhealth.jmir.org/2022/10/e41282

Carroud et al

range from aminimum of 1 (poor quality) to a maximum of 5
(high quality).

M ethodology of Evaluation

Training of the Raters

The raters were 9 mental health professionals (Multimedia
Appendix 1). Before rating the mental well-being apps, the
raters had to train in the use of MARS-F. For this, they viewed
a training video in French (available on request to the
corresponding author), which was developed for MARS-F [28]
and adapted from the English training video of Stoyanov et al
[29]. In thisvideo, each item and answer is explained based on
examples. At the end of the video, a training exercise with an
app not included in the sampl e of the study was proposed. The
raters downloaded the app, tested it for at least 10 minutes,
completed MARS-F, and then compared their resultswith those
in the video. When the individual score for an item differed by
>2 points, the raters discussed until a consensus was reached
to ensure that they had the same understanding.

Evaluation of the Selected Apps by the Raters

The mental health apps were evaluated by the 9 mental health
professional s during the month of July 2022. They downloaded
all theincluded apps, used each app for at least 10 minutes, and
immediately evaluated the app using a web-based MARS-F
guestionnaire.

Statistical Analysis

To assessinterrater reliability, the intraclass correlations (ICCs;
2-way random, average measures and absolute concordance)
were calculated [30,31]. For each item, each section, and
MARS-F quality score (sections A, B, C, and D), the 95% Cls
were calculated. On the basis of the 95% CI of the | CC estimate,
values <0.5, between 0.5 and 0.75, between 0.75 and 0.9, and
>0.90 are indicative of poor, moderate, good, and excellent
reliability, respectively [31]. Mean values and SDs were
calculated for each item and each mental health app section
(presented as mean [SD]). Owing to missing values, item 19
was excluded from all analyses, and the mean for section D was
adjusted accordingly.

To assess the differences between the quality of the apps, by
item and by section, box plots were generated. The points that
appear on either side of the boxes are calculated using 1.5 times
the IQR (the distance between the first and third quartiles) to
highlight the extreme values.

To provide an overview of the average scores for each item
(row) and each app (column), a heat map was constructed. The
color gradients represent whether the score is low (near 1
[yellow]) or high (near 5 [green]).

To assess the correl ation between average quality and subjective
item 23 (“What is your overall star rating of the app?’), the
Pearson coefficient (r) was calculated. To provide a complete
overview of the popularity of each mobile app and the number
of reviewers, the number of stars awarded by usersin the iOS
and Android stores was reported.

Statistical analyses were performed using R, with the dplyr,
psych, and ggplot2 packages from the R Project for Statistical
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Computing (version 4.1.1; R Foundation for Statistical
Computing).

Results

Selection of Mental Health M obile Apps

The use of keywords alowed the identification of 35.51%
(408/1149) of apps from Apple App Store and 64.49%

Carroud et al

(741/1149) of apps from Google Play Store (Figure 1). Once
the 2 listswere cross-checked according to the name of the app
and devel oper, 59.87% (688/1149) of the apps were common
to both systems. After athorough review of the remaining apps
download page and application of the inclusion and exclusion
criteria, 1.04% (12/1149) of the apps were finally selected.

Figure 1. Flowchart of mental health mobile apps selection. iOS: iPhone Operating System.

French Apple App Store
(i0s)
Keywords
“Bien étre mental”: n=24
“Santé mentale”: n=171
“Bien &tre": n=213

36 duplicates
excluded

French Apple App Store
(ios)
n=372

French Google Play Store
(Android)
Keywords

“Bien &tre mental”: n=245

“Santé mentale”: n=247
"Bien étre”: n=249

280 duplicates
excluded

French Google Play Store
(Android)
n=461

}
l

Excluded

*  Apps common to both stores: n=82
Only in 1 store: n=63

n=688

Common mental health apps
compatibility on both systems

Excluded
* Notin the French language even
partially: n=75
* Does not have mental health as subject

matter: n=377

Meditation-only apps: n=155

Apps to communicate with healthcare
professionals: n=35

Specific population: n=34

n=12

Mental health related apps

Characteristics of Mental Health M obile Apps

Descriptive and technical information regarding the mobile
mental health appsis provided in Tables S1-S6 in Multimedia
Appendix 2. None of these apps had the same developer. An
app had adifferent name depending on the store (VOS—journal
deI’humeur in the Apple App Store and VOS—journal intime
in the Google Play Store), whereas all the other apps had the
same name. Of the 12 apps, 1 (8%) was fully free of charge, 8
(67%) were free with in-app purchases, and 3 (25%) were
accessible exclusively with a company code. The number of
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downl oads depends on the app. According to Google Play Store
(as the data were not available for the Apple store), Sanvello
was the most downloaded app, followed by VOS— journal de
I humeur.

Table 1 presents the characteristics of the mental health mobile
apps. All the apps (12/12, 100%) targeted increasing happiness
or well-being; mindfulness, meditation, or relaxation; negative
emotion reduction; anxiety or stress; anger; behavior change;
and goal setting, whereas only 17% (2/12) of the apps targeted
alcoholism or substance use, 17% (2/12) focused on
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relationships, and another 17% (2/12) aimed at physical health.
The theoretical background and strategies of all apps were the
following: assessment; information or education; monitoring
or tracking; goal setting; advice, tips, strategies, or skills
training; cognitive behavioral therapy (CBT)—behaviora
(positive events); CBT—cognitive (thought challenging);
acceptance commitment therapy; and mindful ness or meditation.
Most mental health apps (11/12, 92%) also used monitoring or

https:.//mhealth.jmir.org/2022/10/e41282
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tracking as strategies. The apps were designed for young adults
(12/12, 100%) and adults (12/12, 100%) but not for adolescents
and children (aged <12 years). All the mental health apps (12/12,
100%) allowed password protection, required log-in, sent
reminders, and needed web accessto function, and 67% (10/15)
of the apps required web access to function. Of the 12 apps, 6
(50%) allowed sharing (Facebook, Twitter, etc) and 5 (42%)
had an app community.
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Table 1. Characteristics of the mental health mobile apps (N=12).

Characteristics Apps, n (%)

Focus—what the app targets®
Increase happiness or well-being 12 (100)
Mindfulness, meditation, or relaxation 12 (100)
Reduce negative emotions 12 (100)
Anxiety or stress 12 (100)
Anger 12 (100)
Behavior change 12 (100)
Alcohol or substance use 2(17)
Goal setting 12 (100)
Relationships 2(17)
Physical health 2(17)

Theoretical background or strategies®

Assessment 12 (100)
Information or education 12 (100)
Monitoring or tracking 11(92)
Goal setting 12 (100)
Advice, tips, strategies, or skillstraining 12 (100)
CBTP—behavioral (positive events) 12 (100)
CBT—cognitive (thought challenging) 12 (100)
Acceptance commitment therapy 12 (100)
Mindfulness or meditation 12 (100)
Relaxation 12 (100)

Age group?

Children (<12 years) 0(0)
Adolescents (13-17 years) 0(0)
Young adults (18-25 years) 12 (100)
Adults (>25 years) 12 (100)
Technical aspects of the app?
Allows sharing (Facebook, Twitter, etc) 6 (50)
Has an app community 5(42)
Allows password protection 12 (100)
Requireslog-in 12 (100)
Sends reminders 12 (100)
Needs web access to function 12 (100)

8Parti cipants could choose several answers.
bCBT: cognitive behavioral therapy.

C (0.63, 95% CI 0.42-0.78), and section D (0.81, 95% ClI

Reliability of the Evaluation 0.73-0.87).

The ICC, calculated based on the 12 apps, was considered as
good, with 0.79 (95% CI 0.73-0.83) for the A, B, C, and D
sections. The ICC per section was good for section A (0.68,
95% CI 0.54-0.79), section B (0.62, 95% Cl 0.44-0.76), section

https:.//mhealth.jmir.org/2022/10/e41282 JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 10 [e41282 | p.123
(page number not for citation purposes)

RenderX


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

JMIR MHEALTH AND UHEALTH

Assessing the Quality of Content of Mental Health
Mabile Apps

MARS-F quality score for each section (sections A, B, C, and
D) and each app are presented in Figure 2 and Tables S1 and
S2in MultimediaAppendix 3. Mean engagement scores (section
A) ranged from 2.33 (SD 0.69) for Reflexe reussite to 3.80 (SD
0.61) for Soutien psy avec Mon Sherpa. Mean functionality
scores (section B) ranged from 2.89 (SD 0.63) for VOS—journal
del’humeur to 4.47 (SD 0.53) for Soutien psy avec Mon Sherpa.
Mean esthetics scores (section C) ranged from 2.52 (SD 0.62)
for Mental Booster to 3.89 (SD 0.69) for Soutien psy avec Mon
Sherpa. Mean information scores (section D) ranged from 2
(SD 0.75) for Mental Booster to 3.46 (SD 0.77) for Soutien psy
avec Mon Sherpa. For al mental health apps, except Sanvello
(11/12, 92%), the mean score for functionality was consistently
higher than that for the other sections.

Carroud et al

MARS-F quality score (sections A, B, C, and D) and MARS-F
subjective quality scores (section E) for each app are presented
in Figure 3 and Table S1 in Multimedia Appendix 3. The best
MARS-F quality scoreswere obtained by Soutien psy avec Mon
Sherpa (mean 3.85, SD 0.48), Evoluno (mean 3.54, SD 0.72),
and Teale (mean 3.53, SD 0.47), whereas the worst quality
scores were obtained by Reflexe reussite (mean 2.59, SD 0.61),
VOS—journal del”humeur (mean 2.55, SD 0.71), and Mental
Booster (mean 2.49, SD 0.61). Mean MARS-F subjective quality
scorevaried from 1.22 (SD 0.26) for VOS—journal del” humeur
to 2.69 (SD 0.84) for Soutien psy avec Mon Sherpa. The best
subjective quality scores were obtained by Soutien psy avec
Mon Sherpa (mean 2.69, SD 0.84), Teale (mean 2.53, SD 0.91),
and Evoluno (mean 2.42, SD 1), whereas the worst quality
scores were obtained by Mental Booster (mean 1.25, SD 0.33),
Reflexe reussite (mean 1.25, SD 0.33), and VOS — journal de
I"humeur (mean 1.22, SD 0.26).

Figure 2. Qualitative evaluation of mental health mobile apps—section A: engagement, section B: functionality, section C: esthetics, and section D:

information.
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Figure 3. Quadlitative (sections A, B, C, and D) and subjective qualitative (section E) evaluation of mental health mobile apps.
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Sections A, B, Cand D

Alan mind : therapie bien-étre
Coach et Moi
Envol - Pleine santé
Evoluno
goalmap: objectifs bien etre
- Livewell = Your health partner
—] Mental Booster
£ Reflexe reussite
—{ Sanvello
Soutien psy avec Mon Sherpa
Teale

—| VIOS - journal de I'humeur

Section E

Assessing the Content Specificity of Mental Health
Mabile Apps

The eva uation of the specificity (section F) of the mental health
apps is summarized in Figure 4 and Table S1 in Multimedia
Appendix 3. This score (mean) ranged from 1.56 (SD 0.97) for
Mental Booster to 3.31 (SD 1.22) for Evoluno. The best
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specificity scores were achieved by Soutien psy avec Mon
Sherpa (mean 2.59, SD 0.92), Teale (mean 3.20, SD 0.90), and
Evoluno (mean 3.31, SD 1.22), whereastheworst quality scores
were obtained by Mental Booster (mean 1.56, SD 0.97), Reflexe
reussite (mean 1.57, SD 0.76), and VOS—journal de |’ humeur
(mean 1.65, SD 1.02).
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Figure 4. App-specific scores of mental health mobile apps (section F).

Section F
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App
Alsn mind : thérapie bien-dire
Coach at Mol
Enval - Piaine santé
Evoluno

] gesimap: objectifs bisn aire
Livewell — Your haalth partner
Mental Booster
Raflexs reussile
Sanvello
Soulan psy aves Mon Shema
Teale

VOIS — joumal de Ihumeir

Evaluation of the Strengths and Weaknesses of Each
App

The app-specific score (section F) was always lower than the
subjective quality score (section E), which was always lower
thanthe MARS-F quality score (sections A, B, C, and D), except
for Soutien psy avec Mon Sherpa. This score was lower than
the rating from Apple App Store or Google Play Store, when
the apps are rated in the stores (Multimedia Appendix 2).

The graphical comparison of the average scores for each item
and each app (Table S2 in Multimedia Appendix 3) is shown
in the heat map (Figure 5). The weakness of the quality score
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RenderX

(sections A, B, C, and D) was mainly owing to sections A and
D, except for Coach et Moi, Evoluno, Livewell - Your health
partner, and Soutien psy avec Mon Sherpa. More particularly,
in section D, the worst scores were observed for the credibility
of the app (item 18), except for Coach et Moi, Soutien psy avec
Mon Sherpa, and Teale, with mean 2.78 (SD 1.30), mean 2.78
(SD 0.83), and mean 2.56 (SD 0.73), respectively. The
subjective quality (section E) was affected by the weak score
regarding the price of the app (item 22). For the specificity of
the apps (section F), no real weakness was observed because
all the apps had similar item scores. It should be noted that
Evoluno and Soutien psy avec Mon Sherpa obtai ned the highest
SCOres.
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Figure 5. Heat map of the average scores for each item and each app. The colors are related to the scores and range from yellow (1=worst score) to
green (5=best score).
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Intention to change 278 289 244 322 211 244 156 144 211 356 344 156
Help seeking 244 322 267 322 244 289 178 189 222 3,67 333 2
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quality score of the apps and their respective star rating in the

Correlation Between MARS-F Scoreand Star Rating mobile app stores was limited by the availability of star rating

The correlation between the MARS-F quality score (sections
A, B, C,and D) and MARS-F overall star rating (item 23: “What
isyour overal star rating of the app?’) was considered as good
(r=0.86; P<.001). The MARS-F quality score was higher than
the MARS-F overall star rating for al the mental health apps
tested (12/12, 100%). Correlation analysisbetweenthe MARS-F
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in the stores and di screpancies among the number of raters. The
store ratings were high compared with the MARS-F quality
score. These user ratings fluctuate from 2.7 (VOS— journal de
I"humeur) to 4.8 (Alan Mind: thérapie bien-étre) for the iOS
store and from 3.2 (Coach et Moai) to 4.6 (Envol - Pleine santé)
for the Android store (Table 2).
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Table2. MARS-Foverall star rating, overall quality MARS-F score, star rating in the Apple App Store, and star rating in the Google Play Store.

MARS-F quality score (sections Apple App Store, star rat-
A, B, C, and D), mean (SD)

Google Play Store, star

ing; number of raters rating; number of raters

Apps MARS-F overall star rat-

ing (item 23), mean (SD)
Alan Mind: thérapiebien-  2.44 (0.53) 3.22 (0.56)
étre
Coach et Moi 2.89(1.27) 3.47 (0.55)
Envol - Pleine santé 2.67 (1.41) 3.23(0.97)
Evoluno 3.00(1.22) 3.54(0.72)
goalmap: objectifsbienetre 1.78 (0.44) 2.97 (0.49)
Livewell - Your health part- 2.44 (1.13) 3.28(0.73)
ner
Mental Booster 1.67 (0.71) 2.49 (0.61)
Reflexe reussite 1.67(0.71) 2.59 (0.61)
Sanvello 2.22 (1.09) 3.18 (0.54)
Soutien psy avec Mon Sher-  3.67 (1.00) 3.85(0.48)
pa
Tedle 3.22(1.09) 3.53(0.47)
VOS-—journal del’humeur  1.78 (0.83) 2.55(0.71)

4.8; 3217 4.2; 125
4.6; 28 3.2;32
4.8; 30 4.6; 156
N/AP N/A

4.2; 269 3.6; 2000
N/A N/A
31,11 N/A
4.4;10 4; 28

4.3; 339 4.2; 23,000
4.6; 1409 4.3; 1000
42,17 43; 14
2.7;14 4.4; 16,000

3 ARS-F: Mobile App Rating Scale—French.
BN/A: not applicable.

Discussion

Principal Findings

Mental health apps aim to improve mental health and wellness,
whether in terms of curing a mental illness or implementing
habitsto improve emotional health[32]. A public survey showed
that 76% of the respondents would like to have access to free
apps to self-manage and self-monitor their mental health [33].
Thus, mental health apps can play acritical rolein mental health
care [34]; making mental health care accessible; and reducing
barriers to help-seeking, as few people with mood or anxiety
problems seek professional help. In addition, geographic,
financial, or socia constraints may make it difficult to access
support [21].

Mental health apps cover all stages of clinical care delivery,
including prevention, diagnosis, primary treatment [35], and so
on. Our study focused on mental health well-being apps that
were consistent with health promation. Thus, weincluded apps
that enabled users' mental health self-management and that did
or did not offer appointments with mental health professionals.
We excluded apps whose only purpose was to schedule
appointments with mental health professionals, because their
focus was more treatment-oriented. Screening of mental health
apps available in the French iOS and Android stores led to the
inclusion of 12 apps. In Singapore, screening of iTunes and
Google Play Store led to inclusion of 44 mental health apps
[36]. Compared with our study, they used more keywords, and
several of them were related to COVID-19. In Ching, the
screening permitted to select 40 apps, but the authors screened
the appsin Apple App Store (for iOS apps), Tencent My App,
and Huawei App Gallery (for Android apps), and they selected
apps in the Chinese language [37]. In our 2 previous studies

https:.//mhealth.jmir.org/2022/10/e41282

using the same methodol ogy but focusing on therisk factors of
noncommunicable diseases, 15 apps related to nutrition [38]
and 9 apps related to oral hygiene [39] were included.

All theincluded apps aimed to increase happiness, well-being,
mindfulness, meditation, and relaxation and reduce negative
emotions, anxiety, stress, and anger. Some apps additionally
targeted al cohol or substance use (Livewell - Your health partner
and Tedle), relationships (Livewell - Your health partner and
VOS — journal de I"humeur), or physical activity (goalmap:
objectifs bien etre and Livewell - Your health partner). These
mental health apps mainly used CBT, acceptance commitment
therapy, and mindful ness or mediation to reach their goals. The
use of CBT in mental health apps was one of the
recommendations of Bakker et a [21]. CBT is a form of
collaborative, individualized psychologica treatment that is
recognized as the most sustained approach for generating
behavioral, cognitive, and emotional adaptation to awiderange
of common psychological problems[40]. Several studies have
concluded that CBT is an effective treatment for a wide range
of psychological disorders, which can be administered via a
mobile device and still retain its therapeutic validity [21].
Moreover, CBT can also prevent psychological problemsfrom
becoming worse [41-43].

The MARS-F quality score was >2.5, for all the mental health
appstested, except for Mental Booster (11/12, 92%; mean 2.49,
SD 0.61). Mean score ranged from 2.49 (SD 0.61) to 3.85 (SD
0.48). Similar scoreswere observed for appsrelated to nutrition
availablein France (mean 3.34, SD 0.39 to mean 3.84, SD 0.32)
[38] and oral hygiene (mean 1.80, SD 0.79 to mean 3.4, SD
0.97) [39]. Soutien psy avec Mon Sherpa, which obtained the
highest score (mean 3.85, SD 0.48), had the particularity of
offering red-time interactions with an artificia
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intelligence—enabled chatbot to collect and record daily mood.
Thus, the user can develop a relationship with the chatbot,
similar to the one observed between atherapist and their patient,
which involves collaborative empiricism [44]. The 2 apps
(Evoluno: mean 3.54, SD 0.72 and Teale: mean 3.53, SD 0.47)
that received the highest MARS-F scores had a different
concept. They provided someinformation to the user (resilience,
stress, anxiety, negative thoughts, etc) in the form of a podcast
(Evoluno) or videos (Teale). Evoluno proposed to evaluate the
user (sleep quality, risk of burnout, depression, etc) and
suggested breathing exercises. Teale proposed to set goals for
the user (self-control, self-esteem, self-fulfillment, etc) with
various activities (meditation, breathing, writing, etc) to reach
them. Moreover, these 2 apps permitted to contact mental health
professionals.

The functionality (section B) was the strength for all the apps
tested, except for Sanvello (11/12, 92%). Our previous studies
demonstrated that it was also the strength of French
nutrition—+related and oral hygiene—related apps [38,39].
Information quality (section D) was the weakness of al the
apps, except 4 apps (8/12, 67%; Alan Mind: thérapie bien-étre,
Coach et Moi, goalmap: objectifsbien etre, and Livewell - Your
health partner). The weak point of Coach et Moi was the
aesthetics (section C), which was not observed for any of the
French apps related to nutrition or oral hygiene included in our
previous studies [38,39]. The worst score in section D was
observed for the credibility of the app because the mental health
professionals identified the source of information, but they
evaluated that its validity or reliability was questionable (eg,
commercia enterprise with vested interest). In addition, asthe
level of scientific evidence is difficult to assess, mental health
professionals chose “N/A The application has not been tested”
in most cases to answer item 19, which therefore could not be
included in the statistical analysis. To our knowledge, of the 12
apps, only 1 (8%) app included in this study (Sanvello) was
indexed in PubMed [45-48]. Myers et a [45] evaluated apps
for depression self-management, Mehdi et al [46] evaluated
apps for Tinnitus, and Lau et al [47] evaluated apps for mental
health. In these 3 studies, the observed MARS scores for
Sanvello were 4.6, 4.6, and 4.28, respectively, which were
higher than those observed in our study (mean 3.18, SD 0.54).
This difference could be explained by the fact that, in these
studies, the number of raterswas 2 [45,47] or 4 [46] at most.

The MARS-F quality score (sections A, B, C, and D) was higher
than the specificity of the app (section F), which was higher
than the subjective quality (section E), except for Soutien psy
avec Mon Sherpa. For this app, the specificity of app (section
F) obtained the low score. The subjective quality score (section
E) was>2.5 only for Soutien psy avec Mon Sherpa (mean 2.69,
SD 0.84) and Teale (mean 2.53, SD 0.91). For all the appstested
(12/12, 100%), the main problem was the cost, because mental
health professional s declared that they will not pay for thisapp.
The specificity of the apps (section F) assessed the perceived
impact of the app on the user’s knowledge, attitudes, intent to
change, and likelihood of actual change regarding mental health.
Only 50% (6/12) of the mental health apps included obtained
a score >2.5 for this section. Evoluno (mean 3.31, SD 1.22),
Teale (mean 3.20, SD 0.90), and Coach et Moi (mean 2.89, SD
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0.95) obtained the best scores, followed by Livewell - Your
health partner (mean 2.78, SD 1.12), Alan Mind: thérapie
bien-étre (mean 2.67, SD 0.72), and Soutien psy avec Mon
Sherpa (mean 2.59, SD 0.92). These results can be explained
because professionals preferred apps containing information
that promotes mental health and well-being than a chatbot.

In contrast to previous studies on French nutrition—related [38]
and oral hygiene—related [39] apps, the star rating score from
theiOS and Android storeswas alwayslower than the subjective
quality score (section E). This difference may be explained by
the fact that, when the mental health appswere evaluated in the
stores, they were evaluated by a very small number of
evaluators, whichisin contrast to the nutrition and oral hygiene
apps, which were evaluated by a large number of evaluators.
The difference between the star rating score and subjective
quality score was owing to the fact that the evaluations in the
mobile app stores are made by al the users, whereas the
evaluation in this study was made by mental health professionals
using the MARS-F. Thus, it could be interesting to evaluate the
same apps using the user version of the MARS (UMARS) that
is designed for usersto compare the results.

Limitations

Thisstudy hassevera limitations. First, only mental health apps
available on both French Apple App Store and Google Play
Store were included, even though several other stores could be
investigated (Huawel store, BlackBerry World, Windows Phone
Store, or Samsung store). Second, regarding the protection of
personal data, no criteriahave been defined, except for password
protection to log in to the apps. This criterion is not sufficient
to prove that the user’s personal data are protected.

Third, the commercia use of mobile mental health apps was
not considered as akey criterion for assessing the acceptability
of the app to users when many mobile apps are developed by
anonymous companies but funded by large groups such as
pharmaceutical companies. Fourth, MARS was selected for this
investigation because it is the most commonly used scale in
scientific literature for the assessment of mental health apps
[38,39,47,49-59], and its use has been recommended by the
French High Authority of Health [60]. Nevertheless, other
scales, such as ENLIGHT, which also assesses mobile health
apps, could have been used [61]. Corrélation and good parallel
validity between the MARS and ENLIGHT have been shown
[62]. Fifth, our study is only applicable to the French-speaking
community, where these mobile apps are available. Sixth, the
evaluation was conducted by mental health professionals,
whereas the mobile health apps were developed for the general
population. Therefore, it will be interesting to have these apps
evaluated by users, using the UMARS scale [63] that was
developed for them, and then compare the resullts.

Per spectives

The COVID-19 pandemic has changed the use of digita
technology in the field of mental health and, more particularly,
by menta health professionals. The pandemic has made it
possibleto revisit the waysin which the most fragile people are
cared for with connected tools and to move toward an evolution
of practices [64]. Mental health apps can improve accessibility
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to mental health services and be beneficial for mental health
[32]. They have positive effects on depressive symptoms,
anxiety, and other mental health problems [65] and help
overcome some of the barriers that make it difficult to access
mental health services (stigma, cost, capacity, and geography)
[66]. Thus, this study can help mental health professionals and
mobile app usersto choose the best mental health apps available
in France, in terms of quality.

Health care professional s generally have adifferent perspective
than users. Thus, it may beinteresting to have the mental health
apps studied in this study evaluated by users via the UMARS
scale and then compared.

This study qualitatively assessed mental health—related apps
but did not focus on content analysis of the included apps. A
review of the literature specific to apps supporting mental health
and wellness concluded that apps for bipolar disorder were
cost-effective and convenient but that most of them did not
provide information on al the core principles of
psychoeducation and did not adhere to best practice guidelines
[67]. Similarly, Larsen et a [68] showed that many suicide
prevention apps were not evidence-based and determined that
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some apps may be more harmful than helpful. They found that
some apps included potentially extremely harmful content
describing or supporting access to lethal means, encouraging
people to end their lives, and presenting suicide in a trendy
manner [66]. Moreover, as many apps are developed for
commercia purposes, ethical questions arise regarding the use
of personal data. Therefore, additional studies analyzing the
content of the apps are needed.

Furthermore, the implementation of randomized clinical trials
or longitudinal studies including the 12 mental health apps
selected in this study should allow for the analysis of the change
in mental health status after the use of the apps.

Conclusions

Mental health professionals assessed that, despite the lack of
scientific evidence, the mental health mobile apps available on
the French Apple App Store and Google Play Store were of
good quality. However, they are reluctant to use them in their
professional practice. Additional investigations are needed to
assess their compliance with recommendations and their
long-term impact on users.
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Abstract

Background: Some studies on weight loss promoation using smartphone apps have shown aweight loss effect but not an increase
in physical activity. However, the long-term effects of smartphone apps on weight loss and increasing physical activity have not
been rigorously examined to date.

Objective:  The aim of this study was to assess whether the use of a smartphone app will increase physical activity and reduce
body weight.

Methods: Inthisparallel randomized clinical trial, participants recruited between April 2018 and June 2019 were randomized
in equal proportions to a smartphone app group (n=55) or a control group (n=54). The intention-to-treat approach was used to
analyze the data from December 2019 through November 2021. Before the intervention, an hour-long lecture on weight loss
instruction and increasing physical activity was conducted once for both groups. Participants in both groups were instructed to
weigh themselves immediately after waking up at least once daily from the start of the intervention. Monthly emails were sent
advising the participants in both groups on how to lose weight and increase physical activity in order to maintain or increase
motivation. Participants in the smartphone app group were instructed to open the app at least once aday to check their step count
and rank. The primary outcome was daily accelerometer-measured physical activity (step count) and the secondary outcome was
body weight. Since there was a significant difference in the wear time of the accelerometer depending on the intervention period
(P<.001), the number of steps and moderate-to-vigorous physical activity were also evaluated per wear time.

Results: The mean age of the 109 participants in this study was 47 (SD 8) years. At baseline, the mean daily total steps were
7259 (SD 3256) steps per day for the smartphone app group and 8243 (SD 2815) steps per day for the control group. The difference
in the step count per wear time between preintervention and postintervention was significantly different between the app group
and the control group (average difference [95% Cl], 65 [30 to 101] steps per hour vs—9 [-56 to 39] steps per hour; P=.042). The
weight losswas—2.2 kg (SD —3.1%) in the smartphone app group and —2.2 kg (SD —3.1%) in the control group, with no significant
difference between the groups. In addition, when divided into weekdays (Monday through Friday) and weekends (Saturday and
Sunday), there was a significant interaction between step counts (P=.004) and MV PA (P=.003) during the intervention, with the
app group showing higher interaction on weekends than the control group.

Conclusions: In thistrial, the group with the smartphone app intervention showed increased physical activity, especially on
weekends. However, thisincreased physical activity did not lead to increased weight loss.
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Introduction

Background

Physical inactivity—related deaths contributeto US $13.7 billion
in productivity losses, and physical inactivity isresponsible for
13.4 million disability-adjusted life-years worldwide [1].
Conversely, higher levels of total physical activity at any
intensity and less time spent sedentary are associated with a
substantially reduced risk of premature mortality [2]. Increasing
the amount of physical activity isalso effective for weight loss
[3,4]. Despite the many health benefits of physical activity,
most Japanese adults do not meet the current recommendations
for physical activity when assessed using objective measures
[5]. Wearing a pedometer encourages increased step count in
both the short and long terms[6,7]. A study [8] has shown that
those who increased their daily steps over the monitoring period
had asubstantial reduction in mortality risk. A pedometer-based
walking program resulted in moderate weight loss, with
participants losing an average of 0.05 kg per week during the
intervention period [9].

Recently, the use of mobile apps has led to notable success in
increasing physical activity [10,11] and in weight control or
weight reduction [12]. In particular, interventions with text
messaging and personalization features seem to be more
effective [10]. A meta-analysis showed that the use of mobile
apps had a positive effect on physical activity measures
corresponding to 1850 steps/day [10]. However, ameta-analysis
of interventions that promote weight loss by using mobile apps
showed a weight loss effect but not an increase in physical
activity [12], and several factors might limit the effectiveness
of mobile app-based physical activity interventions. First, the
duration of most intervention studies using the app is short term
(less than 6 months) and the long-term effects of such
interventions are still unclear. Second, the 7 papers reviewed
in the meta-analysis assessed physical activity by using
guestionnaires, which may have been unable to assess the
changein physical activity. If physical activity can beincreased
by utilizing mobile apps during weight loss support, it will lead
to an increase in energy expenditure, and further weight lossis
expected. In addition, to understand the effectiveness of mobile
apps in promoting increased physical activity during weight
loss support, it is hecessary to utilize mobile apps that focus
solely on physical activity. Furthermore, body weight and
physical activity fluctuate not only seasonally but also within
the week [13,14]. Although the effect of app use on physical
activity may differ between weekends and weekdays, the
differencein the app effects has not yet been elucidated.

https://mhealth.jmir.org/2022/10/e35628

Objective

The purpose of this study was to determine whether using a
mobile app would promote increased physical activity and
weight loss after 32 weeks of the intervention. In addition, we
aimed to assess the intraweek variability of physical activity
during the intervention period and to evaluate the impact of
using or not using the app.

Methods

Study Design and Participants

The participantsin this study were recruited using aweb portal
for municipal employees according to the following inclusion
criteria: (1) age, 30-60 years, (2) gained more weight than the
weight at 20 years of age, (3) BMI>20 kg/m?, and (4) possession
of a smartphone. Participants with any disease and who could
not obtain permission from their physicianswere excluded from
the study. The calculated sample size of 102 participants was
determined based on a previous study [15] investigating the
effect of using a smartphone app on increasing the number of
steps taken (effect size=0.564586, a error=.05, power=.80).
However, werecruited 110 participants based on the assumption
that approximately 10% would drop out, and 109 participants
who were finally considered for the analysis were randomized
in equal proportions to the smartphone app group (n=55) or
control group (n=54) by EY with arandom number generator.
The participants werefirst classified by sex and then randomly
divided into 2 groups. Recruitment of the target population
occurred between April 2018 and June 2019. The 32-week
interventions were conducted twice during the same period
between June 2018 and January 2020. The last evaluation date
was set as 224 day's (32 weeks) after the start of theintervention.
Assessments of the impact of the intervention on physical
activity and body weight were conducted at 10-12 weeks and
30-32 weeksfrom the start of theintervention. All dataanalyses
were performed at the Kumamoto Prefectural University. The
primary and secondary outcomes of this study were step count
(physical activity) and body weight.

Ethics Approval

This study was conducted in accordance with the guidelines of
the Consolidated Standards of Reporting Trials (CONSORT).
Thisstudy followed the guidelines of the Declaration of Helsinki
and was approved by the ethics committeefor Clinical Research
of the Prefectura University of Kumamoto (approval
30-30,01-20) and the ethics committee of the National Institutes
of Biomedical Innovation, Health and Nutrition (approval
122-01). Informed consent was obtained from all the participants
in this study. The protocol was registered in the University
Hospital Medical Information Network (UMINO00033397).

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 10 |e35628 | p.136
(page number not for citation purposes)


http://dx.doi.org/10.2196/35628
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH

Intervention

Before the intervention, EY gave both groups 1-hour
group-based lectures on weight loss and increasing physical
activity. Thein-person lecture sessions consisted of 7 domains
that focused on the following: (1) the benefits and barriers to
engaging in health behaviors, (2) the health benefits of increased
physical activity and weight loss, (3) how to calculate energy
expenditure by activity intensity, (4) the amount of energy
contained in cooked foods and seasonings, (5) how to set agoal
of +1000 steps/day (increase walking time by approximately
10 minutes) of increased step count from participants’ current
(preintervention period) daily step counts, (6) how to set a
weight loss goal of —5% from the participant’s current body
weight, and (7) hedlthy diet and weight maintenance. The
participants’ body weight and physical activity were measured
for 3 consecutive weeks before and during the intervention
(10-12 weeks and 30-32 weeks, respectively). Preintervention
evaluations were assessed during the 3 weeks before the
intervention began. In addition, dietary intake was assessed
during the evaluation period using a questionnaire to assess the
average amount of food consumed in the past month.
Participantsin both groups wereinstructed to weigh themselves
immediately after waking up at least once daily from the start
of the intervention. Monthly emails were sent advising the
participantsin both groups on how to lose weight and to increase
physical activity to maintain or increase motivation. In the app
group, a smartphone app (present in both Apple and Android
smartphones) capable of managing the tracking steps[16] was
downloaded by the participants before the intervention. The
number of steps taken was displayed in the app in conjunction
with the smartphone’s built-in function to evaluate the number
of steps taken. The app also displayed the information on
walking distance, energy expenditure, and vegetable intake;
however, participants were instructed to check only the number
and ranking of stepstaken. Within the app, the number of steps
taken and the rank in the group could be tracked and this
information was shared with the smartphone app group.
Participantsin the app group were instructed to open the app at
least once aday to check their step count and rank. Participants
in both groups wore accel erometers for 3 weeks that were only
set to display the number of steps taken immediately after the
intervention began so that they knew how many stepsthey were
taking each day. Participants were asked to compare their daily
activity to thefeedback resultsto realize the amount of physical
activity that had increased by more than 1000 steps before the
intervention. In addition, physical activity and weight data
measured prior to the intervention were fed at this time. The
results of body weight and physical activity assessments at
weeks 10-12 of the intervention were fed back within 1 month;
in December, weight change results since the start of the
intervention were fed back. The target for the step counts was
toincrease by at least +1000 steps/day from the preintervention
rating. No maximum goal was set and the goal was to reach
+1000 steps/day from the preintervention level, and those who
reached the goal were encouraged to at least maintain that
number of steps. For example, if the average step rating before
the intervention was 6000 steps, they were advised to reach at
least 7000 steps daily and encouraged to maintain at least 7000
steps even when the goal was reached.

https://mhealth.jmir.org/2022/10/e35628
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Anthropometric M easurement

Height was measured using digital scaleswith a stadiometer to
the nearest 0.1 cm (BW-306, Yamato scale) before the
intervention period. The body weights of the participants were
measured with abody composition monitor to the nearest 50 g
(BC-308, Tanita). The participants were instructed to weigh
themselves at least once a day, and the time of weighing was
to be measured every day within an hour of waking up in the
morning, wearing assimilar clothes as possible and under fasting
conditions. The measured weight and time data were recorded
on the Secure Digital card built into the body composition
monitor. BMI was calculated as weight (kg) divided by height
(inm?).

Physical Activity

Physical activity was measured for 3 weeks [17] at 1-minute
epochs by using atriaxial accelerometer (Active Style Pro HJA-
750C) [18] before and during the intervention (10-12 weeks
and 30-32 weeks, respectively). The accelerometer was worn
ontheir waist, except while sleeping or bathing. Physical activity
was assessed using step count and activity time based on the
intensity levels. The obtained physica activity intensity level
in each minute was classified as sedentary behavior (<1.5
metabolic equivalents [METS4]), light physical activity (1.6-2.9
METS), and moderate-to-vigorous physical activity (MVPA,
=>3.0 METSs). A consecutive zero count of =60 minutes was
defined as nonwear time. Assessment of accelerometer datawas
adopted if there was more than 600 minutes of wear time per
day. Overal participant wearing time (min/day) of the
accelerometer decreased from 940 (SD 102) min/day at baseline
t0 919 (SD 118) min/day at 12 weeksand 905 (SD 125) min/day
at 32 weeks (P<.001). Thus, to account for the differencesin
the wearing time, the average number of steps and MV PA per
wearing time (per hour) were calculated with reference to
previousstudies[11,19]. During the measurement period (before
the intervention, 10-12 weeks, and 30-32 weeks), the
accelerometer display was set to not be able to see the amount
of physical activity for the day.

Dietary Intake

Food intake was assessed using a validated brief
self-administered diet history questionnaire[20,21]. Participants
reported the foods they consumed in the past month by selecting
the frequency of each food group and the average intake per
week. The brief self-administered diet history questionnaire
consists of questions on frequency of food and beverage
consumption, frequency of rice and miso soup consumption per
day, frequency of alcohol consumption and the percentage of
alcohal in each of the 5 alcoholic beverages, cooking methods
for the dishes eaten most often, and general eating habits. After
the participants completed the questionnaire, adietician checked
the completed questionnaire with the participant.

Statistical Analysis

Changes in the body weight during the intervention are shown
as raw data and as a moving average over a week. The
demographic variables were assessed using independent sample
two-sided t tests for continuous data and the chi-square test for
categorical datato compare between groups. All analyseswere
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performed using an intention-to-treat approach. To evaluate the
effects of using the smartphone app on physical activity and
body weight, this study used amixed-design analysisof variance
between the participant groups (smartphone app group vs control
group) and within participant groups based on repeated
measurements (preintervention vs postintervention at 12 and
32 weeks, respectively). To assessintraweek variability in body
weight and physical activity before and during intervention,
secondary analysesincluded comparisons of intraweek changes
in body weight and physical activity (step count and MV PA)
by using mixed-design analysis of variance. We also estimated
the effect of the fixed model and tested its significance for the
day of the week with reference to a previous study [17]. The
datafor body weight are presented in the change based on Friday
since the standard error was larger than the intraweek variation
and it is difficult to see the variation. Statistical significance
was set at P<.05. Statistical analyses were performed using the
SPSS version 22.0 software (IBM Japan Ltd).

Results

Participants and I ntervention Adherence

Theflowchart of the participantsincluded in this study is shown
in Figure 1. The study protocol isillustrated in Figure 2. Two
and 3 participants dropped out from the smartphone app and
control groups, respectively, between the preintervention and

Figure 1. Study flow diagram.
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12 weeks and 1 participant in the control group dropped out at
12-32 weeks. Thefina dropout rate at 32 weekswas 4% (2/55)
in the smartphone app group and 7% (4/54) in the control group,
with no significant difference between the 2 groups (P=.44).
Moreover, before and after theintervention period, 3 participants
in the smartphone app group (compl etion rate, 52/55, 95%) and
6 participantsin the control group (completion rate, 48/54, 89%)
could not be assessed because the weight and physical activity
data were only provided for afew days or dueto errorsin the
analysis process. Thus, the number of participantswith complete
weight and physical activity data before and after the
intervention was 50 in the smartphone app group and 44 in the
control group. The proportion of those in the smartphone app
group who checked the app at least once a day during the
intervention period was 73.4% (overall: 80.1% at the start of
intervention to 12 weeks and 73.6% at 12 to 32 weeks). During
the 32-week intervention period, the average number of days
with at least one weight measurement per day was 187 in the
smartphone app group and 185 in the control group. Thetrends
intheweight, BMI, fasting blood glucose level, and hemaoglobin
Ay level of the 102 participants with the results of physical
examinationsfor the past 10 years and the intervention year are
shown in the Multimedia Appendix 1. The year in which the
intervention wasimplemented is shown as zero. The participants
tended to gain weight and BMI over the years, and their
glycemic status worsened.

Based on the criteria for participants listed in the
advertisement, men and women (N=112) who
wished to participate in the study were contacted.

Excluded (N=3)

v

Y

« Did not meet inclusion criteria (N=2)
+ Did not participant research briefing (N=1)

Randomized (N=109)

Use of smartphone app group

* Assigned to smartphone app group (N=35)
+ Received intervention as assigned (N=55)

+ Did not receive assigned intervention (N=0)

Control group

+ Assigned to control group (N=54)

+ Received intervention as assigned (N=54)

* Did not receive assigned intervention (N=0)

v

v

« Completed 12 weeks intervention (N=53)
« Withdrew from study (N=2)

« Completed 32 weeks intervention (N=53)
+ Withdrew from study (N=0)

Completed 12 weeks intervention (N=51)
Withdrew from study (N=3)
Completed 32 weeks intervention (N=50)
Withdrew from study (N=1)

'

.

Included in analysis (N=35)

| |

Included in analysis (N=34)
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Figure 2. Study protocol. Wk: weeks.
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I ntervention Effects

The baseline data of the 109 participants by their group are
shownin Table 1. Figure 3 showsthe changein the body weight
during the intervention period from June to the end of January
(32 weeks) in the years 2018-2020. After 32 weeks of
intervention, the weight loss was —2.2 kg (SD —3.1%) in the
smartphone app group and —2.2 kg (SD —3.1%) in the control
group, with no significant difference between the groups.
Intraweek variationsin the body weight before the intervention
are shown in Figure 4. Before the intervention, there was no
significant interaction (group x day of theweek) in body weight
(Figure 4A), step count (Figure 4B), and MVPA (Figure 4C)
between the groups (P>.05).

The effects of the intervention on body weight and physical
activity before and after the intervention are shown in Table 2.
The step count per wear time and MV PA per wear time showed
asignificant interaction between the groups (P=.04 and P=.03,

https://mhealth.jmir.org/2022/10/e35628

RenderX

respectively). Similar results were obtained for the per-protocol
set. The intraweek variations in body weight, step count, and
MV PA with or without wear time during the intervention period
areshownin Figure 5. There was asignificant interaction (group
x day of the week) in the step count and MV PA per wear time
between the groups (P=.01 and P=.007, respectively), and the
step counts on Saturdays and Sundays in the smartphone app
group were higher than those in the control group (P<.05). In
addition, when divided into weekdays (Monday through Friday)
and weekends (Saturday and Sunday), there was a significant
interaction between step counts (P=.004) and MV PA (P=.003)
during the intervention, with the app group showing higher
interaction on weekends than the control group. Inthe analysis
including both groups, the correlations between change in step
counts and changein energy intake (r=—0.141) and weight loss
(r=—0.026) were not statistically significant; however, therewas
asignificant correlation between dietary intake and weight loss
(r=0.198, P=.048).
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Table 1. Baseline information of the participants (N=109).
Smartphone app group Control group P value
(n=55) (n=54)
General characteristics
Women, n (%) 26 (47) 24 (44) .85
Age (years), mean (SD) 47 (8) 47 (8) .93
Body weight (kg), mean (SD) 71.0(13.9) 70.0 (13.0) .69
BMI (kg/m?), mean (SD) 259 (4.2) 25.3(3.6) 46
Step counts (steps/day), mean (SD) 7259 (3256) 8243 (2815) .09
Activity time of 1.5 METs? (min/day), mean (SD) 571.5(99.6) 603.5 (109.5) 11
Activity time of 1.6-2.9 METs (min/day), mean (SD) 302.2 (79.9) 289.3 (69.6) 37
Activity time of over 3.0 METs (min/day), mean (SD) 55.2 (25.2) 61.5 (23.8) .18
Activity time of 1.5 METSs (%), mean (SD) 61.4(8.7) 62.9 (6.6) 31
Activity time of 1.6-2.9 METs (%), mean (SD) 32.7 (8.0) 30.5(6.2) A3
Activity time of over 3.0 METs (%), mean (SD) 6.0 (2.7) 6.6 (2.6) .25
Energy intake (kcal/day), mean (SD) 2005 (649) 1857 (624) .23
Protein (%), mean (SD) 14.6 (2.9) 155 (2.6) .08
Fat (%), mean (SD) 27.8(5.1) 28.9 (5.6) 29
Carbohydrate (%), mean (SD) 57.6 (7.1) 555 (7.6) 16
Self-reported cardiovascular risk factors, n (%)
Overweight/obese” 25 (45) 22(41) .70
Obese® 8(15) 7(13) >.09
Hypertension 5(9) 6 (11) .76
Dyslipidemia 1(2) 4(7) 21
Diabetes 1(2) 0(0) >.09
Current smoker 2(4) 5(9) 27

AMIET: metabolic equivalent.

PBMI>25 kg/m?.
°BMI1>30 kg/m?.
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Figure 3. Changesin body weight during the intervention period (32 weeks). The change in the body weight of the participantsis shown by the solid
line for the smartphone app group and the dotted line for the control group. (A) Values are shown as average and (B) as the moving average over 1
week. The change in body weight before and after the intervention (preintervention, 12 weeks, and 32 weeks) was not significantly different between
the groups.

Smartphone App
A B Control

0.50 -2 0.50 -8

Change mn body weight

Figure4. Intraweek variationin (A) body weight, (B) step counts, and (C) moderate-to-vigorous physical activity before theintervention. Missing data
were taken into account and analyzed using two-way repeated measures mixed anaysis of variance to examine the interaction between the groups.
Values are presented as means and standard errors. MV PA: moderate-to-vigorous physical activity.
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Table 2. Intervention effects on body weight, physical activity, and dietary intake before and after intervention.

Yoshimuraet d

Smartphone app group Control group Group x
interac-
tion, P
value
Preintervention, 12 weeks, mean 32 weeks, mean  Preintervention, 12 weeks, mean 32 weeks, mean
mean (95% Cl)  (95% CI) (95% CI) mean (95% Cl)  (95% CI) (95% CI)
Intention-to-treat
Body weight 70.9 (67.4-74.5) 68.8(65.3-72.4) 68.8(65.2-72.3) 70.0(66.4-73.5) 68.0(64.4-71.6) 67.8(64.2-71.4) .94
(kg)
Step count 7259 (6335- 7850 (6921- 7846 (6910- 8243 (7465- 8143 (7346- 7806 (6998- .06
(steps/day) 8183) 8779) 8782) 9021) 8940) 8615)
Step countsper 473 (408-538) 527 (462-592) 538 (473-604) 525 (472-579) 528 (4737-583) 517 (461-572) .04
wear time
(steps/h/day)
MVPAZ 55 (48-62) 58 (51-65) 62 (55-69) 62 (55-68) 60 (54-67) 59 (52-65) .05
(min/day)
MVPA per 4(3-9) 4(3-4) 4 (4-5) 4(3-4) 4(3-4) 4(3-9) .03
wear time
(min/h/day)
Energy 2005 (1844- 1783 (1621- 1836 (1673- 1857 (1694- 1718 (1553- 1758 (1593- .66
intake 2166) 1946) 2000) 2020) 1883) 1923)
(kcal/day)
Protein (%) 14.6 (13.8-15.4) 15.6(14.8-16.4) 155(14.7-16.3) 155(14.7-16.3) 16.1(15.3-16.9) 16.1(15.3-16.9) .65
Fat (%) 27.8(26.3-29.4) 287(27.1-30.2) 27.5(25.9-29.1) 28.9(27.3-30.5) 295(27.9-31.1) 28.3(26.7-29.9) .96
Carbohydrate ~ 57.6 (55.4-59.7) 55.7 (53.5-57.9) 57 (54.8-59.2) 55.5(53.4-57.7) 54.4(52.2-56.6) 55.7 (53.4-57.9) .87
(%)
Per protocol
Body weight 70.6 (67.0-74.2) 68.4(64.9-71.9) 68.4(64.9-71.9) 68.3(64.7-72.0) 66.4(62.8-69.9) 66.2(62.6-69.7) .90
(kg)
Step count 7130 (6287- 7833 (6939- 7779 (6874- 8231 (7333- 8149 (7196- 7826 (6861- .05
(steps/day) 7972) 8728) 8685) 9129) 9103) 8791)
Step counts per 465 (408-522) 527 (465-588) 535 (467-602) 526 (465-587) 527 (462-592) 520 (448-592) .047
wear time
(steps/h/day)
MVPA 54 (48-61) 58 (51-65) 61 (54-68) 61 (54-68) 60 (53-67) 59 (51-66) .04
(min/day)
MVPA per 4(3-4) 4 (3-4) 4 (4-5) 4(3-4) 4 (3-4) 4(3-4) .03
wear time
(min/h/day)
Energy 1966 (1800- 1759 (1600- 1811 (1677- 1851 (1680- 1704 (1539- 1752 (1576- .79
intake 2133) 1919) 1945) 2022) 1870) 1927)
(kcal/day)
Protein (%) 14.8 (14.0-155) 157 (14.9-16.6) 15.6(14.8-16.4) 15.7(150-164) 16.2(154-17.1) 16.2(15.3-17.0) .68
Fat (%) 27.8(26.4-29.2) 28.7(27.1-30.3) 27.5(25.8-29.2) 28.8(27.2-30.3) 29.3(27.6-30.9) 28.0(26.3-29.7) .90
Carbohydrate ~ 57.4 (55.4-59.4) 55.5(53.2-57.9) 56.9(54.5-59.2) 55.5(53.4-57.6) 54.5(52.2-56.8) 55.9(53.5-58.2) .81
(%)

3V PA: moderate-to-vigorous physical activity.
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Figure5. Intraweek variationin (A) body weight, (B and C) step counts, and (D and E) moderate-to-vigorous physical activity during theintervention.
Data were combined from 12 and 32 weeks to analyze the relationship between physical activity and intraweek variability. Missing data were taken
into account and analyzed using two-way repeated-measures mixed analysis of variance to examine the interaction between the groups. Values are
presented as means and standard errors. MV PA: moderate-to-vigorous physical activity.
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Discussion

The aim of this study was to determine the effects of using a
mobile app on increasing physical activity and weight loss by
ng accelerometer dataand weight loss data after 32 weeks
of the app intervention. Our findings showed that the use of a
step count—specific mobile app for the assessment of physical
activity for weight loss might be effective in increasing the step
count, although it may not affect the amount of weight loss. In
addition, we found that the effects of using the mobile app on
physical activity differed between weekends and weekdays and
that the mobile app showed data of higher physical activity on
weekends.

Flores Mateo et a [22] and Isam et a [12] reported
meta-analyses that were related to our study. Ther
meta-analysesindicated that the app intervention group showed
more weight loss than the control group, but there was no
statistically significant change in physical activity. Most
previous studies assessed habitual physical activity through
questionnaires or self-reports [15,23-28]. To our knowledge,
our study is the first to assess physical activity by using
accelerometers for weight loss and to examine the long-term
effects of physical activity by using step count—specific mobile
apps. Inthis study, we found that the use of a step count—specific
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mobile app for weight lossled to anincreasein physical activity.
Previous studies have demonstrated that increased physical
activity reduces the risk of mortality and has various
physiological benefits[29-31]. The impact on physical activity
from using a step-counting app for weight loss is not as
significant as expected; however, continued use might provide
physiological benefits. In the future, the long-term impact of
using health indicators should be examined.

Inconsistent with that reported in a meta-anaysis [22], the
change in weight loss was not significantly different between
the 2 groupsin our study. Thismay be because the control group
in our study demonstrated a certain weight loss effect after 1
lecture and a few text messages even without using the app. A
study has shown that a single motivational lecture can promote
moderate weight lossin the short term [32]. Moreover, our study
and the previous study [32] consisted of populations that were
motivated to lose weight, which may haveinfluenced the results.
In addition, many intervention studies using mobile apps
included several support toolsin the apps, such astexts, emails,
internet, interactive chatbots, and voice agents. Although the
effectiveness of an intervention may be increased by the
inclusion of many support featuresin mobile apps, it isdifficult
to understand the exact factorsthat affect the observed changes.
Pedometers and accelerometers affect the number of steps just
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by wearing them, but it is unclear whether the use of mobile
apps that focus only on step count affects the step count. If the
number of stepstaken by a 70-kg person increases by 1000 and
theintensity is 3 METS, the person should lose more than 1 kg
in 32 weeks, but our study showed no such effect. Wu et al [33]
indicated in their meta-analysis that the pooled weight losswas

1.14 kg or 0.50 kg/m? greater for the diet-plus-exercise group
than for the diet-only group. However, results with an
intervention period of less than 1 year showed no intervention
effect. Furthermore, most studies did not show the expected
weight loss effect from the energy expenditure generated by the
set exercise [33-35]. Interventions that combine dietary
restriction and physical activity may attenuate the effects of
physical activity interventions. The weight loss after 32 weeks
of theintervention in our study was approximately 2 kg. Further
improvements in lecture content and support tools are needed
to increase the effectiveness of additional weight loss. In
addition, participants in the app group were instructed to use
the app daily to check their steps and rank. Although such an
approach is intended to motivate participants, we could not
assess the motivational impact of app use. Further research is
needed in this direction in the future.

Notably, wefound that the eff ects of the mobile app on physical
activity differed between weekends and weekdays, that is, the
mobile app data showed higher physical activity on weekends.
In a study on Japanese white-collar workers, the sedentary
behavior time was significantly longer on weekdays than on
weekends (598 min/day vs 479 min/day, respectively; P<.001)
[36]. However, among blue-collar workers, there was no
significant difference in the sedentary behavior time between
weekdays and weekends (462 min/day vs 485 min/day; P=.43)
[36]. The proportion of workerswho achieved the recommended
sedentary behavior levels (<8 hours) was only 4.8% for
white-collar workers on weekdays and 54.8% on weekends
(P=.04) [36]. All the participantsin our study were prefectural
employees, and the weekends were Saturday and Sunday.
Although change is required regarding work or after-work
behavior on weekdays, it may be difficult to increase the number
of steps taken on weekdays. Our study showed that the use of
smartphone apps could increase physical activity by increasing
the step count, especially during leisure time on nonworking
days such as Saturday and Sunday. These results can be obtained
using an accelerometer. The originality of this study isin the

Yoshimuraet d

use of accelerometers to assess physical activity and the use of
up to 6 weeks of physical activity data assessed at weeks 12
and 32 of the intervention to examine the within-week
variability.

The dropout rate in our study was less than 10%, despite the
long intervention period of 32 weeks, and there was no
difference between the 2 groups. The reasonsfor this cannot be
ascertained; however, intervention content such as monthly
emails and feedback on the results may have had an impact.
Continued participation in theintervention isan essential factor
affecting the validation of intervention effectiveness and should
be investigated in future studies.

This study has several limitations. First, al the participantsin
this study were prefectura employees, which limits the
generalizability of the study. Second, although this study
calculated the sample size and conducted an intervention, it is
possible that sample size estimation was inadequate due to the
lack of appropriate studies utilizing apps focused on step count
and using physical activity and weight loss as outcomes. Future
large-scal e intervention studies are needed. Third, although the
duration of the intervention in this study was longer compared
tothat in previousstudies, it is necessary to examine the impact
of the intervention for more than 1 year, and the influence of
the seasons needs to be considered. Further, the use of the app
may have affected the motivation for the intervention but could
not be assessed in this study. Future studies should also evaluate
the motivational impact of app use. Finally, it is necessary to
devel op support toolsto increase not only the amount of physical
activity but also the weight loss effect. However, the major
strength of our study was the parallel randomized controlled
trial design, which indicates that our findings are reliable.

In conclusion, this study shows that the use of a step
count—specific mobile app during weight loss support might be
effective in increasing the step count, although it might not
affect the amount of weight loss. Moreover, we found that the
effects of the mobile app on physical activity differed between
weekends and weekdays, with the mobile app data showing
higher physical activity on weekends. Future studies need to
focus on the development of methods for increasing the
effectiveness of physical activity and weight loss by using
mobile apps.
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Multimedia Appendix 1

Changes in body composition and blood glucose levels in physical examination findings. Missing data were considered and
analyzed using one-way repeated-measures mixed analysis of variance. Values are presented as means and standard errors.
[PNG File, 18 KB - mhealth v10i10e35628 appl.png ]

Multimedia Appendix 2
CONSORT-eHEALTH (V 1.6.1) checklist.
[PDF File (Adobe PDF File), 7579 KB - mhealth_v10i10e35628 app2.pdf ]
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Background: Gait is an essential manifestation of depression. However, the gait characteristics of daily walking and their
relationships with depression have yet to be fully explored.

Objective:  The aim of this study was to explore associations between depression symptom severity and daily-life gait
characteristics derived from acceleration signals in real-world settings.

Methods: We used two ambulatory data sets (N=71 and N=215) with acceleration signals collected by wearable devices and
mobile phones, respectively. We extracted 12 daily-life gait features to describe the distribution and variance of gait cadence and
force over a long-term period. Spearman coefficients and linear mixed-effects models were used to explore the associations
between daily-life gait features and depression symptom severity measured by the 15-item Geriatric Depression Scale (GDS-15)
and 8-item Patient Health Questionnaire (PHQ-8) self-reported questionnaires. The likelihood-ratio (LR) test was used to test
whether daily-life gait features could provide additional information relative to the laboratory gait features.

Results. Higher depression symptom severity was significantly associated with lower gait cadence of high-performance walking
(segments with faster walking speed) over a long-term period in both data sets. The linear regression model with long-term
daily-life gait features (R?=0.30) fitted depression scores significantly better (L R test P=.001) than the model with only laboratory
gait features (R?=0.06).

Conclusions: This study indicated that the significant links between daily-life walking characteristics and depression symptom

severity could be captured by both wearable devices and mobile phones. The daily-life gait patterns could provide additional
information for predicting depression symptom severity relative to laboratory walking. Thesefindings may contribute to developing

clinical tools to remotely monitor mental health in real-world settings.

(IMIR Mhealth Uhealth 2022;10(10):e40667) doi:10.2196/40667

KEYWORDS

depression; gait; mobile health; mHealth; acceleration signals; monitoring; wearable devices, mobile phones; mental health

Introduction

Depression affects the lives of over 300 million people
worldwide [1] and is associated with many adverse outcomes,
including decreased quality of life, loss of occupational function,
disability, premature mortality, and suicide [2-5]. While early
treatment can be effective and prevent more serious adverse
outcomes [ 6], morethan half of depressed people do not receive
timely treatment [ 7,8]. Current questionnaire-based depression
assessments may be affected by recall bias and may not be able
to collect dynamicinformation [9,10]. Therefore, several recent
studies have attempted to explore the associations between
depression and changes in individuals' behaviors using mobile
technologies[11].

Changes in gait are essential manifestations of depression
[12,13]. The main hypothesis linking gait with depression is a
bidirectional interaction between the brain motor system and
cortical and subcortica structures, which arerelated to emotions
and cognitive functions [14-16]. Many studies have explored
the relationships between depression and gait characteristics
based on “gold-standard” laboratory walking tests. Longer gait
cycles, reduced stride length, and slower gait cadence were
observed in participants with depression compared with healthy
controls, which have been consistently shownin several studies
[17-25]. Other gait abnormalities such as reduced gait force
[21], increased double support time [22], reduced swing time
variability [23], slumped postures [24], and increased body
sway [25] have been reported, but with |ess consistency across
studies.

Laboratory gait testsare hard to be applied in real-world settings
because of the need for expensive equipment (eg, video camera
and force plates), specialized laboratories, and the inconvenience

https://mhealth.jmir.org/2022/10/e40667

of wearing sensors on the knees and ankles, for example[14,26].
Some researchers have suggested that people’sdaily-life activity
characteristics should have stronger links to their health
conditions than laboratory tests [27-29]. Therefore, it is
necessary to monitor and evaluate daily-life walking using
efficient methods.

In recent years, several studies have used mobile technologies
to measure daily-life walking patterns and explored their
associations with depression. However, most of these studies
only measured the number of cumulative steps of daily-life
walking [30-32], which ismorerelated to individuals’ mobility
and physical activity than to gait patterns (eg, gait cadence and
gait force). To our knowledge, there have been only a few
studies exploring the associ ations between daily-life gait patterns
and depression directly. Adolph et al [33] found that depressed
participants had reduced walking speed, reduced vertical
up-and-down movements, and more sl umped postures compared
with controls by placing two accel erometers on the participant’s
trunk and right leg for 2 days [33]. However, wearing multiple
sensors on the body may not be suitable for long-term
monitoring. With the devel opment of sensors, the mobile phone
provides a cost-effective, continuous, and unobtrusive means
to measure individuals' behaviors, including daily walking.
Therefore, the mobile phone may be a potential tool for
long-term gait monitoring.

The aim of this study wasto explore the value of daily-walking
monitoring for improving the eval uation of depression symptom
severity. Our first objective was to design and extract gait
features from raw acceleration signals to describe the
characteristics of daily walking. The second objective was to
explore the associations between gait features and depression
symptom severity, and to test whether these associations could
be captured by different acceleration devices. Thethird objective
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was to test whether daily-life walking could provide additional
information for predicting depression relative to laboratory
walking. To achieve the second and third objectives, we
performed our analyses on two ambulatory data sets, the Long
Term Movement Monitoring (LTMM) and Remote A ssessment
of Disease and Relapse-Major Depressive Disorder
(RADAR-MDD) data sets [34,35], with acceleration signals
collected by awearable device and mobile phone, respectively.
Importantly, the LTMM data set contains data related to both
laboratory and daily walking, which could address the third
study aobjective.

Methods

Data Sets

LTMM Data Set

The LTMM data set includes demographics (age and gender),
depression scores (15-item Geriatric Depression Scale[GDS-15]
[36]), and raw acceleration signals (100 Hz) of laboratory
walking tests and 3-day activities for 71 elderly adults [34],
which can be downloaded at PhysioNet [37]. Participants were
included if they did not have any cognitive or gait/balance
disorders[34]. Participantswere asked to walk at aself-selected
and comfortable speed for 1 minute in the laboratory while
wearing a 3-axis accelerometer on their lower back [34]. The
GDS-15 questionnaire contains 15 easy-to-understand, yes/no
format questions, which is suitable for depression screening in
the older population [38,39]. After the laboratory walking test,
all participants were asked to wear the accelerometer for the
next 3 consecutive days to record daily activities [34].

Ethics Considerations

RADAR-MDD was conducted per the Declaration of Helsinki
and Good Clinical Practice, adhering to principles outlined in
the National Hedth Service (NHS) Research Governance
Framework for Health and Social Care (2nd edition). Ethical
approval has been obtained in London from the Camberwell St
Giles Research Ethics Committee (REC reference 17/L0O/1154),
in Spain from the CEIC Fundacié Sant Joan de Deu (Cl
PIC-128-17), and in the Netherlands from the M edische Ethische
Toetsingscommissie VUms (METc VUmc registratienummer
2018.012-NL63557.029.17).

RADAR-MDD Data Set

The EU research program RADAR-MDD aimed to investigate
the utility of mobile technologies for the long-term monitoring
of participants with depression in real-world settings [35,40].
Adult participants with a depression history were included in
the study if they did not meet the following criteria: (1) have
other psychiatric disorders (eg, bipolar disorder, schizophrenia,
and dementia), (2) have received treatment for drug or alcohol
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use in the past 6 months, (3) a major medical diagnosis that
affectsdaily activities, and (4) pregnancy [35]. A detailed study
protocol was published previoudly [35]. In this study, we used
a subset of RADAR-MDD data collected from a study site in
the United Kingdom (King's College London [KCL]) between
November 2017 and April 2021, because the KCL sitewasthe
only site to acquire ethical approval for collecting the phone's
acceleration signals. We hereafter denote this subset as the
RADAR-MDD-KCL data set for convenience. The phone's
acceleration signalswere collected at 50 Hz and uploaded to an
open-source platform, RADAR-base [41]. The participants
depression symptom severity was assessed by the 8-item Patient
Health Questionnaire (PHQ-8) [42] self-reported through mobile
phones every 2 weeks. A patient advisory board comprising
service users co-developed the study. They were involved in
the choice of measures, timing, and issues of engagement, and
have also been involved in devel oping the analysis plan.

Step Detection Algorithm

Sincewe needed to respectively detect steps onthe acceleration
signals collected by wearable devices and mobile phones, we
choseto usethe step detection algorithm [43], which was based
on mobile phones (Figure 1). Given a segment of 3-axis
acceleration signals(x;, vi, z), the magnitude of the acceleration

of the segment of accel eration signal swas cal culated to combine

3D signals to a single series, r;, where E. The magnitude of
the accel eration signals does not depend on the orientation and
tilt of the mobile phone during walking [43]. Subsequently, r;
was filtered by a weighted moving-average filter to remove
noise (Equation 1, w=150 milliseconds). Next, the filtered r,
was subtracted by the mean of r™; to make r™; symmetric to the
x-axis. We calcul ated two new series, B1; and B2;, based on two
thresholds to detect the walking swing phase and stance phase,
respectively (see Equations 2 and 3). If aswing phase ends and
a stance phase starts, we can identify a step that occurred. The
formal detection rule of astep § at samplei isthat thefollowing
two conditions must be satisfied: (1) a change from -0.5to 0
in B1 (B1,=0 and B1;_;=0.5); (2) thereis at |east one detection
of B2=-0.5 in awindow of size w=150 milliseconds in sample

i (Min(B2,,,,)=-0.5).
@

Then, the gait cycle series could be derived by calculating time
intervals between consecutive steps, which was denoted as
Cycles. During each gait cycle, the amplitude from the peak to
thevalley of the magnitude of the accel eration signalswas used
to reflect the gait force of each step. The force of al stepsin
the given acceleration signal was denoted as the series Force.
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Figure 1. Step detection algorithm. ACC is the 3-axis acceleration signal; B1 and B2 are two series calculated by thresholds to detect walking swing
and stance phase, respectively; and pink dashed lines represent the detected steps.
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Feature Extraction

Feature Window Size

Sincethe PHQ-8 scoreis used to estimate depression symptom
severity for the past 2 weeks [42], we extracted gait features
from a 14-day time window prior to each PHQ-8 record from
the RADAR-MDD-KCL data set. For the LTMM data set, we
extracted gait features from 3-day activities to link daily-life
walking with the GDS-15 score.

Step Detection Window and the Continuous Walking
Segment

Daily-lifewakingin real-world settingsis complex and contains
some intermittent walking segments (such as walking in a

https://mhealth.jmir.org/2022/10/e40667
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crowded environment or awalking-rest transition status). These
intermittent walking segments may not fully reflect a
participant’s normal walking patterns. Therefore, to distinguish
between continuous and intermittent walking, we used a
1-minute sliding window [44] to detect stepsfrom thelong-term
raw acceleration signals. If the participant was walking most of
the time in this minute, we considered this minute as the
continuous walking segment. Based on our experience, we set
50 seconds asthe threshold for selecting the continuouswalking
segment; that is, the segment with more than 50 seconds of
walking time (sum of all gait cyclesin the minute) was selected
for further analysis (Figure 2b).
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Figure2. Schematic diagram of long-term gait feature extraction for the Long-Term Movement Monitoring data set. (a) Three-axis acceleration signals
of 3 consecutive days; (b) examples of continuous and discontinuous walking segments and three short-term gait features (definitions in Table 1) were
extracted from each continuous walking segment; (c) long-term gait feature extraction: 25th percentile, median, 75th percentile, and standard deviation
of short-term gait feature values of all continuous walking segments over 3 days for each participant.
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Gait Featur extracted three short-term gait features from every detected
alt Features continuous walking segment in the feature window. Then, for
Overview each short-term gait feature, we calculated four statistical

The performance of walking varies over time due to several
factors such as mood, energy, and environment. Therefore, the
long-term gait features need to represent the distribution and
variance of walking patterns over the feature window. We first
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second-order features (long-term features) across al values of
continuouswalking segments. Intotal, 12 long-term gait features
were extracted in this study, and a summary of these features
is shown in Table 1. A schematic diagram of long-term gait
feature extraction is shown in Figure 2.
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Table 1. Short-term and long-term gait features extracted and their short descriptions.

Gait feature Description

Short-term gait features
Median cycle (seconds)
Peak frequency (Hz)

Median force (m/s?)
Long-term gait features

25th percentile of median cycle

50th percentile of median cycle
75th percentile of median cycle
SD of median cycle

25th percentile of peak frequency
50th percentile of peak frequency
75th percentile of peak frequency
SD of peak frequency

25th percentile of median force
50th percentile of median force
75th percentile of median force

SD of median force

Median of gait cyclesin the 1-minute walking segment

Peak frequency in the PSD? of the magnitude of 1-minute acceleration signals

Median of gait force in the 1-minute walking segment

25th percentile of median gait cycle values of al walking segmentsb
Median of median gait cycle values of al walking segments

75th percentile of median gait cycle values of all walking segments
Standard deviation of median gait cycle values of al walking segments
25th percentile of peak frequency values of all walking segments
Median of peak frequency values of al walking segments

75th percentile of peak frequency values of all walking segments
Standard deviation of peak frequency values of al walking segments
25th percentile of median gait force values of all walking segments
Median of median gait force values of al walking segments

75th percentile of median gait force values of all walking segments

Standard deviation of median gait force values of al walking segments

3pSD: power spectral density (from 0.5 Hz to 3 Hz).

BAIl detected continuous wal king segments (defined in the Methods section) in a feature window (3 days for the Long Term Movement Monitoring
data set and 14 days for the Remote Assessment of Disease and Relapse-Major Depressive Disorder data set).

Short-Term Gait Features From the 1-Minute Continuous
Walking Segment

Gait cadence and gait force are essential characteristics of
walking. Gait cadence is the rate at which the individual feet
contact the ground [45]. Gait force reflects the ground reaction
force during walking [46]. For every continuous walking
segment, the median of the gait cycle series (Cycles) was
calculated to reflect the gait cadence of this minute from the
time domain, which was denoted as median cycle. To assess
the gait cadence from the frequency domain, the power spectral
density (PSD) of walking was obtained by applying the fast
Fourier transformation to the filtered magnitude (r7;) of the
acceleration signal s of every continuous walking segment. The
peak frequency [47] of the 0.5-3—Hz band (reflecting walking)
[34] of the PSD was used to reflect the main rhythm of steps
from the frequency domain, which was denoted as peak
frequency. For gait force, we cal culated the median of the Force
series (median force) to represent the average power of all steps
in the minute.

Long-Term Gait Features

For each of the short-term gait features (median cycle, peak
frequency, and median force), we calculated four statistical
second-order features (25th percentile, median, 75th percentile,
and SD) from all detected continuous walking segments during
afeature window.

Previous studies suggested that the extreme values of gait
characteristics over the long term could reflect the optimal or

https://mhealth.jmir.org/2022/10/e40667

worst walking performance of the participant, which could in
turn reflect physical or mental conditions better than the median
value [29]. Therefore, we used 25th percentile, median, and
75th percentile second-order statistics to represent three levels
of walking performance (low, medium, and high) during a
feature window. For example, faster walking during a feature
window could represent high-performance walking, which may
not be affected by other factors such asfatigue and the crowded
environment. High-performance walking could be represented
by the 75th percentile of peak frequency and the 25th percentile
of median cycle in a feature window, which is expected to be
closely associated with depression status. The variance of
daily-life walking in a feature window was measured by the
SD.

Laboratory Gait Features Extracted From Laboratory
Walking Testsin the LTMM Data Set

We also extracted median cycle, peak frequency, and median
force from the 1-minute acceleration signals of laboratory
walking testsin the LTMM data set. For reading convenience,
we denoted these as |aboratory gait features.

Inclusive Criteria for Data Missingnessin the
RADAR-MDD-KCL Data Set

Theraw accel eration signalswere remotely collected by mobile
phones in the RADAR-MDD-KCL study. Possibly due to the
high battery consumption and network traffic for uploading the
raw signal, the missing rate of acceleration signalswasrel atively
high. To reduce the impact of missingness, aPHQ-8 period (14
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days) included in this study should have at |east 3 days (aligned
with the LTMM data set) with more than 50% acceleration
signals[48,49].

Statistical Analyses

For the LTMM data set, Spearman coefficients [50] were
calculated to assess associations between the GDS-15 score and
gait features (3 laboratory gait features and 12 long-term gait
features). As the data in the RADAR-MDD-KCL data set are
longitudinal (repeated PHQ-8 measurements for each
participant), aseries of pairwise linear mixed-effectsregression
models[51] with random participant i ntercepts were performed
to explore the association between the PHQ-8 score and each
of the 12 long-term gait features (no laboratory tests were
included in the RADAR-MDD-KCL data set). Age, gender,
and the number of comorbidities (see Table S1 in Multimedia
Appendix 1) were considered as covariates. The
Benjamini-Hochberg method was used for multiple-comparison
corrections in both data sets[52].

To test whether long-term gait features could explain additional
data variance in depression scores relative to laboratory gait
features, we built two nested multivariate linear regression
modelswithout and with long-term gait featuresfor the GDS-15
score (denoted as Model A and Model B; Equations 4 and 5)
inthe LTMM data set. Specifically, predictors of Model A are
age, gender, and the 3 laboratory gait features, while predictors
of Model B are age, gender, the 3 laboratory gait features, and
the 12 long-term gait features. The coefficient of determination
(R?) was calculated for both model s to estimate how much data
variance was explained by predictors. Then, thelikelihood ratio
test [53] was used to test whether Model B fit the GDS-15 score
better than Model A. Since the laboratory walking test was not
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included in the RADAR-MDD-KCL data set, the likelihood
ratio test was only performed in the LTMM data set.

Model A: GDS-15=Aget+Gender+3 laboratory gait
features (4)

Model B: GDS-15=Aget+Gender+3 laboratory gait
features+12 long-term gait features (5)

Results

Data Summary

The 71 participants in the LTMM data set have a mean age of
78.36 (SD 4.71) years with 18 (25%) participants having
potential depressive disorders (GDS-1525) and 69.82 (SD 9.65)
hours of acceleration signals per participant. The
RADAR-MDD-KCL data set, according to the data inclusion
criteria, contains 659 PHQ-8 records collected from 215
participants and corresponding 99,445 hours (average 463 hours
per participant). The cohort in the RADAR-MDD-KCL data
set has amean age of 43.36 (SD 15.12) years with the mgjority
being women (75%), and half of the PHQ-8 records indicated
potential depression symptoms (PHQ-8>10). The average
missing rate of acceleration signals collected by phonesin the
RADAR-MDD-KCL dataset (70.60%) was significantly higher
than that of the acceleration signals collected by the wearable
device in the LTMM data set (3.03%). A summary of the
demographics, and distributions of depression scores and
available acceleration signalsfor participantsinthe LTMM and
the RADAR-MDD-KCL data sets is shown in Table 2. The
heatmaps of correlations between the 12 long-term gait features
of the LTMM and RADAR-MDD-KCL data sets are presented
in Figure 3.
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Table 2. Demographics and distributions of depression scores and available acceleration signals of participants in the two data sets.

Characteristic

LTMM?3 (N=71) RADAR-MDD-KCLP (N=215)
Age (years), mean (SD) 78.36 (4.71) 43.36 (15.12)
Female, n (%) 46 (65%) 162 (75%)
Depression score, mean (SD) GDS15%3.18 (2.81) PHQ-8% 9.67 (5.84)
Potential depressive episode (GDS-1525) and PHQ-8210), n (%)° 18 (25%) 330 (50%)
Number of completed depression questionnai res 71 659
Number of completed depression questionnaires per participant, mean (SD) 1(0) 3.09 (2.76)
Length of total available acceleration signals (hours) 4817 99,445
Length of available acceleration signals (hours) for each GDS-15/PHQ-8 recordd, mean 69.82 (9.65) 98.77 (105.20)
(SD)
Average missing rate of acceleration signals (%) 3.03 70.60
Numb;ar o; continuous walking %gmentsh detected from each GDS-15/PHQ-8 record, 73.48 (66.98) 11324 (170.48)
mean (SD

8 TMM: Long Term Movement Monitoring.

PRADAR-MDD-KCL: subset of the Remote Assessment of Disease and Relapse-Major Depressive Disorder data set collected from King's College
London, United Kingdom.

®GDS-15: 15-item Geriatric Depression Scale.

dPHQ-8: 8-item Patient Health Questionnaire.

®Based on the total number of completed questionnaires.

fThe RADAR-MDD-KCL data set has multiple PHQ-8 records for each participant, which was conducted every 2 weeks.

9We regarded accel eration signal sin the 14 days before a PHQ-8 record. For the GDS-15 record, we considered accel eration signals of all 3-day activities
after enrollment.

hContinuous walki ng segment was defined as 1-minute accel eration signals with at least 50 seconds of walking (see Methods section).

Figure 3. Heatmaps of correlations between 12 long-term gait features of the Long-term Movement Monitoring data set (a) and Remote Assessment
of Disease and Relapse-Major Depressive Disorder King's College London data set (b).
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Table3. Spearman correlations between the 15-item Geriatric Depression Scal e score and gait features, including laboratory and long-term gait features,

in the Long-Term Movement Monitoring data set.

Feature® P P value®

Laboratory gait features extracted from the 1-minute laboratory walking test
Median cycle 0.39 .001
Peak frequency -0.32 .01
Median force -0.25 .04

Long-term gait feature extracted from 3-day activities
25th percentile of median cycle 0.31 .01
50th percentile of median cycle 0.13 .29
75th percentile of median cycle 0.02 .86
SD of median cycle -0.24 .06
25th percentile of peak frequency -0.02 .85
50th percentile of peak frequency -0.09 45
75th percentile of peak frequency -0.27 .03
SD of peak frequency -0.12 .33
25th percentile of median force 0.02 .85
50th percentile of median force -0.01 .98
75th percentile of median force -0.10 41
SD of median force -0.30 .02

3Definitions of gait features in this table are provided in Table 1 and the Methods section.
bp values were adjusted by the Benjamini-Hochberg method for correction of multiple comparisons.

Associations Between Long-Term Gait Features and
the PHQ-8 Scorein the RADAR-MDD-K CL Data Set

The pairwise linear mixed-effects models performed in the
RADAR-MDD-KCL dataset revea ed asignificant and negative
link between the PHQ-8 score and the gait cadence of
high-performance walking during the 14 days before submitting
PHQ-8 records. Specifically, the 25th percentile of median cycle
was positively associated with the PHQ-8 score; that is, for
every increase of 0.1 seconds in the median gait cycle of
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high-performance walking, the PHQ-8 scoreincreased by 0.606
points. Likewise, the 75th percentile of peak frequency was
negatively associated with the PHQ-8 score, indicating that a
reduction of 0.1 Hz in the peak frequency of high-performance
walking was associated with an increase of 0.26 PHQ-8 points.
Other long-term gait featureswere not found to be significantly
associated with the PHQ-8 score in the RADAR-MDD-KCL
data set. A summary of all 12 linear mixed-effects regression
modelsis provided in Table 4.
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Table 4. Twelve pairwise linear mixed-effects models for exploring associations between long-term gait features and depression symptom severity

(8-item Patient Health Questionnaire) in the RADAR-MDD-KCL data set.?

Long-term gait feature® Estimate SE df tvalue P value®
25th percentile of median cycle 6.06 272 648.75 223 .03
50th percentile of median cycle 3.98 251 639.41 1.59 A1
75th percentile of median cycle 249 2.08 653.72 1.20 .23
STD of median cycle 2.87 4.41 631.11 0.65 52
25th percentile of peak frequency -1.50 1.02 656.44 -1.46 15
50th percentile of peak frequency -1.93 1.05 650.76 -1.83 .07
75th percentile of peak frequency —2.62 1.01 634.70 —2.60 .01
SD of peak frequency 0.21 1.86 600.50 0.12 91
25th percentile of median force -0.57 224 637.46 -0.25 .80
50th percentile of median force 0.88 1.79 655.77 0.49 .62
75th percentile of median force 0.44 1.66 656.37 0.26 .79
SD of median force 2.05 3.78 602.90 0.54 .59

3RADAR-MDD-KCL: Subset of Remote Assessment of Disease and Relapse-Major Depressive Disorder collected from King's College London.
bDefinitions of daily-life gait features are provided in Table 1 and the Methods section.
‘P values were adjusted by the Benjamini-Hochberg method for correction of multiple comparisons.

Resultsof the Likelihood Ratio Test in the LTMM
Data Set

The regression model with long-term gait features (Model B)
achieved better performance (R?=0.30) than the mode! without

long-term gait features (Model A) (R?=0.06). We found that the
12 long-term gait features extracted from 3-day activities could

explain an extra 24% data variance (an increase of 0.24 in R?)
of GDS-15 scores relative to the laboratory gait features and
participants’ demographics. The likelihood ratio test showed
that Model B fitted GDS-15 scores significantly better than
Model A (x°=32.91>x%5(12), P=.001). The detailed results
of the two nested regression models are shown in Table S2 of
Multimedia Appendix 1.

Discussion

Principal Findings

This study retrospectively used two ambulatory data sets for
exploring the associations between depression symptom severity
and daily-life gait characteristics. We extracted 12 long-term
gait features to describe the distribution and variance of gait
cadence and force over a long-term period and link daily-life
gait patterns with a self-reported depression score. The main
findings of thisstudy are (1) higher depression symptom severity
is dignificantly associated with lower gait cadence of
high-performance walking (faster walking in all continuous
walking segments) over a long-term period; (2) long-term
daily-life walking has the potential to provide additional
information for predicting depression symptom severity relative
to laboratory gait characteristics and demographics; and (3)
wearable devices and mobile phones both have potential to
capture the associations between daily gait and depression.

https://mhealth.jmir.org/2022/10/e40667

The results of Spearman correlations between laboratory gait
features and the GDS-15 score in the LTMM data set are
consistent with previous studies [17-25]; that is, the participants
with more severe depression symptoms were more likely to
have sower gait cadence (longer median of gait cycles and
lower gait frequency) and smaller gait force in laboratory
walking tests.

For daily-life walking, this study used the faster walking (75th
percentile of peak frequency and 25th percentile of median
cycle) in all detected continuous walking segmentsto represent
high-performance walking during afeature window (3 daysfor
LTMM and 14 days for RADAR-MDD-KCL). Only gait
cadence of high-performance walking was found to be
significantly and negatively associ ated with depression symptom
severity, whereas gait patterns under mediurvlow-performance
walking were not significantly associated with the depression
score. This finding was consistent in both the LTMM and
RADAR-MDD-KCL data sets. A potential reason is that the
walking performance in real-world scenarios may be affected
by multiple factors (such as walking during the day or at night,
walking under fatigue or walking after rest, and walking to a
destination or navigating a crowded supermarket) [29];
therefore, the lower walking performance may not fully reflect
the participant’sphysical or mental conditions. Therefore, from
the main finding of this study, we speculated that faster steps
over along-term period could represent the high performance
of participants walking, which could be closely associated with
their depression status.

Inthe LTMM data set, we found that the variance of gait force
(SD of median force) in 3-day activities was significantly and
negatively associated with the depression symptom severity,
indicating that participants with higher depression symptom
severity werelikely to haverelatively monotonous walking over
3 days. However, the feature was not significantly associated
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withthe PHQ-8 scoreinthe RADAR-MDD-KCL dataset. One
reason isthat the magnitude (r;) (explained in the Step Detection
Algorithm section) of the acceleration signals depends on the
location of the accelerometers attached to the body [54]. As
acceleration signals in the RADAR-MDD-KCL data set were
collected by mobile phones, the variable locations of phones
when attached to participants bodies (such as in the hand,
handbag, and pocket) affected the magnitude of acceleration
signals. Therefore, the magnitude of phone-collected
acceleration signals cannot fully reflect the gait force.

Results of regression models and the likelihood test in the
LTMM data set illustrated the importance of monitoring
daily-life gait in real-world settings. Laboratory gait features
and demographics in LTMM data only explained a small

proportion of data variance of the GDS-15 score (R°=0.06),
whereas long-term gait features extracted from 3-day activities

could explain an extra 24% of data variance (R°=0.30). This
finding supported that long-term daily-life walking has the
potential to provide additional information for predicting
depression symptom severity relative to laboratory gait
characteristics and demographics. Further, this finding also
indicated that the laboratory walking test may be affected by
several factors such as subjective psychological factors and
laboratory-controlled conditions, which may not fully reflect
the condition of a participant’s mental health [27,29]. Since
there were no laboratory testsin the RADAR-MDD-KCL data
set, the comparison between laboratory gait features and
long-term daily-life gait features was not performed in the
RADAR-MDD-KCL. We will consider adding laboratory tests
at enrollment in future digital depression studies.

Limitations

Although we found that wearables and mobile phones have the
potential to capture the associations between depression and
daily-life gait patterns, both devices have some limitations.
Wearables could collect relatively complete walking data;
however, wearing sensors may not be suitable for long-term
monitoring. Mobile phones could be used for long-term
monitoring without user burden, but the missing rate of mobile
phone acceleration signals is relatively high. The findings of
this study support that the links between gait and depression
could still be revealed from the limited and sparse daily-life
walking acceleration signals. Missingness is a common
challenge in remote digital studies [55], which may be caused
by high battery consumption, network traffic for uploading the
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raw acceleration signals, and the Android operating system
moderation of resources. According to the findings of thisstudy,
apossible solution to reduce missingnessis uploading gait cycles
instead of uploading raw acceleration signalsin futurelong-term
monitoring research. Thisisnot difficult to implement, as most
current smartphones have real-time step detection functions or
apps [56,57]. Furthermore, the self-reported PHQ-8 data may
be subject to recall bias. We may consider implementing
ecological momentary assessments with passive gait data
collection in future research.

The hyperparameters in step detection and feature extraction
need further investigation. We considered using a 1-minute
window size for step detection and 50 seconds for continuous
walking segment selection based on previous studies [34,44]
and our experience. The feature window sizes for the two data
sets are different due to the different study designs. However,
the optimal hyperparameters are still unclear and will be
investigated in future research.

Gait features extracted in this study were simple and statistically
based, which were used to illustrate the importance of daily
walking in our initial analysis. More features such as nonlinear
features will be considered in future research.

Gait characteristics could be affected by some physical diseases,
neurological disorders, and age [58-60]. Although none of the
participants had any cognitive or gait/balance disordersin the
LTMM data set and the number of comorbidities and age were
considered as covariates in the RADAR-MDD-KCL data set,
physical comorbidities and other comorbidities may have
different impacts on the gait characteristics. We will consider
awider range of comorbidities and investigate them further in
future research.

Conclusion

In summary, the findings of this study showed that significant
links between depression symptom severity and daily-life gait
characteristics could be captured in different data sets and by
different accelerometer devices. Long-term daily-life walking
patterns could provide additional value for understanding
depression manifestations rel ative to gait patternsin laboratory
walking tests, which illustrated the importance of long-term
gait monitoring. The gait cadence of high-performancewalking
in daily life has the potential to be an indicator for monitoring
depression severity, which may contribute to devel oping clinical
toolsto remotely monitor mental health in real-world settings.
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Abstract

Background: Sleepisbeneficial for physical and mental health. Several mobile and wearable sleep-tracking devices have been
developed, and personalized sleep feedback is the most common functionality among these devices. To date, no study has
implemented an objective push-type feedback message and investigated the characteristics of habitual sleep behavior and diurnal
symptoms when receiving sleep feedback.

Objective:  We conducted a mobile health intervention trial to examine whether sending objective push-type sleep feedback
changes the self-reported mood, physical symptoms, and sleep behavior of Japanese office workers.

Methods. Intotal, 31 office workers (mean age 42.3, SD 7.9 years, male-to-femaleratio 21:10) participated in a2-arm intervention
trial from November 30 to December 19, 2020. The participants were instructed to indicate their momentary mood and physical
symptoms (depressive mood, anxiety, stress, sleepiness, fatigue, and neck and shoulder stiffness) 5 timesaday using asmartphone
app. In addition, daily work performance was rated once a day after work. They were randomly assigned to either afeedback or
control group, wherein they did or did not receive messages about their sleep status on the app every morning, respectively. All
participants wore activity monitors on their nondominant wrists, through which objective sleep data were registered on the web
on aserver. On the basis of the estimated sleep data on the server, personalized sl eep feedback messages were generated and sent
to the participants in the feedback group using the app. These processes were fully automated.

Results: Using hierarchical statistical models, we examined the differencesin the statistical properties of sleep variables (sleep
duration and midpoint of sleep) and daily work performance over the trial period. Group differences in the diurnal slopes for
mood and physical symptoms were examined using alinear mixed effect model. We found a significant group difference among
within-individual residuals at the midpoint of sleep (expected a posteriori for the difference: —15, 95% credible interval —26 to
-4 min), suggesting more stable sleep timing in the feedback group. However, there were no significant group differencesin
daily work performance. We aso found significant group differences in the diurnal slopes for sleepiness (P<.001), fatigue
(P=.002), and neck and shoulder stiffness (P<.001), which waslargely dueto better scoresin the feedback group at wake-up time
relative to those in the control group.

Conclusions: Thisisthe first mobile health study to demonstrate that objective push-type sleep feedback improves sleep timing

of and physical symptomsin healthy office workers. Future research should incorporate specific behavioral instructionsintended
to improve sleep habits and examine the effectiveness of these instructions.
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Introduction

Development of Mobile Health Technologies

Recent developments in internet and communication
technol ogies, mobile sensing devices, and the Internet of Things
(IoT) have enabled the acquisition of longitudinal
multidimensional information, including real-time physiological,
behavioral, and environmental data For example,
consumer-grade wearable fitness trackers (eg, Fitbit, Garmin,
and Jawbone) can record health-related information such as
physical activity, sleep, and heart rate objectively and repeatedly.

By using smartphones and their SMS text messaging, it is
possible to provide effective support at the optimal time to
promote awareness of one's health condition and improve
compliance with intervention trials. Maobile devices can be
useful for changing health-related behaviors as a part of daily
living. Following these technological advancements and their
applicability, medical and public health practices supported by
mobile devices, such as mobile health (mHealth) [1,2], have
been attracting attention in recent years. Since 2017, more than
325,000 mHealth apps have become available in commercial
app stores, and the number of available apps continues to grow
[3]. mHealth apps have been used in severa intervention trials
targeting physical activity [4-6], smoking [7,8], and suicidal
ideation [9], and their usefulness and effectiveness have been
proven.

Health Effects of Habitual Sleep Behavior

Sleep is a significant aspect of recovery. In fact, adequate and
good-quality sleep isassociated with better physical and mental
health [10-12] and improved daytime functioning, including
decreased physical symptoms[13,14], better work performance
[15], and improved quality of life [16].

Although research interest has focused on the importance of
sleep duration and quality, recent studies indicate that sleep
timing and stability of habitual Sleep behavior also play
important roles in health. In fact, delayed sleep timing is
associated with obesity [17], congestive heart failure [ 18], poor
glycemic control [19], and increased severity of depressive
symptoms [20,21]. Additional studies have indicated that
variability in day-to-day sleep behavior (ie, duration, timing,
and quality), referred to as intraindividual variability [22], is
linked to physiological dysfunction [23,24], adverse medical
and mental health conditions [25], and poor psychological
well-being [26]. Therefore, the multifaceted monitoring and
regulation of habitual sleep behavior can contribute to the
prevention and support for physical and mental health problems.

Applications of Mobile and Wear able Technologiesto
Improve Sleep

Sleep data, along with other heath-related behaviora and
physiological data, can be gathered in real time using mobile

https://mhealth.jmir.org/2022/10/€39150

devices. The widespread use of mobile or wearable sensing
devices (eg, bed sensors, smartphone apps, and activity
monitors) makes it easier and more commonplace to monitor
sleep behavior in real time [27]. Although most consumer
devices do not have Food and Drug Administration clearance
as medical devices, they are expected to provide opportunities
to track habitual sleep behavior longitudinally in large-scale
populations [28]. For instance, Crowley et al [29] attempted to
incorporate consumer wearable devices into health-promoting
trials. They investigated the efficacy of these devices in
improving physical activity and sleep among 565 employees
over a12-month period and found that sleep duration increased
steadily throughout the study period.

In addition, mHealth apps for treating sleep disturbance have
been developed rapidly [30,31], and more than 2000 mHealth
apps targeting sleep are presently available in commercia app
stores [32]. Pulantara et a [33,34] developed the interactive
Resilience Enhancing Sleep Tactics app and examined its
clinical feasibility as a treatment for sleep behavior. They
reported that using the app improved insomnia severity and
overall seep quality, and the app was not inferior to traditional
in-person sleep treatment. Furthermore, Hoersch et a [35] and
Kuhn et al [36] conducted randomized controlled trials and
reported that participants who received mHealth interventions
had improved insomnia severity and sleep quality compared
with waitlisted control participants.

Remaining | ssues

Despite the rapid growth of mHealth apps and mobile sensing
technologies, recent reviews have indicated that scientific trials
examining the usefulness of mHealth appsarelimited [32], and
further research is required to test whether objective data
enhance sleep outcomes [37]. This research investigating the
usefulness of mHealth apps in enhancing sleep has several
limitations. First, most mHealth trials have not assessed sleep
behavior objectively [31], and the feedback provided depended
on self-report assessments by the participants. While some
studies incorporated wearable devices into the trias [38,39],
they used the measurements only to assess the efficacy of the
trial but not to objectivize the feedback. Given the importance
of self-management for habitual sleep behavior to prevent future
health problems, it is beneficial to implement objective sleep
feedback into the apps. Second, previous mHealth studies
focused on improvement in limited aspects of habitual sleep
behavior, such as sleep quality and sleep duration [31], and the
dynamic aspects of sleep, including intraindividual variability
in sleep measurements over the trial period, have tended to be
ignored. To the best of our knowledge, only 1 mHealth study
by Murawski et a [40] reported the dynamic aspects of sleep
behavior and found that variability in sleep timing, as assessed
by a self-report questionnaire, was improved after their
intervention. Studying the dynamic features in sleep behavior
may provide insight into the typical properties of sleep
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self-regulation processes when responding to feedback messages
or other interventions. Finally, in view of the wide range of
effects of deep, including psychological well-being, the
covariant relationships of sleep with daytime functions, such
as mood, physical symptoms, and work performance, should
be examined. The covariant rel ationships may contain important
information about subordinate effects and facilitate a
comprehensive understanding of sleep self-management.

Objective

The objective of this study was to conduct an mHealth trial
sending objective push-type dleep feedback to healthy
participants using a smartphone app and a wearable activity
monitor. Specifically, we examined whether sending daily sleep
feedback messages changed sleep behavior and self-reported
symptoms of the participants, particularly depressive mood,
anxiety, stress, sleepiness, fatigue, and neck and shoulder
stiffness. We used exploratory analysis of the statistical
properties of objectively measured sleep variables and the
characteristics of momentary symptoms recorded during the
day using ecological momentary assessment (EMA).

Methods

Study Design

In this study, we conducted a 2-arm intervention trial by
performing random convenience sampling of office workers at
an insurance company and stratifying them into control and
feedback groups. By comparing the groups in terms of the
characteristics of habitual sleep behaviors (sleep duration and
midpoint of sleep), momentary symptoms (depressive mood,
anxiety, stress, sleepiness, fatigue, and neck and shoulder
stiffness), and daily work performance, we examined the effects
of personalized sleep feedback. To minimize the memory
distortion caused by retrospectiverecall, momentary symptoms
were recorded on asmartphone app in real time. Habitual sleep
behaviors were measured objectively using a wearable device.
Possible extraneous variables, including pretrial psychological
symptoms, habitual sleep behaviors, and work performance,
were assessed before thetrial.

EMA Method

We used the EMA method to acquire momentary mood and
physical symptom data (ie, depressive mood, anxiety, stress,
fatigue, sleepiness, and neck and shoulder stiffness) inreal time.
EMA is a method for recording participants behavior,
psychologica state, and physical symptomsin real time and at
multiple time points, allowing the collection of self-report and
objective data with reliability and ecologica validity. Thus,
EMA avoids potential distortions of retrospective recall in
self-reported data [41,42].

Health Care Internet of Things System

We developed a cloud-based health care Internet of Things
(HIT) system that can continuously acquire health-related
information, including momentary symptoms, biological signals,
and surrounding environmental information, recorded as part
of daily living. The HIT system consists of a cloud server and
a smartphone app for data collection (HIT server and HIT app,
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respectively). The HIT app is equipped with an EMA and users
can record their momentary symptomsin daily life (Multimedia
Appendix 1). In addition, the HIT app can connect with various
loT devices, including aproprietary activity monitor (Sciencenet
device, Sciencenet Inc) used in this study, using Bluetooth L ow
Energy (BLE). Dataaretransferred from the loT devicesto the
HIT server. The app is compatible with both Android and iOS
operating systems. The HIT server can store, integrate, and
manage data uploaded from the app and send personalized
messages (push-type feedback messages) to the HIT app users.
HIT systems have been used to assess self-reported symptoms
inreal time[43].

Participants

A convenience sample of 31 office workers working at an
insurance company participated in this study. The mean age of
the participantswas 42.3 (SD 7.9) years, and the male-to-female
ratio was 21:10. All participants were working from home
during thetrial period at the request of their employer to prevent
the spread of COVID-19.

Participants were randomly assigned to a control or feedback
group using the “sample” function in the R statistical software
(version 4.0.2; R Foundation for Statistical Computing) so that
the ratio of the sample sizewas 1:1. No stratification by age or
sex was observed. Coauthor KS conducted this randomization,
independent of the primary researcher HT. Although author HT
was aso informed of who was assigned to which group after
the random assignment, he was not allowed to contact the
participants during the trial period.

During the trial period, the participants in the feedback group
received personalized messages regarding their current sleep
status every morning, whereas the participants in the control
group did not receive any messages. The control group consisted
of 16 participants, including 9 malesand 7 females, with amean
age of 44.1 (SD 8.3) years. The feedback group consisted of 15
participants, including 12 males and 3 females, with a mean
age of 40.5 (SD 7.2) years.

Instruments

Basdline Questionnaire

Before the trial, the participants completed a baseline
guestionnaire, including their demographic information (age,
sex, and BMI), psychological symptoms (depressive and anxiety
symptoms), habitual sleep behaviors (habitual sleep duration
and self-reported sleep quality), and self-reported work
performance. Items included in the baseline questionnaire are
listed in subsequent sections.

Psychological Symptoms

Depressive symptoms were assessed using the Japanese version
of the Beck Depression Inventory second edition (BDI-II)
[44,45]. The BDI-Il is a 21-item self-report inventory for
measuring the presence and severity of depression (scorerange
0-63). A high level of internal consistency (Cronbach a=.87)
and item homogeneity have been confirmed for the Japanese
version of the BDI-II [45]. The BDI-II classifies individuals
into 4 categories based on an overal score: minima or no
depression, 0 to 13; mild depression, 14 to 19; moderate

JMIR Mhealth Uhealth 2022 | vol. 10 | iss. 10 |€39150 | p.166
(page number not for citation purposes)


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

JMIR MHEALTH AND UHEALTH

depression, 20 to 28; and severe depression, 29 to 63. A score
of 214 pointswas used asthe clinical cutoff point for depression.

Anxiety symptoms were assessed using the Japanese version
of the State-Trait Anxiety Inventory (STAI) Form Y [46]. The
STAl isastandardized self-report inventory for measuring state
and trait anxiety with 20 items (STAI Y-1 and STAI Y-2,
respectively). The STAI Y-1 measures the intensity of the
anxiety felt by an individual in the present, whereas the STAI
Y-2 measures how often an individual feels anxious. Scores
range from 20 to 80 for each subscale, with higher scores
indicating higher levels of anxiety.

Habitual Sleep Behaviors

Habitual sleep duration on workdays and free days (SL,, and
SL, respectively) was assessed using asingle question for each
(“How long do you sleep on weekdays?’ and “How long do
you sleep if tomorrow is a holiday?’). These measurements
were used to compute an index representing participants’ sleep
status during the trial period. Sleep quality was assessed using
the Pittsburgh Sleep Quality Index (PSQI). The PSQI is a
self-report inventory used to assess deep quality over the
preceding month [47,48]. The PSQI consists of 19 items on
self-reported sleep quality, eep latency, deep duration, habitual
sleep efficiency, deep disturbances, use of sleeping medication,
and daytime dysfunction. Scores range from 0 to 21, with a
higher total score indicating poorer sleep quality. The strong
reliability and validity of this questionnaire have been confirmed
in arecent meta-analysis [49].

Self-reported Work Performance

Self-reported work performance was measured using the World
Health Organization Heath and Work Performance
Questionnaire (HPQ) [50,51]. The HPQ asks participants to
ratetheir overall work performance over the preceding 4 weeks
on a self-anchoring scale from 0 to 10: “On a scale of 0 to 10,
how would you rate your usual work performance over the past
four weeks?’ The score was converted to a 100-point scale by
multiplying the raw score by 10, with a higher scoreindicating
better work performance.

EMA Questionnaire

The participants answered an EMA questionnaire 5 times per
day using the HIT app. The EMA included the following
measurements:

1. Depressive mood and anxiety were scored using the
Depression and Anxiety Mood Scale [52]. This scae
comprises the following 9 adjectives representing mood
states:  “vigorous,” “gloomy,” “concerned,” “happy,”
“unpleasant,” “anxious,” “cheerful,” “depressed,” and
“worried.” On the basis of the 9 items, anxious (the sum of
“concerned,” “anxious,” and “worried” scores), positive
(the sum of “vigorous,” “happy,” and “cheerful” scores),
and negative (the sum of “gloomy,” “unpleasant,” and
“depressed” scores) moods were calculated. Depressive
mood scores were obtained by combining the last 2 mood
scores as follows: (300-positive mood score) +negative
mood score. The resulting depressive mood scores were
rescaled to range from 0 to 100.
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2. Physical symptoms, including stress, sleepiness, fatigue,
and neck and shoulder stiffnesswere rated according to the
participant’sresponseto being asked if they felt “ stressed,”
“deepy,” or “fatigued” and “if their neck and shoulders
were stiff.”

3. Daily work performance was rated after work in response
to the question, “How would you rate your work
performance of today?’

These measurements were rated using a visual analog scale
from O to 100 displayed on the screen. All scores were
transferred to the HIT server immediately after the completion
of each EMA questionnaire.

Sleep Monitoring

The participants were instructed to wear a wristband-type
activity monitor on their nondominant wrist during the trial
period, except while bathing, showering, performing rigorous
exercise, or any other activities likely to damage the device.
Thedeviceisequipped withtriaxial piezoelectric accelerometers
capable of detecting small changesin bodily accel eration (=0.01
Glrad/s). We confirmed that the device performs at a level
equivalent to research-grade actigraphy (Ambulatory Monitors
Inc), which is widely used in clinical settings. Results of the
comparative analysis are presented in Multimedia Appendix 2.

The device was configured to transfer physical activity datato
the HIT server using the HIT app whenever a participant
launched the app. We used zero-crossing counts, which counts
the number of times per epoch that the acceleration signal level
crosses 0 [53], accumulated per minute, to compute objective
sleep variables.

To estimate deep variables, we adopted the Cole-Kripke
algorithm with Webster's rescoring rules [54,55] for
zero-crossing count data to identify whether the recorded
1-minute epoch was deep or wake. Next, we introduced the
sleep probability function (SPF) 6(t) as follows:

]

wheret denotes the clock time converted to a numerical value
(eg, 3 AM istransformed to 3.00, and 6:30 PM is converted to
18.50). Thus, the SPF is a vaue ranging from 0 to 1 and
represents circadian oscillations.

Then, we estimated the effective SPF parameters (B, B;, and
[3,) tofit theactual Cole-Kripkeidentification using aBernoulli
logistic regression model.

CK (t)~bernoulli(6(t))...(2)
where CK(t) representsthe result of Cole-Kripke identification

when the clock timeist; CK(t) = 0 and CK(t) = 1 denote that
the epoch at timet was labeled as wake and sleep, respectively.

Finally, we estimated the square waveform function 6’ (t) from
6(t) by introducing onset and offset (t,, and t, respectively).

]

Effective t,, and t4 were computed to maximize the R? value
between 6’ (t) and CK(t) using the Nelder-Mead method. We
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assumed that t,, and t, represent bedtime and wake-up time,
respectively; thus, sleep duration and midpoint of sleep were
determined using their interval and midpoint. We confirmed
that the algorithm was performed at a level equivalent to
Action-W version 2 software (AW2 software, Ambulatory
Monitors Inc), which was used to analyze the research-grade
actigraphy data (Multimedia Appendix 2).

The average sleep duration per day was cal culated based on the
habitual sleep duration on workdays and free days (S, and S,

respectively) in the baseline questionnaire using the following

equation:
E

which represents the expected sleep duration per day because
the participants worked 5 days per week. Sleep debt and
cumulative sleep debt were defined as follows:

sleep debt = Average sleep duration — Estimated sleep
duration...(5)

cumulative sleep debt = Zsleep debt...(6)

Thus, sleep debt represents sleep insufficiency per day, and
cumulative sleep debt representsits cumulative value over time.
During thetrial period, these values were automatically sent to
the participants in the feedback group using the HIT app.

Data Collection Protocol

Trained researchers provided partici pantswith acomprehensive
explanation of the purpose and potential risks of the study.
Subsequently, they signed an informed consent form and
completed the baseline questionnaire. In addition, they received
a deep hygiene guide that listed daytime activities to improve
their habitual sleep behaviors or health conditions (Multimedia
Appendix 3). They were then asked to install the HIT app on
their smartphones and wear an activity monitor on their
nondominant wrist. All participants were instructed on the use
of the app and the activity monitor. Using these instruments,
we repeatedly measured their momentary symptoms and
physical activity data in real time. The setup and operating
procedures were presented on the web as much aspossible using
a communication service and videoconferencing system.
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An overview of the trial is shown in Figure 1. This trial was
carried out for almost 3 weeks (from November 30 to December
19, 2020). During the trial period, the participants were asked
to complete the EMA questionnaires (see the section EMA
Questionnaire) at randomly selected times within +10 minutes
to —10 minutes of predetermined times (10 AM and 2 PM). In
addition, they were asked to complete the EMA when they woke
up, finished their work, and went to bed (wake-up time, after
work, and bedtime, respectively).

At 9 AM every day, the physical activity dataon the HIT server
were collated and analyzed to estimate sleep duration, sleep
debt, and cumulative sleep debt using a local data analysis
server. On the basis of the estimated sleep data, personalized
deep feedback messages were generated and sent to participants
in the feedback group. They were informed about their sleep
status (estimated sleep debt and cumulative sleep debt) and
requested to plan and adjust their daytime activities with
reference to guidelines for reducing their sleep debt. The
message read as follows: “You accumulated XX minutes of
sleep debt yesterday. Your current overall debt is XX minutes.
Sleep debt has adverse effects on physical and mental health.
Adjust your daytime behavior to cancel your debt.”

If sufficient physical activity data (<720 records/day) had not
been uploaded to the server by 9 AM, an alternative message
was sent to the participant requesting them to confirm the BLE
pairing of the activity monitor with their app: “It seems that
your data have not been uploaded successfully. Wewill analyze
the data again at 1 PM. Please check the BLE connection of
your HIT app beforethen.” The same computation process was
executed at 1 PM for the relevant participants. These processes
were executed by the local servers and were fully automated.

After the trial period, the participants rated their overall work
performancein the preceding 2 weeks on aself-anchoring scale
from 1 to 10. The question was as follows: “On a scale from 0
to 10, how would you rate your work performance over the past
two weeks?” While the HPQ was originally developed to
evaluate work performance over the past month, the scale used
in this study was modified to evaluate performance over the
past 2 weeks, corresponding to the survey period.
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Figure 1. Overview of thetria. HIT: health care Internet of Things.
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Statistical Analysis

Sleep variables, including sleep duration and midpoint of sleep,
and daily work performance were recorded once a day, while
mood and physical symptoms were recorded several times a
day using smartphone-based EMA. Owing to thisdifferencein
the frequency of data recording, we used different models to
analyze the group differences in the obtained data.

For the deep variables and daily work performance, we
constructed a hierarchical Bayesian model to capture the daily
trend, baselinelevel, and within-individual stability, asfollows:

yljk Blj + BI Dayljk + ij

Bij = Bi

&k~ N(0, o)

I’ij0~ N(O,OO)
where ;. indicates the dependent variable (sleep duration,
midpoint of sleep, or daily work performance) at the k-th
recording for the j-th participant in the i-th group; Dayj
indicatesthe day on which the corresponding dependent variable
was measured to record the trend (improving or worsening);
Bijo is the intercept of the j-th participant in the i-th group; Bil
isthe slope for the day of the i-th group; the random terms rijo
are the between-individua residuds, and e are the
within-individual residuals. In particular, the variance
component ¢ can be interpreted as a measurement of how
stable or fluctuating the sleep variableswithin an individual are
at the group level. Therefore, o, was assumed to be affected

by whether the intervention was provided and estimated for
each group. All random terms were assumed to follow anormal
distribution.

https://mhealth.jmir.org/2022/10/€39150

RenderX

For EMA-recorded mood and physical symptoms, we used
linear mixed effect models to examine their diurnal slopes and
group differences.

Yiik = B ° + B Time, + B 2 Groupy + B ° Timey, *

Group;j + ik

B] 0 - B 0 + r]_ 0

&jx~ N(0, )

I’j0~ N(O,OO)
where y; indicates the moods or physical symptoms at the k-th
recording for the j-th participant in the i-th group; Timey,
indicates the categorical variable representing the timing when

the corresponding dependent variables were recorded; thus,
Time = 0 and Time, = 1 denote that the dependent variables

were recorded at wake-up time and bedtime, respectively;
Groupj indicates the categorical variable representing the group

inwhich the j-th participant was classed; thus, Group;= 0 and
Groupjj, = 1 denote that the dependent variable was obtained
from the participant classed asthe control and feedback groups,
respectively; B,° is the intercept of the j-th participant; p*, 3%,
and B° are the coefficients for Timey, Group;y, and their

interaction term, respectively; the random terms rj° are the
between-individual residuals and g are the within-individual
residuals. All random terms were assumed to follow a normal
distribution. When asignificant interaction effect was observed,
we performed multiple comparison testswith Tukey correction.

In addition, we performed two-tailed Welch t test and Fisher
exact test for the baseline data to confirm that there were no
significant group differences. Asthe HPQ scores were recorded
in the baseline and follow-up questionnaires, we performed
2-way repeated measures ANOVA to examine the main effects
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of group (control vs feedback) and time (pre- vs
postintervention) and their interaction effect. For the cumul ative
dleep debt, we performed the Welch 2-tailed t test and Levene
test for equality of variances for the final observation data per
participant to examine the group differences in terms of mean
and variance.

All analyseswere performed using R statistical software (version
4.0.2). In particular, the parameters of the statistical models
were computed using therstan [56] and ImerTest [57] packages.
The emmeans package (also known as the Ismeans package)
[58] was used for multiple comparison tests with Tukey
correction. Statistical significance was defined as when the 95%
credible interval (Cl) did not include the null value or when a
P value <.05.

Ethics Approval

The Ethics Committee of the University of Tokyo approved
this study and the informed consent form (approval number
20-20).
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Results

Demographic Characteristics

In total, 31 individuals agreed to participate in the study.
However, the data of 4 participants were excluded from the
statistical analyses because of their low response rates for
wake-up time and bedtime on the EMA questionnaire (ie, <3
days, Figure 2). The demographic characteristics of the
participants, including the control group (n=12) and the feedback
group (n=15), are presented in Table 1. The mean age of the
participants was 41.8 (SD 7.9) years, and 33% (9/27) were
females. The Welch 2-tailed t test and Fisher exact test showed
that there were no significant differences in demographic
characteristics between the groups. The total number of EMA
records was 1839, and the overall response rate was 64.88%
(1839/2835).

Figure 2. Flowchart of participant data selection for analyses. EMA: ecological momentary assessment; F: female; M: male.

Individuals who agreed to participate in the survey (n=31)

h 4

Control group (n=16)
Age (years)=mean 44.1 (SD 8.3)
M:F=9:7
|

h 4

Feedback group (n=15)
Age (years)=mean 40.5 (SD 7.2)
M:F = 12:3

Exclusion of low-engagement individuals with <3 days of recorded EMA data

A 4

Control group (n=12)
Age (years)=43.4 (SD 8.7)
M:F=6:6

h 4

Feedback group (n=15)
Age (years)=40.5 (SD 7.2)
M:F=12:3

Exclusion of individuals whose devices failed to measure their physical activity

h 4

Control group (n=11)
Age (years)=43.3 (SD 9.1)
M:F=6:5
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Table 1. Baseline demographic characteristics of participants by group.
Overal (N=27) Control group (n=12) Feedback group (n=15) P value
Age (years), mean (SD) 41.78 (7.90) 43.42 (8.72) 40.47 (7.21) 352
Female, n (%) 9(33) 6 (50) 3(20) 2ob
BMI (kg/mz), mean (SD) 21.65 (2.60) 21.18 (2.54) 22.03 (2.67) 402
BDI-I1€, mean (SD) 6.51 (5.13) 6.92 (4.94) 6.20 (5.42) 722
BDI-I1 >13, n (%) 4(15) 2(17) 2(13) 9gP
STAI Y-19, mean (SD) 39.78 (11.05) 38.75 (11.31) 40.60 (11.17) 672
STAI Y-2°, mean (SD) 40.74 (10.28) 38.67 (8.50) 41.20 (11.69) 52
PSQIf, mean (SD) 4.73 (2.16) 4.75 (2.05) 4.71(2.33) 972
g9 6 h 18 min (1 h 4 min) 6h20min (1 h 18 min) 6 h 16 min (53 min) a
Sy, mean (SD) .88
th’ mean (SD) 6h49 min (1 h 23 min) 6h35min (1 h23min) 7h00min (1 h25min) 452
AVelch t test.
PFisher exact test.

°BDI-II: Beck Depression Inventory second edition.
ISTAI Y-1: State Anxiety Scale.

®STAI Y-2: Trait Anxiety Scale.

fPSQI: Pittsburgh Sleep Quality Index.

9S,,: sleep duration on work days.

th: sleep duration on free days.

Statistical Properties of Sleep Variables

We examined group differences in the sleep variables such as
cumulative sleep debt, sleep duration, and midpoint of sleep
during thetrial period. The dataof 5 of the 27 (18%) participants
were excluded from the analyses because of physical activity
measurement failures (Figure 2). Thus, the data from 11
participantsin the control group (mean age 43.3, SD 9.1 years,
6 malesand 5 females) and 11 participantsin the feedback group
(mean age 41.3, SD 7.41 years, 9 males and 2 females) were
analyzed.

Figure 3 presents the spaghetti plots of the computed sleep
variablesfor all participants during the trial period. The Welch
t test and Levene test for equality of variances indicated that

https://mhealth.jmir.org/2022/10/€39150

there was no significant group difference in cumulative sleep
debt per participant, t;;3,=0.64, P=.53; F; ,,=0.15, P=.70.

We subsequently examined the group differences in the daily
trend, basdline level, and within-individual residuals for sleep
duration and midpoint of sleep using the hierarchical Bayesian
model. Thewithin-individua residualsfor the midpoint of sleep
in the feedback group were significantly smaller than those in
the control group (expected a posteriori for the difference: —15,
95% Cl —26 to —4 min; Table 2). Thiswas a so the case for the
within-individual residualsfor bedtime (=18, 95% Cl-31to -4
min; Multimedia Appendix 4). Both groups showed no
significant slope of the day in terms of sleep duration (control
group: 0 95% CI -3 to 3 min; feedback group: 1, 95% Cl -3to
1 min) or midpoint of sleep (control group: -1, 95% Cl -4 to
1 min; feedback group: 1, 95% CI -1 to 3 min).
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Figure 3. Spaghetti plots of the estimated cumulative sleep debt (top panels), sleep duration (middle panels), and midpoint of sleep (bottom panels)
per participant across the trial period. The left and right panels indicate the time series of the sleep variables for the control group and the feedback

group, respectively.
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Table 2. Results of the hierarchical Bayesian model for sleep duration and midpoint of sleep.

Control group Feedback group Difference
EAP? (SD)b 95% CI¢ EAP (SD) 95% ClI EAP (SD) 95% ClI
Sleep duration®
Intercept 7h33min(26min) 6h42minto8h 7h31min(33min) 6h27minto8h36 -1min (31 -1h2minto
23 min min min) 58 min
Day 0 min (1 min) -3minto3min 1 min (1 min) -3minto1min =1min(2min) -4minto3min
g% 48 min (11 min) 29 mintolh14 48 min (11 min) 29mintolh14min pnyaf N/A
min
oy 1 h 13 min (5 min) lh4mintolh 1h13min(6min) 1h3mintolh26 Omin(8min) -14minto16
23 min min min
Midpoint of sleepd
Intercept 3:30 (21 min) 2:48t04:12 3:34 (26 min) 2:44 10 4:26 4min (24 min) —-42minto 52
min
Day =1 min (1 min) -4mintolmin 1 min(1min) -1minto3min 2min(Imin)  Ominto5min
o° 41 min (9 min) 27mintolh1 41 min (9 min) 27mintolh1min N/A N/A
min
oy 1h1min (4 min) 53minto1h9 46 min (4 min) 39 minto 54 min -15min (5 -26 minto —4
min min)9 min

3EAP: expected a posteriori (expected value of the posterior distribution).

bSD of the posterior distribution.

CCl: credibleinterval.

%The models were run after controlli ng for age and sex.

®The differencein the interindividual variability for the intercept (00) was not computed because o
'N/A: not applicable.

91talicized values denote statistically significant group effects, at a 95% Cl.

0 \was assumed to be equal between groups.

to anayze the deep variables. However, there were no
Self-repprted Work ngorm@ceAssessment significant differences between the groups (Table 3). When
We examined the group differencesin daily work performance  comparing the HPQ score before and after theintervention using
during the trial period using 307 EMA records obtained from  a2-way repeated ANOVA, the main effects of group, F; ,s=0.39,
27 participants (Figure 4). We examined the statistical properties  p= 54 and time, F1,5=0.01, P=.94, and their interaction,
of daily work performance by using the statistical model used F. ,5=0.05, P=.83, were not significant.

Figure 4. Spaghetti plots of the daily work performance recorded using ecological momentary assessment per participant across thetrial period. The
left and right panels indicate the time series of the work performance for the control group and the feedback group, respectively.
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Table 3. Results of the hierarchical Bayesian model for daily work performance.
Control Feedback Difference
EAP? (SD)b 95% CI°¢ EAP (SD) 95% ClI EAP (SD) 95% ClI
Daily work performanced
Intercept 57.59 (6.67) 44.60to0 70.54 61.45 (8.77) 44.24 10 78.82 3.85(8.01) -11.92t019.84
Day 0.32(0.22) -0.11t00.75 0.08 (0.17) -0.26t0 0.41 -0.24 (0.27) -0.77t00.29
g% 17.06 (2.89) 12.38t0 23.54 17.06 (2.89) 12.38t0 23.54 N/AF N/A
oy 13.28 (0.88) 11.68to0 15.14 12.62 (0.72) 11.31t0 14.12 -0.66 (1.14) -2.94t01.50

3EAP: expected a posteriori.

bSD of the posterior distribution.

CCl: credibleinterval.

%The models were run after controlli ng for age and sex.

®The differencein the interindividual variability for the intercept (00) was not computed because o

'N/A: not applicable.

Diurnal Slopesfor EMA Scores

Therecorded EMA scores of 27 participants (760 records) were
used to examine the diurna slopes in momentary mood and
physical symptoms (Figure 2). The linear mixed effect model
results showed significant interaction effects between group
and time in physical symptoms (fatigue, P=.002; sleepiness,
P<.001; and neck and shoulder tiffness, P<.001; Table 4). In

https://mhealth.jmir.org/2022/10/€39150

RenderX

0 \was assumed to be equal between groups.

addition, a multiple comparison test with Tukey correction
showed that the EMA scores of physical symptoms at wake-up
time were significantly lower than those at bedtime in the
feedback group (fatigue, sleepiness, and neck and shoulder
stiffness, P<.001). In the control group, asignificant difference
between wake-up time and bedtime was observed only for
fatigue (P<.001; Figure 5).
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Table 4. Results of the linear mixed effect model for mood and physical symptoms.

Mood and physical symptoms? Coefficient (SE) Df? P value
Depressive mood
Intercept® 41.27 (5.56) 23.28 <.001
Group -9.87 (6.61) 23.42 15
Time -0.35(1.10) 731.32 .75
GroupxTime 0.74 (1.51) 731.6 .63
Anxiety
Intercept® 35.75(7.42) 2331 <.001
Group -16.89 (8.82) 23.46 .07
Time -1.29 (1.56) 731.36 41
GroupxTime 3.03(2.14) 731.66 .16
Stress
Intercept 47.07 (8.02) 2342 <.001
Group -18.66 (9.54) 236 .06
Time 2.49 (1.80) 731.46 7
GroupxTime 0.46 (2.47) 731.82 .85
Fatigue
Intercept 35.22 (7.24) 23.72 <0019
Group -16.47 (8.62) 24.03 07
Time 16.07 (2.14) 731.78 <.001
GroupxTime 9.31 (2.96) 732.39 .002
Sleepiness
Intercept 55.75 (7.20) 24.08 <.001
Group -9.81 (8.58) 24.51 .26
Time 1.27 (2.49) 732.14 .61
GroupxTime 17.70 (3.42) 732.96 <.001

Neck and shoulder stiffness

Intercept 43.33(9.59) 23.27 <.001
Group -12.99 (11.40) 23.37 27
Time -2.51 (1.64) 7313 13
GroupxTime 8.46 (2.26) 73151 <.001

#The df values correspond to the denominator df in ANOVA model.

bThe effects of group (control vs feedback group) and time (wake-up time vs bedtime) were assumed to be fixed effects, and those of individuals were
assumed to be random effects.

“The control group and wake-up time were used as the reference categories for each variable; thus, the intercept indicates the expected EMA score of
moods or physical symptoms for the control group during the wake-up time.

9italicized values denote statisti cally significant interaction effects. All models were run by controlling for age and sex.
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Figure 5. Average ecological momentary assessment scores for fatigue, sleepiness, and neck and shoulder stiffness at bedtime and wake-up time in
the control group and the feedback group. The error bars indicate the SE per group.
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Discussion

Principal Findings

We explored the effects of personalized feedback messages
regarding the current sleep status on habitual sleep behavior
and momentary mood and physical symptomsin Japanese office
workers, using a unique cloud-based HIT system that included
aweb-based wearable activity monitor and a smartphone app.
Specifically, we focused on group differences in the statistical
properties of sleep variables and within-day momentary
symptoms during the trial period. We found that the
within-individual residuals for sleep timing were significantly
smaller in the feedback group than in the control group. In
addition, the diurnal slopesfor physical symptoms (sleepiness,
fatigue, and neck and shoulder stiffness) differed significantly
between the feedback and control groups, largely because of
better physica symptom scores in the feedback group at
wake-up time. This is the first mHealth study to implement
push-type sleep feedback based on objective measurementsand
to demonstrate improved sl eep status and momentary symptoms
associated with receiving the feedback message. The findings
inthisstudy suggest that objective push-type feedback messages
may promote sleep self-management and solve habitual sleep
behavior problems, despite the minor inconvenience.

Several mHealth apps have been developed for treating sleep
disturbances such as insomnia [30,31], but the objective sleep
feedback function has not been implemented in these apps.
While users of consumer-grade wearable devices can take
advantage of objective sleep measurements, these are regarded
as pull-type interventions, as these devices require the user to
actively access an app to receive feedback, which can sometimes
be burdensome. Connecting mHealth appswith wearable sensing
devices and sending objective push-type sleep feedback may
be afeature to consider when developing or updating mHealth
apps that target sleep disturbance.

Comparison With Previous Work

The within-individual residualsin sleep variables examined in
this study can represent how sleep behavior varies across days,
which is commonly referred to as intraindividual variability

https://mhealth.jmir.org/2022/10/€39150

[22]. Recently, the stability of habitual sleep behavior hasbeen
considered a critical factor for physical and mental health, as
previous studies have indicated that greater intraindividual
variability in sleep behavior is associated with worse medical
health conditions[25] and poorer psychologica well-being [26].
In our study, participants may have attempted to improve their
deep habits by adopting strategiesto stabilize their eep timing
(specifically their bedtime); for example, by not staying up late
excessively. This inference is supported by evidence of a
significant group difference in the within-individual residuals
at bedtime but not in wake-up time. Similar results were reported
by Murawski et a [40] who found improvement in the
variability of sleep timing after the 3-month intervention. Given
the fact that our survey period was relatively short, it is
speculated that the improvement in sleep variability isaninitial
change caused by improved awareness of habitual sleep
behaviors. Especialy in modern industrial societies, the
deep-wake cycle adhering to socia schedules, rather than
endogenous circadian rhythms, leadsto exposureto bright light
at significantly different times from the natural environment.
This causes disturbances in dleep and circadian rhythms, such
ascircadian misalignment [59] and social jet lag [60,61], which
are linked to future health problems. Thus, the findings of this
study suggest that sending personalized deep feedback messages
may potentially contributeto the primary prevention of physical
and mental health problems as well as the improvement of the
deep-wake cycle.

Improvementsin physical symptoms and stabilization of sleep
timing were simultaneously observed in the feedback group,
suggesting the covariant relationship between them. Indeed,
previous studies have indicated that individuals with greater
intraindividual variability in sleep timing and sleep duration
show more dysregulated biomarkers related to endogenous
circadian rhythm [23] and inflammatory functions [24], which
caninfluencediurnal symptomsincluding deepinessand fatigue.
Therefore, improved physical symptoms at wake-up timein the
feedback group may have been caused by stabilized sleep
timing, mediated by regulated physiological systems. Thus, it
ispossible that improved physical symptoms were observed as
a short-term effect or proximal outcome of the interventions
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that stabilized sleep timing and, by extension, functioned as an
incentive to improve sleep habits and adjust daytime activities.
However, inconsistent results have been reported in previous
studiesinvestigating the rel ationship between sleep and physical
symptoms. In across-sectional study, there was no relationship
between sleep variability and daytime fatigue and sleepiness
[62], whereas daytime sl eepiness was reduced among university
students who were instructed to stabilize their sleep-wake
schedule experimentally [63]. These mixed results may be due
to the use of survey designs that evaluate symptoms at asingle
time point. In contrast, we measured physical symptoms several
times per day using the EMA technique, with finer temporal
resolution than in previous studies, and with ecological validity,
resulting in the discovery of improved physical symptoms at
wake-up time in the feedback group. When acquiring physical
symptom data, the timing of the measurements can also be an
important factor.

A previous study demonstrated that the use of wearable devices
improved sleep duration in ahealthy population [29]. However,
the hierarchical Bayesian model demonstrated that the slope of
day for deep duration and midpoint of sleep were not
statistically significant; thus, we did not find an improvement
in sleep duration or midpoint of sleep by using only sleep
feedback. This discrepancy may be due to the prompts of
feedback messages. During the survey period, participants
sleep debt did not accumul ate much, and they seemed to receive
messages indicating that their sleep status was better. Under
such circumstances, they might have attempted to maintain their
sleep status by stabilizing their sleep-wake cycle rather than to
improve their sleep duration or sleep timing. In future studies,
it will be necessary to provide further support for prolonging
sleep duration and advancing sleep timing, in addition to an
objective sleep feedback message. Improvements in sleep
duration and timing can also be beneficial to daytime functions,
such as momentary moods and work performance, which were
not improved in this study.

Future Directions

The HIT app is primarily designed for collecting
multidimensional data in daily life, unlike mHealth apps
developed for treating sleep disturbance. Therefore, inthe HIT
app, the functions useful for improving sleep disturbances are
limited to objective feedback messages, while other apps offer
several support functions, such as psychoeducation, sleep
hygiene, and data visualization [30]. It is possible to improve
sleep duration and timing by incorporating additional
intervention options into the HIT app. Behavioral instructions
to build sufficient sleep pressure at night are an example of
additional support. In the treatment of patients with insomnia,
sleep restriction therapy, which induces mild sleep deprivation
to build homeostatic sleep pressure, is used, and existing
mHealth studies incorporating sleep restriction therapy
demonstrate a significant improvement in insomnia severity
and sleep efficacy [35,64,65]. Interventionsthat build sufficient
homeostatic sleep pressure as part of daily living, for example,
exercising in the evening and avoiding long naps, may improve
sleep duration and daytime functions, including work
performance. Other interventions include behavioral
coordination that works on the endogenous circadian rhythm;
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for example, adjusting the timing of food intake and avoiding
exposure to bright light before bedtime. Such expansions can
facilitate the control of habitual sleep timing and enhance the
applicability of an loT system with mobile devices for the
treatment of various sleep disorders. Measuring, integrating,
and using multidimensional information, including
environmental and behavioral data, requires additional research.
Simultaneously, integrative health care information systems,
such as an HIT system, may provide a solution and expand
intervention options, facilitating the verification of their
effectiveness.

Limitations

This study had several limitations. First, the small number of
participants were recruited from a life insurance company in
Japan, and the social schedules of participants appeared similar,
limiting the generalizability of theresults. Indeed, work-related
factors, including occupation, job stress, work hours, shift work,
and physically demanding work, are associated with habitual
sleep duration and sleep quality [66-68], suggesting that sleep
habits may differ by occupation. Thus, a representative study
including various occupations and lifestylesisrequired to ensure
generalizability of the findings of this study.

Second, in this study, the exclusive computational method
estimating sleep debt was introduced by summing the
differences between the estimated and expected sleep duration.
Although similar methods have been used to estimate sleep debt
in other studies (the difference between self-reported sleep need
and sleep duration on weekdays) [69,70], sleep debt computed
using these methods may not reflect the neurobehavioral
impairment caused by chronic sleep loss commonly observed
in the experimental condition[71,72]. Initially, we adopted this
definition with the aim of having participants plan their daily
activities to improve the status of sleep insufficiency, but it
could be possible that actual sleep debt was not accurately
estimated. Therefore, areliable method to estimate current sleep
status should be devel oped and used in future studies. Especialy,
combining EMA techniques and machine learning methods is
expected to provide reliable sleep measurements in daily life.
For instance, a recent study reported that machine learning
techniques could estimate daily sleep quality by using complex
life data obtained from EMA questionnaires [73]. Collecting
and integrating multidimensional information would be
meaningful not only in understanding the covariant associations
of sleep behavior with daytime symptoms but also for
developing novel sleep measurements.

Finally, participants could identify the group they were assigned
to because only the participantsin the feedback group received
feedback messages at 9 AM. Considering that physical
symptoms were measured using self-report evaluations, EMA
recordings were affected by cognitive biases such as the
Hawthorne effect (the inclination of people who participate in
an experimental study to change or improve their behavior only
because it is being studied and not because of changes in the
experimental stimulus). Optimizing the study design would help
clarify thispoint. For example, by sending intervention messages
that are not related to habitual sleep behavior to participantsin
the control group, we can determine whether the finding is based
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on a specific response to sleep feedback messages. In addition,
implementing amicrorandomized trial [ 74], whichisequivalent
to a within-individual randomized controlled trial, could also
be helpful ininvestigating the effectiveness of theinterventions.
By randomizing whether feedback messages are sent, we could
examine the causal relationships between sleep behaviors and
daytime functions.

Conclusions

We conducted an mHeadth trial with office workers and
demonstrated that objective push-type sleep feedback stabilizes

Acknowledgments

Takeuchi et d

dleep timing and improves physical symptoms at wake-up time.
However, we did not find evidence of prolonged sleep duration,
advanced sleep timing, or improved work performance. Future
research should incorporate specific behavioral instructions
intended to improve sleep duration and sleep timing with the
current protocol and investigate behavioral instruction
effectiveness by integrating and using multidimensional
information collected as part of daily life.
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