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Abstract

Background: Telehealth interventions, that is, health care provided over a distance using information and communication
technology, are suggested as a solution to rising health care costs by reducing hospital service use. However, the extent to which
thisis possible is unclear.

Objective: The aim of this study is to evaluate the effect of telehealth on the use of hospital services, that is, (duration of)
hospitalizations, and to compare the effects between tel ehealth types and health conditions.

Methods: We searched PubMed, Scopus, and the Cochrane Library from inception until April 2019. Peer-reviewed randomized
controlled trials (RCTSs) reporting the effect of telehealth interventions on hospital service use compared with usual care were
included. Risk of bias was assessed using the Cochrane Risk of Bias 2 tool and quality of evidence according to the Grading of
Recommendations A ssessment, Development and Eval uation guidelines.

Results. Weincluded 127 RCTsin the meta-analysis. Of these RCTSs, 82.7% (105/127) had alow risk of bias or some concerns
overall. High-quality evidence shows that telehealth reduces the risk of all-cause or condition-related hospitalization by 18 (95%
Cl 0-30) and 37 (95% CI 20-60) per 1000 patients, respectively. Wefound high-quality evidencethat telehealth |eadsto reductions
inthe mean all-cause and condition-rel ated hospitalizations, with 50 and 110 fewer hospitalizations per 1000 patients, respectively.
Overdll, the all-cause hospital days decreased by 1.07 (95% CI —1.76 to —0.39) days per patient. For hospitalized patients, the
mean hospital stay for condition-related hospitalizations decreased by 0.89 (95% Cl —1.42 to —0.36) days. The effectswere similar
between telehealth types and health conditions. A trend was observed for studies with longer follow-up periods yielding larger
effects.

Conclusions: Small to moderate reductions in hospital service use can be achieved using telehealth. It should be noted that,
despite the large number of included studies, uncertainties around the magnitude of effectsremain, and not all effectsare statistically
significant.

(J Med Internet Res 2021;23(9):€25195) doi:10.2196/25195
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Introduction

Many see the COVID-19 crisis as an opportunity to stimulate
digital transformation. We can expect digital care and eHealth
to receive a boost during this era. Creativity and flexibility are
stimulated to formulate an answer to challenges in patients
fearing infection in a hospital and to social distancing being
necessary within hospital premises. Telehealth, defined ashealth
care provided over a distance using information and
communication technology (ICT) to enableinteraction between
patients and health professionals [1], may offer a solution.
However, the efficacy of telehealth is unclear. When the dust
has settled, thereis aneed to properly evaluate experiences and
the evidence base underlying various forms of telehealth.

In addition, digital transformation is considered in response to
the need to improve patient centeredness and concerns about
growing health care expenditures [2,3]. Limiting the need for
inpatient care, which is the main driver of hospital costs, may
reduce health care expenditures [4,5]. Manufacturers' claims
and commercial pilot reports seem to dominate the debate, and
policy makers frequently embrace those claims. In the
Netherlands, the government presumes that hospital care can
return to a very low percentage of annual volume growth in
view of the anticipated effects of digital transformation.
However, the extent to which telehealth can reduce hospital
service use remains unclear. Some reviews have reported on
the effect of telehealth on this outcome, finding both reductions
and increases in hospital service use[6-8]. A recent systematic
overview of telehealth interventions found that the effect on
all-cause hospitalizations ranged from a reduction of 13.8% to
an increase of 4.7% [6]. No prior review has compared the
effects between health conditions, and most have focused on a
single telehealth type, limiting generalizability [6-8]. Firm
evidence for economic benefits is also limited, as
cost-effectiveness studies are sparse and show contradictory
results [9,10]. Moreover, telehealth can be implemented in
various ways. Telehealth interventions include (1) video
consultation, (2) automated device-based monitoring, (3)
web-based monitoring, (4) interactive voice response (IVR)
systems, (5) mobiletelemonitoring, and (6) structured telephone
support (STS) [6].

We conducted a systematic literature review of randomized
controlled trials (RCTs) aiming to provide an overview of the
evidence for the effect of telehealth on hospital services use,
that is, all-cause and condition-related hospitalizations, and their
duration (per patient and per hospitalization). Furthermore, we
evaluated therisk of biasin all studies, aswell asthe quality of
evidencefor all outcomes. Finally, we explored which types of
telehealth are most effective and which patient groups are the
optimal target for reducing hospital service use.

Methods

Overview

Thisreview followed the guidelines of the Cochrane Handbook,
with some modifications [11]. Notably, we used reporting of
the outcomes of interest as an inclusion criterion, selected
studies and extracted data partially in duplicate (20%), and
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deviated somewhat from the suggested a gorithm to judge the
risk of biasarising from the randomization process (Multimedia
Appendix 1).

Data Sources and Sear ches

We searched MEDLINE, Scopus (Elsevier), and the Cochrane
Central Register of Controlled Trials (Wiley) from inception
up to April 2019. The search strategy (Multimedia Appendix
2) was developed by GMP using MeSH (Medical Subject
Headings) terms and reference lists of relevant reviews until it
encompassed all important keywords, and the search found all
pertinent articlesincluded in earlier reviews. WHVH and CIMD
critically evaluated the search strategy before implementation.
Eligibility Criteria

RCTs and cluster RCTs reporting the use of teleheath
interventions compared with usual care were included.
Telehealth was defined as health care interventions provided
over adistanceusing I CT to enableinteractions between patients
and health professional s or among health professionals. Patients
of any age and with any health conditions were considered.
Reported outcomes included at least one of the following:
all-cause hospitalization, condition-related hospitalization, or
length of hospital stay. We considered only published, English,
full-text, and peer reviewed articles. We did not apply any
restrictions to the setting or date of publication.

This review follows the taxonomy of telehealth interventions
developed in another systematic review [8], which differentiates
between video consultations, (automated) device-based
monitoring, web-based telemonitoring, IVR, mobile
telemonitoring, and STS.

Video consultations are defined as any intervention using
synchronous, two-way, audio-visual communication between
patients and health care providersto perform triage or provide
health advice. If measurement devices were provided,
measurements were communicated solely during the video
consultations.

In device-based monitoring, patients are provided with devices
to measure vital signs or to report symptoms essential for
detecting changesin health status. Automated alerts triggering
actions from health care providers, such as phone calls, are
frequently included.

Web-based telemonitoring includes interventions using a web
portal to enable patientsto report vital signsand symptoms, and
to enable health professionals to provide educational material
and feedback.

In IVR systems, patients are required to enter vital signs and
symptoms through their home or maobile telephonein response
to automated questions. These systems are typically combined
with automated alerts that trigger actions from heath care
providers.

With mobile telemonitoring, patients actively submit vital signs
and symptoms through their personal mobile devices. Vital
signs are measured using external measurement devices.

STS provides patients with a specified number of telephone
contactsfor agiven period of time, during which patientsreport
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their health status and receive health advice, medication
adjustments, or referralsto health professionals.

We defined condition-related hospitalizations as hospitalizations
due to the targeted health conditions. Studies that explicitly
reported only condition-related outcomes are not aggregated
with all-cause outcomes, as outcomes resulting from causes
other than the condition of interest are unknown in that case,
which could biasthe results.

For the mean length of hospital stay, thetotal number of hospital
days was divided by the total number of hospital stays. Thisis
in contrast to the number of hospital days, where the total
number of hospital days was divided by the total number of
patients.

Data Collection and Extraction

GMP screened all titles and abstracts. This screening was
independently verified on asample basis (10%) by LK and AL.
Screening of full text articles was performed identically.
Disagreementswereresolved through discussion, or adjudication
by CIMD. Screening was performed using the Covidence
systematic review software [12].

Using a standardized data extraction form, GMP extracted the
following data from all included studies: study characteristics
(eg, country and setting), popul ation characteristics (eg, health
condition, age, and gender), intervention details (eg, ICT
components used and frequency of use), and outcomes
(hospitalizations, length of hospital stay, and hospital days;
Multimedia Appendix 3). Data extraction was verified by LK
on asample basis.

Assessment of Risk of Bias

We used the Cochrane Risk of Bias 2 (RoB 2) tool to assessthe
risk of biasfor each study [13]. A number of ruleswere derived
from the manual to ensure consistent judgments between
reviewers (Multimedia Appendix 1). GMP assessed the risk of
bias of all studies. Risk of bias assessment was performed
independently and in duplicate for al studies by LK, AL, or
CIMD. Disagreements were resolved through discussion or
arbitration by athird reviewer, if necessary. The authors of the
studies were not contacted for additional information in case of
missing data or methodological unclarities.

https://www.jmir.org/2021/9/e25195
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Data Synthesisand Analysis

Risk differences between telehealth and usua care were
caculated for data reported as cumulative incidences.
Cumulative incidences reported as percentages were converted
to the number of participants with events. For data reported as
means, such as the mean number of hospitalizations per patient,
the mean differences (MDs) between telehealth and usual care
were calculated. Missing SDswere calculated, where possible.
All calculations were performed according to Chapter 6 of the
Cochrane Handbook [14]. Meta-analyses were conducted with
the meta package in R, Version 3.6.3, (R Foundation for
Statistical Computing) [15], using Mantel-Haenszel
random-effects models. Hartung-Knapp adjustment is used to
better reflect the uncertainty in the estimation of between-study
heterogeneity in Cls[16,17].

The overal quality of evidence was rated according to the
Grading of Recommendations Assessment, Development and
Evaluation (GRADE) approach (MultimediaAppendix 4) [18].
GMP rated the quality of evidence for each outcome
(Multimedia Appendix 5). Thisrating was verified by all other
authors, and disagreements were resolved by discussion.

We conducted subgroup analysesfor health conditionsthat were
studied in at least two articles, as well as for each type of
telehealth, length of follow-up, and risk of bias. These analyses
were planned a priori. Therisk of bias was analyzed using the
robvispackagein R [19]. To assess publication bias, we visually
inspected funnel plots (using the meta packagein R).

Results

Study Selection

The search identified 2544 records. After removing duplicates,
1410 records remained for the screening of titles and abstracts,
through which 1114 (79.0%) records were excluded. We
assessed 296 full-text articles for eligibility and excluded 120
articles. Of the remaining 176 articles, 127 (72.2%) provided
sufficient data for inclusion in the meta-analysis (Multimedia
Appendix 6). Figure 1 provides an overview of the study
selection process.
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Figure 1. Study selection flowchart and study characteristics. RCT: randomized controlled trial.

5 Records identified through database
= search B
E N =2544 Duplicates removed
T N=1134
= (PubMed = 696, Scopus =753,
3 Cochrane Library = 1085)
g |
£ Records screened N Records excluded _| Reasons for exclusion:
E N=1410 N=1114 Wrong cutcomes (n = 434)
@ Not an RCT (n = 430)
Wrong intervention (n = 101)
= Other (n = 149)
Ful-text articles Ful-text articles excluded Reasons for exclusion:
assessed for eligibilty ™| N=120 * Wrong outcomes (n = 35)
N =206 Wrong intervention (n =23}
Mot an RCT (n = 16)
E’ Ongoing study (n = 16)
a Full text could not be found (n =13)
2 Wrong comparator (n=5)
= No access (n=5)
——— Duplicate (n = 4)
Articles meeting Insufficient data for Conference abstract of included study {n =2)
inclusion criteriz. —— | inclusion in meta-analyses Wrong language (n=1)
N =176 N=48
Articles included in
meta-analyses
N=127
Health conditions studied * Telehealth types used * Outcomes reported
E Heart failure (n =61) Device-based monitoring (n =52} Risk of an all-cause hospitalization (n =76)
% Other heart conditions (n = 6) Structured telephone support (n =50) Risk of a condition-related hospitalization (n =50)
=| | Chrenic Obstructive Mobile telemonitoring (n = 11) All-cause hospitalizations (n = 31)
Pulmonary Disease (n =22] Video consultations (n=7) Condition-related hospitalizations (n=22)
Dth‘?r Iung_condnfons (n=3) Web-based monitoring (n =5] All-cause hospital days (n =19)
Malignancies (n =4) Interactive voice response (n=4) . B
Stroke (n=2) Condition-related hospital days (n =38}
Psychological conditions (n =4 Length of all-cause hospital stays (n=12)
Other (n =26} Length of condition-related hospital stays (n=19)

*Totals add up to »127 as some articles reported outcomes separately for different groups

Study Characteristics

An overview of telehealth types, health conditions, and
outcomes is provided in Figure 1 (details are provided in
Multimedia Appendix 3). Most studies were conducted in
Europe (n=55) and North America (n=41).

Risk of Bias

We judged 50 articles to be at low overall risk of hias, 55 to
have some concerns, and 22 to be at high risk of bias. Most
articles were assessed at low risk of bias for all five domains
(64/127, 50.4% to 98/127, 77.2%), except for selection of the
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reported result (63/127, 49.6%; Figure 2). High risk was found
for biasarising from the randomization processin only 3 articles,
bias due to deviations from intended interventions in one, due
to missing outcome data in 11, bias in measurement of the
outcomein one, and in selection of the reported result in 1 out
of 127 articles. Weighted risk of bias summaries are provided
for each analysisin Multimedia Appendix 5. In the analyses of
condition-rel ated hospitalizations and the length of hospital stay
due to any cause, studies at high risk of bias in at least one
domain cumulatively accounted for approximately 20% of the
weight. In al other analyses, this figure was below 10%.
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Figure 2. Unweighted risk of bias summary.
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Outcomes

The summary of findings table (Table 1) provides a
comprehensive overview of the main results for al outcomes.

For each analysis, most RCTs used device-based monitoring or
STSand included mainly patients with heart failure or chronic
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obstructive pulmonary disease (COPD; details Multimedia
Appendix 3). Complete analyses are available in Multimedia
Appendix 5.

The outcomes are reported asratesin 14 articles. Although these
could not be incorporated in the meta-analyses, an overview of
these resultsis provided in Multimedia Appendix 7.
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Table 1. Summary of findings table for the effect of telehealth interventions on various outcome measures compared with usual care.

Outcome Studies  Partici- Follow-  Usual Interven-  Effect esti- GRADEP Plain language summary
(RCTSH, Pants,n up careesti- tioneffect mate(95%Cl)  girength of
n (months) mate estimate evidence®
Patients with an all-cause 76 34,423 1-60 373 355 Risk differ- High The number of patients
hospitalization (patients hospi- ence: —18 hospitalized for any cause
talized per 1000 patients) (-30to -0) is reduced by 4.8%9
Patientswith acondition-relat- 50 20,867 1-60 237 200 Risk differ- High The number of patients
ed hospitalization (hospitaliza- ence; —37 hospitalized for the condi-
tions per 1000 patients) (-60to -20) tion targeted is reduced by
15.6%
Mean all-cause hospitdiza= 31 11,191 312 880 830 Mean differ-  High All-cause hospitalizations
tions per patient (hospitaliza- ence: —50 are reduced by 5.7%°
tions per 1000 patients) (-140 to +30)
Mean condition-related hospi- 22 3461 1-60 470 360 Mean differ-  High Condition-related hospital-
talizations per patient (hospi- ence: —110 izations are reduced by
talizations per 1000 patients) (-200to0 -10) 23,493
All-cause hospital days® (hos- 19 9735 0-60 6.06 4.99 Mean differ-  High The mean number of days
pital days per patient) ence: —1.07 spent in the hospital for
(-1.76to any cause per patient isre-
—0.39) duced by 17.7%°
Condition-related hospital 8 1216 3-60 2.84 171 Mean differ-  Moderated  The mean number of days
dav<® (hospital days per pa- ence: -1.13 spent in the hospital for the
tiiynt) (hospita days per p (-Le4to condition targeted is re-
—0.61) duced by 39.8%"
Length of all-cause hospital 12 1964 0-60 8.37 7.89 Mean differ- | guh Hospitalizations for any
stay9 (days per hospitaliza- ence: -0.48 cause are 5.7%" shorter
tion) (-150to with telehedlth
0.53)
Condition-related hospital 15 2047 0-24 292 2.03 Mean differ-  High Hospitalizations for the
length of stay? (days per hos- ence: -0.89 condition targeted are
pital stay) (-142to 30.5% shorter with tele-
-0.36) health

3RCT: randomized controlled trial.

bGRADE: Grading of Recommendations Assessment, Devel opment and Evaluation.

CHigh: we are very confident that the true effect lies close to that of the estimate of the effect; moderate: we are moderately confident in the effect
estimate: the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different; low: our confidence
in the effect estimate is limited: the true effect may be substantially different from the estimate of the effect.

dPercentag,]&s were calculated by dividing the effect estimate by the usual care estimate.

Participants are the unit of analysis.

fDowngraded by one level for risk of publication bias.
9Hospitalizations are the unit of analysis.

hDowngraded by one level for risk of bias and another for imprecision.

Risk of All-Cause Hospitalization

Therisk of al-cause hospitalization was reported by 76 RCTS,
including 34,423 participants. Theanalysis provides high-quality
evidence for a risk difference of -18 (95% CI -30 to 0)
hospitalized patients per 1000 patients (—4.8% of usual care).

Risk of Condition-Related Hospitalization

We found 50 RCTs reporting the risk of condition-related
hospitalization, including 20,867 participants. The absolute risk
was reduced by 37 per 1000 patients (95% CI 20-60), with
high-quality evidence (-5.7% of usua care). When stratified
by health condition, only the heart failure group showed a

https://www.jmir.org/2021/9/e25195

statistically significant effect (risk difference = -0.03), although
the subgroup difference was not significant (P=.40).

Mean All-Cause Hospitalizations

We found 31 RCTSs reporting the mean number of al-cause
hospitalizations per patient, including 11,191 participants.
Follow-up varied between 3 and 12 months. The analysis
showed high-quality evidence for an MD of —50 (95% CI -140
to +30) hospitalizations per 1000 patients, a 5.7% reduction
with regards to the number of hospitalizationsin the usual care
group. Only the COPD subgroup showed a statisticaly
significant MD between tel ehealth and usual care of —200 (95%
Cl -390 to —10) hospitalizations per 1000 patients. No effects
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were found for heart failure and other diseases. In addition, an
RCT studying malignancies reported an MD of +0.09
hospitalizations per patient compared with usual care but did
not report a SD and was therefore excluded from the
meta-analysis.

Mean Condition-Related Hospitalizations

The mean number of condition-related hospitalizations per
patient was reported in 22 RCTSs, including 3461 participants.
Follow-up varied between 1 and 60 months. The analysis
showed high-quality evidencefor an MD of -110 (-200to -10;
—-23.4% of usua care) hospitalizations per 1000 patients with
telehealth compared with usual care. Differences between
outcomes appeared to depend on the length of follow-up
(P<.01). The difference increased gradually with a longer
follow-up from an MD of —90 between 3 and 6 monthsup to a
reduction of 1190 hospitalizations per 1000 patients for
outcomes reported after more than 12 months. When stratified
by health condition, only heart failure showed a statistically
significant effect (MD —120; —200 to —40 hospitalizations per
1000 patients).

All-Cause Hospital Days

The mean number of days patients were hospitalized for any
cause was reported in 19 RCTs including 9735 participants.
Overall, the analysis showed high quality evidence for an MD
of —1.07 (95% CI -1.76 to —0.39) hospital days per patient. In
addition, 9 RCTSs reported the total number of days for which
patients were hospitalized, and 2 reported the rate of hospital
days. Furthermore, 1 RCT reported an MD of +0.60 hospital
dayswith telehealth compared with usual care but did not report
an SD nor the necessary information to calcul ate one. These 12
RCTs, which included 3144 participants, could not be
incorporated in the meta-analysis.

Condition-Related Hospital Days

The mean number of days patients were hospitalized for the
condition of interest was reported by 8 RCTSs, including atotal
of 1216 participants. The analysis showed moderate quality
evidence of an MD of -1.13 (95% CI -1.64 to —0.61) hospital
days per patient. The quality of evidence was downgraded
because of risk of publication bias. A statistically significant
difference was found for the length of follow-up (P<.01), with
longer follow-up resulting in larger reductionsin hospital days.
It is notable that when dtratified by health condition, a
statistically significant result was only achieved in heart failure
(MD -1.06 hospital days, 95% CI —1.71 to —0.40). For COPD,
an MD of —-1.75 (95% CI -4.62to 1.11) wasfound. In addition,
7 studies reported the total number of days patients were
hospitalized, and one reported the rate of hospital days. These
studies, including 2492 participants, could not be included in
the meta-analysis.

Length of All-Cause Hospital Stay for Hospitalized
Patients

A total of 12 RCTs reported length of all-cause hospital stay,
including 1964 hospitalized patients. L ow-quality evidence was
found for an MD of —0.48 (95% CI —1.44 to +0.47 days) hospital
days per stay. The quality of evidence was downgraded by one
level for risk of bias and by another for imprecision. Subgroup

https://www.jmir.org/2021/9/e25195

Peterset d

differences were found between different lengths of follow-up
(P<.01) and different levels of risk of bias (P<.01), but no clear
trendswerefound. Three studiesreported the length of hospital
stay as medians and 1QRs, and they could therefore not be
included in the meta-analysis.

Length of Condition-Related Hospital Stay for
Hospitalized Patients

Fifteen RCTsreported length of condition-related hospital stay,
including 2047 hospitalized patients. The analysis showed
high-quality evidence for an MD of —0.89 hospital days per stay
(95% CI -1.42 to —0.36 days).

Subgroup differences were found in reporting outcomes at
different lengths of follow-up (P<.01). An MD of —3.95 hospital
days per stay (95% Cl —6.06 to —1.84 days) was found for
reporting between 7 and 12 months, whereas other MDsranged
from -1.00 to —0.42 days. An additional 3 RCTs reported the
length of hospital stay asmediansand IQRsand 4 did not report
SDs nor any information that could be used to calculate them.
These 7 RCTs, including 922 participants, were therefore
excluded from the meta-analysis.

Discussion

Principal Findings

Our review indicates that the risk of all-cause hospitalization
decreased significantly by 18 hospitalizations per 1000 patients
(—4.8%) and 37 (—15.6%) for condition-rel ated hospitalizations.
We found high-quality evidencethat, compared with usual care,
telehealth leads to reductions in mean al-cause (MD -0.05,
95% CI -0.14 to 0.03 hospitalizations per patient; —5.7% of
usua care) and condition-related hospitalizations (MD —0.11,
95% -0.20 to -0.01; -23.4%), that is, 50 to 110 fewer mean
hospitalizations, respectively, per 1000 patients. Overal, it is
evident that all-cause hospital days decreased significantly with
a mean of -1.07 (-17.7%) hospital days per patient and
condition-related hospital days with —1.13 (—39.8%) days,
although evidence for the latter was only moderate. For
hospitalized patients, the mean stay for any cause could
potentially be reduced (MD —0.48 days, 95% CI —1.50to 0.53;
5.7%, low-quality evidence), and mean stay for condition-related
hospitalizations even more (MD —0.89 days, 95% CI -1.42 to
-0.36; 30.5%, high-quality evidence). The effectswere similar
for various health conditions and types of telehealth. A trend
was observed for studieswith longer follow-up periods, yielding
larger effects. It should, however, be noted that, although this
is a systematic review including a large number of studies,
uncertainties around the magnitude of effects remain, and not
all differences were statistically significant.

The quality of evidence was high for most of the analyses.
Downgrading was only necessary for two analyses because of
therisk of bias, risk of publication bias, and imprecision because
of a small cumulative sample size. Overal, there were
approximately as many articles with some concerns as there
were articles at low risk of bias. The main culprits were
insufficient reporting of the randomization method, lack of
available trial registrations or study protocols, and incomplete
outcome data (mostly due to deaths). None of these aspects
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necessarily indicate issues with the study itself, but rather with
the reporting of astudy. It isdesirable that moreinformationis
made available, such as by providing web-based supplementary
material.

Comparison With Prior Work

In our review, the most commonly used telehealth types were
device-based monitoring and STS. In general, only small
differences in effects were found between telehealth types,
which did not appear to be relevant. Thisfinding isin linewith
a Cochrane review including RCTSs investigating the effect of
either STS or device-based monitoring in the management of
heart failure, which also found no difference[20]. It should be
explored whether design aspects, such as monitoring frequency
or duration, or patient engagement, could explain the differences
in effect. Furthermore, patient compliance is often important
for the success of telehealth interventions. For example, the
patients must consistently take and send measurements, be
availablefor tel ephone contacts or video consultations, or report
symptoms. If these actions are not taken by the patient,
telehealth interventions cannot function. Therefore, it is
important to consider patient preferences during the design
process [21,22].

Studiesincluding patients with heart failure or COPD accounted
for the majority of the weight in the meta-analyses of this
review, athough the effects found for other health conditions
seemed similar. No other review has combined the results for
multiple health conditions. However, reviews of heart failure
and COPD specificaly are available for comparison. A
systematic review including reviews on telehealth for chronic
heart failure patients published between 1996 and 2014 found
low-quality evidence for absolute risk reductions in patients
with an all-cause hospitalization of 4.7% to 13.8% and of 3.7%
t0 8.2% for patientswith a condition-rel ated hospitalization [6].
Our estimate for patients with all-cause hospitalization was
considerably lower (2%) and more precise. This is caused by
the larger number of studies (75 in our study vs 8 in the other
meta-analysis) and thus participantsin our analysis (N=30,937
vs N=2343). Our estimate for patients with condition-related
hospitalization wassimilar (3.8%). A recent review on telehealth
for heart failure patients also found a trend toward reduced
hospitalizations [23]. Another recent review, on coronary heart
disease patients, found a relative risk of 0.56 (95% CI
0.39-0.81), although absolute differenceswere al'so small [24].

A systematic overview of reviews including COPD patients
found 3 reviews investigating the effect of telehealth on
hospitalizations, al of which found a reduction in
hospitalizations[7]. Another systematic review reported reduced
hospitalizations in 8 out of 11 studies, ranging from —10% to
—63%. The findings were similar for all-cause hospitalization
and condition-rel ated hospitalizations[25]. Our review confirms
the reduction in hospitalizations also found in previousreviews
and provides a more redlistic estimate of the effect through
meta-analyses, which wasrarely performed in previousreviews.

In a systematic overview of the use of telehealth for various
chronic health conditions, reviews on health conditions other
than heart failure or COPD a so found only afew articles, except
for diabetes [8]. This result is consistent with the findings of
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our review. As COPD and heart failure only make up a small
part of the care provided by hospitals [26], more research is
necessary on the effect of telehealth on hospital servicesusein
health conditions other than COPD and heart failure, which are
also highly prevalent.

The length of follow-up seems to be an important factor
influencing the effect of telehealth in our review. We found
subgroup differences in length of hospital stay (both al-cause
and condition-related), condition-related hospitalizations, and
condition-related hospital days, with larger effect sizes for
studieswith longer follow-up. A similar trend was observed for
all-cause hospital days. One review reported a reduction in
mortality at 6 months, with no differences at 1 year [21]. No
other reviews assessed differencesin effects between the lengths
of follow-up.

When telehealth replaces face-to-face contact, it is clear that
thiscan aid in reducing outpatient contacts and supporting social
distancing in outpatient departments. In view of the small effects
on hospitalizations and moderate effects on hospital inpatient
days, it is important to determine whether telehealth actually
contributes to cost reduction. Telehealth comes at a cost, for
example, because health profess onals make phone calls, conduct
video consultations, or interpret data. To reduce the costs of
interventions, automation of some of these aspects, for example,
by developing algorithmsto recognize deterioration of patients
health status, should be studied. Although we investigated
whether the mechanism by which telehealth is often claimed to
reduce costs is indeed present, we did not directly investigate
whether costs were reduced. Thorough budget impact and
cost-effectiveness studies are needed to reach firm conclusions
in this domain.

Limitations

Thisreview has severd strengthsand limitations. First, thewide
scope enabled usto find alarge number of articles meeting our
inclusion criteria. Furthermore, we quantitatively compared the
effects achieved in different health conditions using different
types of telehealth and length of follow-up. Another important
strength isthat we assessed all included articlesfor risk of bias
and graded the strength of evidence for each analysis, providing
a comprehensive overview of the evidence on the effect of
telehealth on hospital service use.

The wide scope aso acts as a double-edged sword in that it
makes the participants in the various studies less comparable
than in atypical review. This concern is alleviated by the fact
that we did not find significant differences between health
conditions or types of tel ehealth, although for some comparisons
only afew studieswere available. Telehealth interventions often
entail many more changes to the health care process, besides
the application of technology [27]. The effect of the telehealth
type thus becomes entangled with the effects of changes to
processes and infrastructure, which requires a more detailed
analysisto unravel. Study selection was performed partialy in
duplicate, which may have caused some articles to have been
missed. As we only included peer reviewed articles published
in English, it is unknown what evidence exists in other
languages. This review is further limited by our scope, which
focuses on types of telehealth requiring interaction between
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patients and health professionals. Passive forms of digital health
care, such as self-management applications or health information
provision, were not included. These types of services could
reduce hospital service use [28], while potentially being more
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outcomes. Further research is needed to obtain more insight
into the effects of telehealth on other diseases, apart from COPD
and heart failure, and into which aspects of telehealth
interventions result in positive effects.

efficient in terms of resource use because of their passive nature.
Furthermore, we did not contact the study authorsfor detailsin
the case of missing data or methodological unclarities.

Finaly, in the context of the COVID-19 crisis, it is important
to acknowledge that agreat deal of health care can be provided
from adistance, eliminating the need for vulnerableindividuals
to cometo apotentially hazardous environment to receive health
care and enabling hospitals to continue providing care to all
who need it.

Conclusions

Thus, the effects of telehealth are small to moderate and appear
to be stronger for condition-related outcomes than for all-cause
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Abstract

Background: Consumer health informatics (CHI) originated in the 1990s. With the rapid development of computer and
information technology for health decision making, an increasing number of consumers have obtained health-related information
through the internet, and CHI has also attracted the attention of an increasing number of scholars.

Objective: The aim of this study was to analyze the research themes and evolution characteristics of different study periods
and to discuss the dynamic evolution path and research theme rulesin atime-series framework from the perspective of a strategy
map and a dataflow in CHI.

Methods: The Web of Science core collection database of the Institute for Scientific Information was used as the data source
to retrieve relevant articlesin the field of CHI. SciMAT was used to preprocess the literature data and construct the overlapping
map, evolution map, strategic diagram, and cluster network characterized by keywords. Besides, a bibliometric analysis of the
general characteristics, the evolutionary characteristics of the theme, and the evolutionary path of the theme was conducted.

Results: A total of 986 articles were obtained after the retrieval, and 931 articles met the document-type requirement. In the
past 21 years, the number of articlesincreased every year, with aremarkable growth after 2015. The research content in 4 different
study periods formed the following 38 themes: patient education, medicine, needs, and bibliographic database in the 1999-2003
study period; world wide web, patient education, eHealth, patients, medication, terminology, behavior, technology, and disease
in the 2004-2008 study period; websites, information seeking, physicians, attitudes, technology, risk, food labeling, patient,
strategies, patient education, and eHealth in the 2009-2014 study period; and electronic medical records, health information
seeking, attitudes, health communication, breast cancer, health literacy, technology, natural language processing, user-centered
design, pharmacy, academic libraries, costs, internet utilization, and online health information in the 2015-2019 study period.
Besides, these themes formed 10 evolution pathsin 3 research directions: patient education and intervention, consumer demand
attitude and behavior, and internet information technology application.

Conclusions: Averaging 93 publications every year since 2015, CHI research isin arapid growth period. The research themes
mainly focus on patient education, health information needs, health information search behavior, health behavior intervention,
health literacy, health information technology, eHealth, and other aspects. Patient education and intervention research, consumer
demand, attitude, and behavior research comprise the main theme evolution path, whose evolution process has been relatively
stable. This evolution path will continue to become the research hotspot in this field. Research on the internet and information
technology application is a secondary theme evolution path with devel opment potential.
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Introduction

The concept prototype of consumer health informatics (CHI)
was first proposed by Kenneth R. Thornton of the School of
Health Information Science (University of Victoria) in 1994.
Kenneth R. Thornton also elaborated 4 important research
directions: network evolution, automation of the patient record,
outcome and other quality-related databases, and consumer
health education [1]. In 1995, Ferguson [2] of the Harvard
University School of Medicine put forward the concept of
consumer health informatics (CHI) for thefirst timein his paper.
He pointed out that CHI is abranch of science that studies the
application of computer and wireless communication technology
in consumer health care [2]. Eysenbach [3] proposed that CHI
is the branch of medical information that does the following:
analyses the consumers needs for information; studies and
implements methods of making information accessible to
consumers, and models and integrates the consumers
preferences into medical information systems. This definition
has been cited by the academic community more than 300 times.
The American Medical Informatics Association defines CHI as
the field devoted to informatics from multiple consumer or
patient views and which includes patient-focused informatics,
health literacy, and consumer education [4]. CHI is an
interdisciplinary subject that includes nursing information,
public health, health promotion, health education, library
science, and communication science [4].

With the rapid development of computer and information
technology, the continuous popularization of the internet, and
the continuous strengthening of people’s health awareness,
consumption awareness, and information literacy for making
health decisions, increasingly more people obtain health-rel ated
information through theinternet. Because of theinterdisciplinary
nature of CHI, there is no consensus on the definition of CHI.
However, the core content of various definitions can be
summarized as follows: CHI emphasizes consumers or users
as the center and takes consumers or users and computer and
information technology as the research object to explore how
to use computer and information technology to meet consumers
health or medical information needs. It isadisciplinethat helps
consumers access relevant health or medical information and
make decisions about health care and health promotion.

Previous studies have analyzed and summarized the research
progress of CHI. For example, Eysenbach [3] collected
literature, internet information, and reportsrelated to CHI before
2000 and summarized the research progress of CHI in the
context of health carein theinformation age, medical knowledge
delivery to consumers, the accessibility of electronic health
records to patients, decision aids to support the consumers
choices, the quality control of health information on theinternet,
and other aspects. Kokol et a [5] carried out a bibliometric
analysis on the literature related to health informatics and
electronic health for the period 1984-2015 and discussed the

https://www.jmir.org/2021/9/e21974

current research status in thisfield, including trendsin literary
production, the geographic and journal distribution, and
theoretical analyses. However, their research only clusters all
research topics and does not reflect the dynamic changes in
research themes at different times. Zhao and Zhang [6] reviewed
the literature about consumer health information seeking in
social media before 2016 and discussed the characteristics of
exigting research from the following perspectives: the prevalence
of health information seeking in social media, discussion topics
emerging from health information in social media, seeking
health information from online peers, socia and emotional
support from social media, concerns of accessing consumer
health information in social media, and other aspects. However,
they did not discuss the dynamic evolution path and the
evolution rules of the research themes of CHI. Further, many
of these studies are qualitative research. There is aso
considerable subjectivity in the selection of literature,
identification of important topics, and prediction of research
frontiers. The combination of qualitative and quantitative
analysis methods can increase the objectivity, accuracy, and
comprehensiveness of the research results[7]. Bibliometricsis
a measurable informatic method [8], and is often used to
discover top journals and authors in a field, identify research
progress [9], and predict research trends[10].

Many bibliometrics visualization tools are available, such as
SciMAT, CiteSpace, UCINET, HistCite, VOSviewer. The full
name of SciMAT isthe Science Mapping Analysistool. In 2012,
it was developed by Cobo, Lopez-Herrera, Herrera-Viedma,
and Herrera at the Department of Computer and Artificial
Intelligence in Granada University, Spain. It can be used for
data preprocessing, data network analysis documentation, and
result visualization. It can also be used to produce 4 kinds of
maps. an overlapping map, an evolution map, a strategic
diagram, and a cluster network [11]. Compared with other
bibliometric visualization tools, SCIMAT isuniquein expressing
the evolution of the theme and performs excellently in
longitudinal timing analysis[7].

Overal, there have been few achievements in the field of CHI
research based on bibliometrics, and the dynamic evolution of
the research theme of CHI has not been explored. Therefore,
this article conducted a bibliometric analysis to present the
evolutionary overview of CHI by using SciMAT. The main
research questions of this paper are asfollows:

- What was the development trend of CHI research in
1999-2019?

«  What isthe main research direction of CHI research?

«  How doesthe theme of CHI research evolve?

«  What are the research trends of CHI?
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Methods

Overview

In bibliometrics, to obtain the research topic of acertain research
field in a specific period, it is common to carry out keyword
co-occurrence analysis and cluster analysis on the literature
collected and to obtain the development path and state of the
research topic through a comparative analysis of the split and

Ouyang et d

fusion of research themesin different periods. This paper uses
SciMAT tool to draw the research themes knowledge map,
analyzes the research themes and evolution status of CHI in
different study periods using a strategic diagram and data flow,
and discusses the dynamic evolution path and evolution law of
the research themes of CHI.

The analysis framework of this paper is shown in Figure 1,
which is mainly divided into 4 parts: data acquisition, data
preprocessing, software operation, and results analysis.

Figurel. Analysisframework of consumer health informatics evolutionary.
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Data Sources and Retrieve Strategies

The Web of Science core collection database of the Institute for
Scientific Information is an important database for obtaining
global academic information [7]. It consists of the Science
Citation Index Expanded, Social Sciences Citation Index, Arts
& Humanities Citation Index, and so on. Users can access core
academic literature from the fields of natural sciences, social
sciences, biomedicine, engineering, arts, and humanities from
the database. Therefore, we selected Web of Science asthe data
source. In this database, subject retrieval was used, and the

https://www.jmir.org/2021/9/e21974

RenderX

search terms were “consumer health informatics’, “consumer
health information”, “consumer medic * informatics’,
“consumer medic * information”. The publication years were
limited to 2019 and before. All languages were selected.
Selecting all languages provides amore comprehensive coverage
of the literature on this topic. Non-English articles generally
have English titles, abstracts, and keywords, from which one
can understand their main research content. For these articles,
we also used trandlation software to read the full text and
obtained the main research content. The literature types were
limited to articles, proceeding papers, and reviews. All papers
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wereretrieved on May 2, 2020. A total of 986 documents were
obtained, of which 931 met the document-type requirement.
The downloaded data were saved in atext format that SCIMAT
could read directly.

Data Preprocessing

To accurately obtain the research themes in this field, it was
necessary to perform data cleaning. SCiIMAT was used to clean
keyword information. First, SCciMAT's cleaning function “find
similar words by Plurals (automatic)” automatically mergesthe
singular and plural expressions of keywords, such as“ attitude”
and “attitudes’ into “attitudes’. Then, similar words with
different forms and abbreviations were merged by hand. For
example, “consumer health information technology,” “ consumer
health IT,” “consumer health information technologies,” and
“consumer health information technology (CHIT)” were merged
into “ consumer health information technology.” synonyms,
such as “physician patient relations,” *“physician—patient
relationship,” “ patient—physician relationship,” “ doctor—patient
relationship,” “doctor—patient relations,” and “ doctor—patient
relationships’ were merged into “doctor—patient relationship.”
Somewords, such as* consumer health information,” “ consumer
health informatics,” “association,” and “campaign,” which had
high frequency and broad meaning and that might cover the
association between other micro words, were deleted.

Parameter Settings

Words (the author’ swords and the source’ swords) were sel ected
as the units of analysis. The data reduction thresholds of the 4

Ouyang et d

study periodsare 1, 1, 1, and 2, and the type of analysis matrix
is co-occurrence. The network reduction thresholdsare 1, 1, 1,
and 1, and the network normalization method isthe equivalence
index. The clustering algorithm used was the simple centers
algorithm. The maximum network value was 15 and the
minimum network value was 3, and the scale of the cluster
network was limited to a reasonable range. The H-index and
sum citations were selected as the measurement indexes of
clustering quality. Jaccard’s index and the Salton index were
selected as similarity measurement methods for the evolution
map and the overlapping map, respectively.

Results

Overall Characteristics Analysis

Trendsin the Number of Articles

The number and trend of the articles published each year in a
certain field can reflect the scholars’ attention to thisfield. As
shown in Figure 2, the amount of literature can be divided into
3 stages: slow growth, stable growth, and rapid growth. The
1999-2003 period was the first stage, with an average of 12.2
papers published each year. The period from 2004 to 2014 was
the second stage, with an average of 36.6 papers published each
year. The period from 2015 to 2019 was the third stage. After
2015, the number of articles increased substantially, with an
average of 93.4 papers published each year. The volume of
published articles peaked in 2019 at 112, with an annual total
accounting for 12.0% (112/931) of all literature.

Figure 2. Consumer health informatic research documents published from 1999 to 2019.
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Based on the trend of literature growth, this paper divides the
research on CHI into 4 study periods: 1999-2003, thefirst study
period; 2004-2008, the second study period; 2009-2014, the
third study period; and 2015-2019, the fourth study period. The
number of articles in the 4 study periods is 61, 124, 279, and
467.

https://www.jmir.org/2021/9/e21974

Overlapping Map Analysis

An overlapping map uses the number of keywords to represent
the number of themes at each period and shows the stability of
aresearch theme in a certain field in the form of a data flow.
Figure 3 is an overlapping map of CHI research for the period
from 1999 to 2019 and clearly showsthe emerging and declining
themesin this field. The 4 circles in the figure represent the 4
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study periods. Displayed from Ieft to right, they are asfollows:
the 1999-2003 study period, the 2004-2008 study period, the
2009-2014 study period, and the 2015-2019 study period. The

Ouyang et d

number of themes in the first, second, third, and fourth study
periods is 52, 95, 163, and 184, respectively. As can be seen,
the number of themes increases rapidly.

Figure 3. Overlapping map of the consumer health informatics research from 1999 to 2019.

1999-2003

2004-2008

From 1999 to 2003, atotal of 32 themeswere passed to the next
study period, and the stability index with the next study period
was 14.57. Inthis study period, the research on CHI remainsin
a dow-growth stage, which is part of the basic research stage.
The number of new themesin the 2004-2008 study period was
63. In the 2009-2014 period, 85 themes were continued from
the previous study period, and the stability index between the
2 study periodswas 58.06. Reflecting the steady growth of CHI
research and the steady increase of research articlesin these 2
study periods, many emerging themes and a small number of
declining themes were included. There were 40 new themesin
the 2015-2019 study period, and the stability index between
this and the previous study period was 119.74. At this point,
the number of themesisincreasing steadily, which reflects that
theresearch areaof CHI isgradually expanding, and the research
content is becoming increasingly richer.

Analysis of Highly Cited Articles

Six of the top 10 highly cited articles in this field came from
the 1999-2003 study period (Table 1), and the cited frequency
of the articles is ranked as the first, second, third, fifth, sixth,
and tenth. This reflects that the papers published in this period
form the basis of the research on CHI and play a fundamental
roleintheresearchinthisfield. The most frequently cited paper
(940 times) is an empirical study of the quality evaluation of
online consumer health information. The evaluation of
health-related websites is quite different due to the differences
in research methods, preciseness, quality standards, research
population, and subjects. Therefore, the operability of quality
standards needs to be defined [12]. The second most frequently
cited (804 times) paper is the one by Cline in 2001 [13]. This
paper summarizes, from the perspective of communication, the
potential benefits and comprehensive quality of online consumer
health information searching and identifies and discusses the

https://www.jmir.org/2021/9/e21974

2009-2014 2015-2019

criteria of online health information evaluation. In 1999,
Charnock et a [14] developed atool named DISCERN, which
can be used by health information providers and consumersto
judge the quality of written consumer health information about
treatment options. This paper was cited 521 times. At present,
DISCERN has become a highly useful tool for the quality
evaluation of network health information. Many scholars use
this tool to evaluate the quality of online health information
about different diseases and published in different languages.
For example, Cerminara et a [15] used the DISCERN tool to
evaluate the reliability, accuracy, and relevance of the top 50
links for childhood epilepsy (online information) displayed by
the Google search engine. Alnaim [16] used the DISCERN tool
to assess the quality of information published on websites that
share breast cancer information online in Arabic.

Four of the top 10 highly cited articles in the field of CHI
research came from the 2004-2008 and 2009-2014 study period
(Table 1). The paper “eHedlth literacy: Essential Skills for
Consumer Health in a Networked World” was published in the
Journal of Medical Internet Research in 2006. In this article,
the concept of eHedlth literacy was defined for the first time.
The ability to find, discover, understand, and evaluate health
information from electronic resources, and the ability to apply
the acquired knowledge to solve health problems were also
explained in this paper [17]. Ranking fourth in the number of
citations, the paper was cited 514 times. eHealth literacy has
become amature research topic, and increasingly more scholars
are paying attention toit. For example, Kim et al [ 18] examined
the association among eHedlth literacy, perceived benefits,
self-efficacy, and health-promoting behaviors in patients with
type 2 diabetes. Cherid et al [19] investigated thelevel of mobile
technology acceptance, health literacy, and electronic health
literacy of 401 patients aged over 50 yearswith recent fractures.
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Table 1. Top 10 cited articles in the consumer health informatics research field.
Reference Journal Year Citations
Eysenbach et al [12] Journal of the American Medical Association 2002 940
Cline and Haynes [13] Health Education Research 2001 804
Charnock et al [14] Journal of Epidemiology and Community Health 1999 521
Norman and Skinner [17] Journal of Medical Internet Research 2006 514
Eysenbach [3] British Medical Journal 2000 336
Gustafson et a [20] American Journal of Preventive Medicine 1999 320
Or and Karsh [21] Journal of the American Medical Informatics Association 2009 247
van den Berg et a [22] Journal of Medical Internet Research 2007 236
Dutta-Bergman [23] Health Communication 2004 229
Hibbard and Peters [24] Annual Review of Public Health 2003 227

Evolutionary Characteristics Analysis

Design and Overview

The strategic map is mainly used to describe the relationship
between themes and the relationship strength within the theme
to reflect the importance of the theme in the development of
the whole field and the devel opment of the theme. The nodein
Figure4isacluster, and the sizes of the nodesindicatethe sizes
of thetheme clusters. The horizontal axisisthe centrality, which
measures the relevance of the theme to other themes. With

higher centrality, thethemeis moreimportant in thewholefield.
The vertical axis is the density, which measures the relational
strength of the cluster keywords within atheme. The higher the
density of the theme, the more mature the theme. The strategic
map isdivided into 4 quadrants. Quadrant 1 (Q1) contains motor
themes, quadrant 2 (Q2) contains highly devel oped and isolated
themes, quadrant 3 (Q3) containsemerging or declining themes,
and quadrant 4 (Q4) contains basic and transversal themes. The
strategic map of the 4 study periods, the relevant bibliometrics
indicators, and the evolutionary status of the research themes
are asfollows.

Figure 4. Strategic diagram of themes for the subperiod of 1999-2003 (A: based on the publications, B: based on the citation frequency).
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Themes (n=4) in 1999-2003: Patient Education,
Medicine, Needs, and Bibliographic Database
The theme of Q1 is medicine, which has the highest density

value and a higher centrality (Table 2 and Figure 4). The
keywords closely connected to medicine are search engine,
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interventions, and challenges (Figure 5). Thewebsites and pages
displayed by search engines have become the main source from
which people obtain medical and health information [25]. Hedlth
information/support systems for health promotion are also
emerging, such asthe CHESS comprehensive health promotion
support system [20].
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Table 2. Performance measures for the themes of the subperiod 1999-2003.

Ouyang et d

Theme Centrality Density Number of documents H-index Number of citations
Patient education 45.99 56.26 8 7 1176

Medicine 36.24 111.7 4 3 395

Needs 1.85 125 2 2 76

Bibliographic database 1.25 66.67 1 0 0

Figure5. Cluster network of the themes (1999-2003).

Thetheme of Q2 ishibliographic database, which has centrality
and density values of 1.25 and 66.67, respectively. The theme
is closely related internally and has low relevance with other
themes. The amount of relevant literature is the least, as the
theme has not attracted the attention of the academic circle. The
keywords closely connected to bibliographic database are
search interface and women’s health. For the prototype network
interface of the women's health bibliography database, Marton
et al [26] performed acomparative analysisfrom 3 aspects: web
interface design, overall visual effect, and hypertext navigation
and information organization.
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Patient education is located on the centrality axis and has the
highest centrality. Patient education has the largest amount of
research literature and has been cited the most times, indicating
that it is an area of high concern and has had a great impact on
later research. Patient education is interconnected with many
different keywords, such as world wide web and system, but
the connection is not strong. The result of the cluster network
shows that the internet and information systems are important
tools and approaches in patient education [13] and that
individualized customized education can be carried out for
patients through computers[27]
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Needs is located on the density axis and has centrality and
density values of 1.85 and 12.5, respectively. The cluster
network shows that needs is connected with population and
information seeking. Theinternal demand for health information
drives millions of consumers to search for health information
on the internet. If the search terms used by consumers do not
match the terms set at the information source, the search results
will not meet the needs of consumers. Therefore, consumer
health information retrieval needs a full range of terminology
support [28].

Themes (n=9) in 2004-2008: World Wide Web, Patient
Education, eHealth, Patients, Medication, Terminology,
Behavior, Technology, and Disease

The themes of Q1 have higher centrality and density (Table 3
and Figure 6) and are world wide web, patient education,
eHealth, and medication. World wide web hasthe largest amount
of research literature and has been cited 635 times. The cluster
network shows that the relationship between the world wide
web and internal keywords is weak. The keywords that are
strongly connected to patient education are internet health
information, record, and challenges (Figure 7). Patient education

Ouyang et d

isan important part of providing health care services and helps
to improve the effect of medical care. Doupi and van der Lei
[29] discussed the possibility of integrating electronic medical
record data and online health information resources to provide
personalized patient education for patients. eHealth has the
highest density and a relatively high centrality; the cluster
network reveals that it is closely related to health
communication, tailored intervention, cell phone, and
teleconsultation, which is an important research topic in this
field. Tufano and Karras [30] used teleconsultation for an
obesity intervention that was expected to achieve mass
customization function, interactive function, and national
customized electronic health information. The location of
medicationisfar from the centrality axisand closeto the density
axis. The cluster network showsthat it hasastrong relationship
with health literacy and pharmacist. In the research on drug
treatment in the field of CHI, scholars are concerned about the
health literacy of consumers and whether they can understand
the accompanying instructions of drugs [31]. Webb et a [32]
have proposed that the design of patient-centered consumer
medication information can improve the comprehensibility of
warning labels.

Table 3. Performance measures for the themes of the subperiod of 2004-2008

Theme Centrality Density Number of documents H-index Number of citations
World wide web 7.3 28.66 14 11 635

Patient education 64.37 26.23 10 8 786

eHealth 41.52 87.63 3 3 129

Patients 33.26 16.05 6 5 439
Medication 31.25 325 4 4 80
Terminology 3.85 16.67 2 2 45

Behavior 2.38 17.59 3 3 77

Technology 18.49 41.2 2 2 238

Disease 16.39 8.33 2 2 48

Figure 6. Strategic diagram of themes for the subperiod of 2004-2008 (A: based on the publications, B: based on the citation frequency).
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https://www.jmir.org/2021/9/€21974

RenderX

JMed Internet Res 2021 | vol. 23 | iss. 9 | €21974 | p.29
(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH

Figure 7. Cluster network of the themes (2004-2008).

Ouyang et a

The theme of Q2 is technology, with centrality and density
values of 18.49 and 41.2, respectively. The important nodes
that are connected internally aretools and adults. Theliterature
corresponding to cluster nodes reveal sthat scholars began using
internet technology to intervene in people’s health activities
[22].

Thethemes of Q3 areterminology, behavior, and disease, which
have centralities of 3.85, 2.38 and 16.39, respectively, and
density values of 16.67, 17.59, and 8.33, respectively.
Terminology is only associated with natural language
processing and users. The literature corresponding to
terminology reveals that the rapid development of consumer
health education websites and other applications has promoted
research on consumer health vocabulary and that term
recognition [33] is one of the important research directions.
Disease haswesk internal relations. Behavior isassociated with
libraries, HIV infection, and information seeking. By studying
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the literature corresponding to behavior, we found that
researchers had analyzed health information searching behavior
according to different populations. For example, Hesse et al
[34] analyzed the 2005 Administration of the Health Information
National Trends Survey data to explore the information
searching behavior of survivors of cancer and found that their
information searching behavior was very common and would
not decrease with time.

Thetheme of Q4 is patients, with centrality and density values
of 33.26 and 16.05, respectively. Theinternal correlation of the
patients theme cluster was not strong. An examination of the
literature corresponding to cluster nodes revealed that scholars
paid more attention to the research of the patients' attitude,
cognition, and intention regarding health information [35].

Themes (n=11) in 2009-2014: Websites, | nformation
Seeking, Physicians, Attitudes, Technology, Risk, Food
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Labeling, Patient, Strategies, Patient Education, and
eHealth

The themes of Q1 are information seeking, physicians, and
attitudes, which have centralities of 69.64, 67.77, and 64.83,
respectively, and density values of 37.42, 19.27, and 28.02,
respectively (Table 4 and Figure 8). The cluster network
(Multimedia Appendix 1) showsthat there are 15 nodes and 25
links in information seeking and that the keywords closely
related to information seeking are search interface, management
program, and community. The literature corresponding to
information seeking revealed that scholars analyzed, from the
perspective of consumers, the content of online questions,
explored theinfluencing factors of health information searching,
and designed a new connected exploratory navigation interface
to improve the effectiveness of health information searching
[36]. Attitudes had the highest citation frequency, indicating
that it had a great influence on the subsequent research. The

Ouyang et d

cluster network shows that attitudes is associated with a large
number of different keywords, but the relationship is not strong;
among these different keywords, the closely related nodes are
community pharmacies, information and communication
techniques, and electronic medical records. The cluster network
revealsthat the nodesthat are closeto physiciansare interviews,
patient centered care, patient—provider relationship, and
teleconsultation. The literature corresponding to attitudes and
physicians reveals that the consumers’ attitude toward, access
to, and use of online information related to diseases [37],
medicines, diet, and other health issues are the research hotspots
in this period. For example, Amicizia et a [38] believes that
information and communications technology provide an
opportunity for health care workers to use mobile internet to
disseminate vaccine-related knowledge interactively and
entertainingly and to monitor adolescent attitudes toward
vaccination through social media.

Table 4. Performance measures for the themes of the subperiod of 2009-2014.

Theme Centrality Density Number of documents H-index Number of citations
Websites 77.12 8.45 20 9 252
Information seeking 69.64 37.42 10 7 129
Physicians 67.77 19.27 9 6 175
Attitudes 64.83 28.02 11 10 428
Technology 61.65 15.53 14 10 416
Risk 60.43 12.61 13 10 279
Food labeling 6.56 15.62 3 3 126
Patient 59.71 6.02 15 10 235
Strategies 55 11.11 2 2 22
Patient education 4051 31.32 13 9 276
eHealth 30.79 37.44 5 3 42

Figure 8. Strategic diagram of themes for the subperiod of 2009-2014 (A: based on the publications, B: based on the citation frequency).
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The themes of Q2 are patient education, eHealth, and food
labeling, which have centralities of 40.51, 30.79, and 6.56,
respectively, and density values of 31.32, 37.44, and 15.62,
respectively. The cluster network shows that patient education
is closely related to smartphone, pamphlet, resources, and
Alzheimer’s disease. Scholars mainly conducted research from
3 aspects: patients’ health education needs [39], the effect of
health education materials, and health information technol ogy.
For example, Kraschnewski et a [40] studied how pregnant
women usetheinternet and mobile phone technol ogy to acquire
health care knowledge. They found that women thought that
the educational materials they received during prenatal care
were not helpful, and therefore, they turned to the internet and
smartphone apps to fill the knowledge gap [40]. There are 9
nodes and 12 connectionsin the eHealth theme. Compared with
the previous study period, in this study period, there are fewer
nodes and connections. The research content of the theme is
more concentrated. The keywords closely related to eHealth
aretailored intervention, and online health information. Scholars
are concerned about how to useinformation and communication
technology to help patients improve their health status and
strengthen their self-health management skills[41]. For example,
asahedlthliteracy intervention for Hispanic patientswith AIDS,
Jacobs et a [42] developed a Spanish-language computer
application, which can provideinformation about HIV infection,
treatment, and drugs. Food labeling is a new theme, for which
the cluster network shows the related keywords are consumer
opinions, recommendations, and ratings. King et a [43]
investigated the consumers’ understanding of common terms
used to guide food consumption frequency and quantity and
found that some terms are highly subjective and that more
simple and clear terms need to be devel oped.

Thethemes of Q3 are patients and strategies, which have lower
centralities and density values. The cluster network reveal sthat
the keywords strongly related to patients were health
information service, information behavior, and conflict of
interest. Srategies is an emerging theme. The cluster network
shows that the keywords associated with it are only
evidence-based practice and task and that the weight of the
connection is 0.17.

Having higher centralities and lower density values, the themes
of Q4 are websites, technology, and risk. The cluster network
shows that the keywords closely related to websites are world
wide web, evaluation studies, tools, email. By studying the
literature corresponding to websites, it isfound that the research
on the content evaluation of websites and health information
intervention through websites are the research hotspots in this
period [44]. Thakor et a [45] investigated the information
quality of ecommerce websites selling Hypericum perforatum
and found that most sites received poor reviews and lacked
information on drug interactions, contraindications, and adverse
reactions. The keywords closely related to technology are
hometelehealth and aging. With the aggravation of the aging
of the population, the research on home telehealth for the aged
group has attracted much attention. Cimperman et al [46] studied
the important factors affecting the elderly’s adoption of home
telehealth services and found that the following factors play an
important role in the perception of home telehealth: perceived
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usefulness, expectation, socia influence, perceived security,
computer anxiety, convenience, and the doctor’sopinion [46,47].
Risk is split from medication. The cluster network shows that
the relationship between internal keywordsisweak and that the
relatively strong ones are costs, patient decision aid, and
cardiovascular disease. For veterans with and without multiple
sclerosis, Cameron et al [48] studied the relative risk of falling
and requiring medical care and found that the adjusted odds
ratio of falling was 3 times higher for female veterans with
multiple sclerosis than for female veterans without multiple
sclerosis.

Themes (n=14) in 2015-2019: Electronic Medical
Records, Health | nformation Seeking, Attitudes, Health
Communication, Breast Cancer, Health Literacy,
Technology, Natural Language Processing,
User-Centered Design, Pharmacy, Academic Libraries,
Costs, Internet Utilization, and Online Health
Information

The themes of Q1 are €electronic medical records, health
information seeking, attitudes, and breast cancer, with
centralities of 53.52, 47.78, 45.18, and 48.08, respectively, and
density values of 19.71, 18.14, 8.89, and 7.11, respectively
(Table 5 and Figure 9). The cluster network (Multimedia
Appendix 2) showsthat el ectronic medical records hasastrong
relationship with internal keywords, which include personal
health information management and care partner. Scholars
mainly focus on the patients’ health information management,
including the sharing of access to the patients' health records,
personal health data visualization, and other contents. For
example, Wolff et al [49] sent the doctor’s medical records to
patients and authorized nursesthrough OpenNotes. The scholars
verified the acceptability and effect of this approach, and the
results showed that it was acceptable for patients and their
nursing staff to view the doctors' medical records; the results
also reflected that this method improved the communication
with patients and enhanced the patients confidence in
cooperating with nurses. Keywords closely related to
healthinformation seeking are users, behavior, health
information needs, and consumer health information behavior.
An examination of the literature corresponding to important
nodes revealed that the users of library, online health
consultation platform, social media, and other mediawere often
considered research objects and that adiscussion of these users
health information needs and behaviors was a research hotspot
in this period [50,51]. For example, taking the online health
consultation case on “Taiwan eDoctor,” an online health
consultation platform, as the research object, Chiu et al [52]
studied the length, time, communication mode, purpose, and
identity disclosure of online consultation questions and described
the communication mode of patients in the process of health
information searching. Attitudes was closely related to internal
keywords, such as HPV vaccines, risk, evaluation studies, and
physicians. Systematically studying the rankings, quality, and
contents of theweb pagesrelated to HPV vaccines, Fu et a [53]
classified the included web pages into critical and noncritical
ones and found that the quality of the critical web pages was
poor but that the critical web pages often obtained higher
rankings. Keywords closely related to breast cancer are online
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healthcommunities, support groups, and preferences. The
scholars mainly focused on the content analysis of the online
health community [54] and its supporting role for patients with
cancer. For example, through interviews and questionnaires,
Huh et a [55] developed online health community roles to
reflect the users' needs and requirements when using an online

Ouyang et d

health community. These roles can help provide users with
customized social support and patient support. The study found
that the roles of online health communities can be divided into
4 categories. managers, opportunists, scientists, and adventurers.
Theserolesreveal user interaction behavior and attitude patterns
when using online health communities.

Table 5. Performance measures for the themes of the subperiod 2015-2019.

Theme Centrality Density Number of documents H-index Number of citations
Electronic medical records 53.52 19.71 11 7 154
Health information seeking 47.78 18.14 24 5 174
Attitudes 45.18 8.89 15 7 119
Health communication 57.98 4.7 21 4 52
Breast cancer 48.08 7.11 26 7 162
Health literacy 50.29 3.55 40 8 211
Technology 54.79 3.46 18 7 168
Natural language processing 24.1 4.18 9 4 37
User-centered design 119 6.3 6 2 9
Pharmacy 16.52 28.49 6 2 8
Academic libraries 4.52 9.03 2 1 1
Costs 14.08 4.34 4 4 32
Internet utilization 12.67 4.72 5 3 43
Online health information 7.82 6.49 3 2 122

Figure 9. Strategic diagram of themes for the subperiod of 2015-2019 (A: based on the publications, B: based on the citation frequency).

density

A '
ELECTRGN['RECDRDS
EN.IH-SEEK[NG

°®

ACADE'@RNUES

GNL]NE-HE@R’JRMAHDN
SER :@ DESIGN

lNTERN@.’M 1ON

NATURAL- Laeaﬂocss ING
]

centrality

Thethemes of Q2 are pharmacy, online health information, and
academic libraries, with centralities of 16.52, 4.52, and 7.82,
respectively, and density values of 28.49, 9.03, and 6.49,
respectively. A mature professional theme (pharmacy) has the
highest density and is close to the density axis. The keyword
most closely related to pharmacy is patient medication
information. Monkman and Kushniruk [56] studied consumer
medication information in pharmacies and found that the
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organization and presentation of online consumer medication
information need to be improved. The content of consumer
medication information needs to be improved in order to
promote the safety and effective use of drugs[57]. The keywords
in the online health information cluster network include video,
web 2.0, and world wide web. Scholars mainly pay close
attention to the use and quality evaluation of online health
information [58]. As an emerging theme, academic libraries
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has the lowest centrality, the lowest amount of relevant
literature, and the lowest citation frequency.

User-centered design, with centrality and density valuesof 11.9
and 6.3, respectively, is located on the centrality axis. One of
the keywords clustering with user-centered design is smartphone
apps. An examination of the key literature corresponding to
cluster networks reveals that scholars focus on designing
user-centered, smartphone-based mobile health apps, such as
nutrition education apps that, for example, provide technical
support for adolescents with overweight and obesity [59].

Having lower centralities and density values, the themes of Q3
are internet utilization and costs. The interna relationship
between internet utilization and costs is weak; both are in an
immature devel opment stage and have littleimpact. The cluster
network showsthat the keywordsin costsinclude search engine
and health records; the keywordsin internet utilization include
health behavior, systematic review, and patient education as
topic. Theliterature corresponding to internet utilization reveals
that the content of relevant literature involved patients using
the internet to search for health information for self-care. For
example, Jamal et al [60] studied the online health information
searching behavior of patientswith type 2 diabetesinthe Middle
East and its influence on their self-care behavior. The results
showed that most internet health information searchers had
positive changes in their behaviors after searching and had a
stronger awareness of diabetes self-care [60].

Natural language processing islocated on the density axis, with
centrality and density values of 24.1 and 4.18, respectively. The
cluster network shows that natural language processing is
connected with consumer health vocabulary, state, online
support groups, and text. An examination of the core literature
corresponding to the cluster shows that most scholars mined
and dealt with the health-related contents of consumersthrough
social media, health websites, health forums, and other waysto
obtain the users health needs, explore the users health
behaviors, and investigate the application of health information
technology [61,62].

The themes of Q4 are health communication, health literacy,
and technology, with centralities of 57.98, 50.29, and 54.79,
respectively, and density values of 4.7, 3.55, and 3.46,
respectively. The technology cluster network formed 15 nodes
and 21 wires, but theinternal relationship was very weak. Health
communication has the highest centrality and has many
connections with external themes. It is a key theme with
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development potential. The cluster network shows that health
communication isstrongly related to keywords such as medicine,
telehealth, and perspectives. Benis et al [63] studied the use of
communication channels between patients and health care
organizations. By matching the communication channels with
the patients’ personal information, the communication between
medical ingtitutions and patients can be transformed into amore
active mode, and the patient’s participation can be improved.
Health literacy is an emerging theme; it has the largest number
of related literature and the largest citation frequency sum. The
keywords closaly related to health literacy include skills, patient
education, and public libraries. Health literacy is the ability of
individual s to access and understand health information and to
use it to maintain and promote their health. An examination of
the literature of important nodes reveal s that scholars pay more
attention to the assessment and intervention of health literacy
[64] and the assessment of internet health information quality
[65,66].

Evolutionary Path Analysis

Design and Overview

The theme evolution map shows, through a data flow, the
evolution of the 4 study period themes of CHI research. It can
analyze and track the dynamic evolution of the themes in the
field of CHI research over a period. Figure 10 shows the CHI
research field'stheme evolution map. Each columnin thefigure
represents a study period. In the figure, the nodes represent the
research themes, and the size of the nodesis proportional to the
number of related articles of the research themes. The
connection between the nodes represents the theme data flow,
the solid line represents the main keywords shared by 2 themes,
and the dotted line represents the shared keywords are not the
main keywords. The width of the connection is proportional to
the Inclusion index [11].

From Figure 10, it can be seenintuitively that patient education
and technology appear in 3 study periods, and that eHealth,
attitudes, and patients appear in 2 study periods. With time, the
circle in the theme evolution map becomes larger, the number
of the research themesincreases, and the data flow between the
research themes becomes increasingly complex. This reflects
the emergence of new research themes and contents from 1999
to 2019. According to the theme evolution map, the size of the
research theme circle, and the data flow between themes, 10
theme evolution paths of 3 research directions in the field of
CHI were determined.
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Figure 10. Thematic evaluation map of the consumer health informatics research field (1999-2019).
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Consumer health education is the process of assisting one to
acquire the correct information and understanding so that one
will be able to make wise decisions about a certain health item
[67]. Patient education - patient education - patient
education — health literacy, pharmacy (subpath 1). Patient
education - world wide web - websites — health
communication (subpath 2). Patient education — eHealth —
eHealth - health literacy, breast cancer, health communication
(subpath 3).

The 3 subpaths above evolved from the main and branch
directions of the patient education theme in the first study
period. Over time, the nodes on the evolutionary path become
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larger, the number of research articles increases, and the data
flow from node splitting is greater. The data flow of patient
education and intervention research evolutionisrelatively clear
and represents the main path of the evolution theme of CHI.
The theme on the path mainly moves between thefirst quadrant
and the fourth quadrant, and the split and fusion of themes are
obvious. In the second study period, subpaths 1 and 3 became
thefocusof research. Inthethird study period, the theme density
increased and the centrality decreased, demonstrating a
professional and mature research direction in the field. In the
fourth study period, the themes split into several themes with
great influence and development potential (health
communication and health literacy). In the third study period,
the subpath 2 integrated multiple themes, and the density of
themes decreased. In the fourth study period, the theme split
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into several low-density but high centrality themes (natural
language processing).

Consumer-Side Research of Consumer Health
Informatics; Consumer Demand, Attitude, and Behavior

The evolutionary path of consumer demand, attitude, and
behavior research consists of 3 subparts. Needs — patients —
attitudes, physicians -  attitudes, health literacy,
healthinformation seeking, internet utilization (subpath 1);
medicine, needs — behavior - information seeking -
healthinformation seeking, health literacy (subpath 2); and
medicine — diseases — patients — electronic medical records
(subpath 3).

These 3 subpaths evolved from the main and branch directions
of medicine and needs in the first study period. With time, the
number of nodes on the evolutionary path increases, the number
of research articlesincreases year by year, and the data flow of
node splitting also increases. The themes in the evolutionary
path of consumer demand, attitude, and behavior research
mainly move between thefirst, third, and fourth quadrants, and
the themes are divided and integrated. The theme of subpath 1
has gone through a stage in which centrality and density rise,
and in this field, it finally forms many core themes, such as
healthinformation seeking, health literacy, and attitudes. In the
second study period, subpath 2 splits to form a new theme
(behavior). Later, this theme attracted the attention of many
scholarsinthefield; itsdensity and centrality increased rapidly,
and it became the core theme in the field. In the second and
third study periods, subpath 3 is an edge theme that is not of
high concern. In the fourth study period, some themes (attitudes,
physicians, technology, patients, websites) split and mergeinto
a high centrality and density key theme (electronic medical
records).

The Technology Research of Consumer Health
Informatics: The Application Research of Internet and
I nformation Technology

Currently, big data, internet plus, artificial intelligence, and
other emerging information technologies have been tightly
integrated with traditional medical and health industries. The
application of internet and information technology in the field
of CHI has attracted more attention from computer science and
communication science scholars. The evolution path of internet
and information technology application research consists of 4
subpaths. Medicine — technology — technology — technology,
health communication (subpath 1); patient education — eHealth
- eHealth - online health information (subpath 2); needs,
bibliographic database - patients, world wide web -
information seeking - natural language processing,
user-centered design, academic libraries (subpath 3); and
medicine — world wideweb, terminology — websites — online
health information, natural language processing, breast cancer
(subpath 4).

These 4 subpaths evolved from the main directions of
bibliographic database in the first study period as well as the
branch directions of patient education and medicine. The number
of research articlesisgradually increasing, and the phenomenon
of node splitting and fusion is also obvious. The theme of the
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evolution path of the internet and information technology
application research mainly moves between the first, second,
and fourth quadrants. The evolution path isrelatively complex,
which may be related to the application of information
technology in different research directions. Subpath 1 emerged
from the theme of the first study period, and the density
decreased in the second study period. In the third and fourth
study periods, the centrality increased. The density decreased
after the split of multiple themes, and some important themes
with strong influence and development potential devel oped.
Subpath 2 divides from the theme of patient education in the
first study period. In the second study period, akey theme with
high centrality and density was formed. In the third and fourth
study periods, the centrality decreased, and the density
increased; it became a professional themein thefield. The data
flow of subpaths 3 and 4 is relatively complex and is formed
by the convergence of 2 routes in the first and second study
period.

Discussion

Overall Development Status of Consumer Health
Informatics

In the past 21 years, CHI research has been on the rise and has
gone through 3 stages: slow growth, stable growth, and rapid
growth. Inthe early stage, the devel opment was slow, thethemes
were few, and the intensity was low. In the later stages, the
development became diversified. After 2015, the number of
research papers on CHI increased substantialy, and it became
a hotspot of academic research. In 2019, it reached a peak of
112 papers, a research volume accounting for 12.03% of the
total literature.

The period 1999-2003 comprises the basic research stage of
consumer health information. Six of the top 10 highly cited
literaturein thisfield come from this study period. Thisliterature
congtitutes the cornerstone of CHI research. Consumer health
information evaluation tools, such as DISCERN, that were
developed in this study period have become recognized mature
tools in the field. The period 2004-2014 was one of steady
growth in the research on CHI. During this period, fewer
keywords disappeared, and more new ones were absorbed. In
2015-2019, the number of keywords was the largest, and the
research content involved was increasingly more abundant. A
similarity index for the fourth study period reached a higher
level, reflecting that the research field of CHI had become more
mature, the inheritance of research had become stronger, and
researchers were continuing to focus on more research topics.

Evolutionary Characteristics Analysis

By analyzing the rise, decline, and the change in the density
and centrality of the themes in different study periods, the
evolution characteristics and status of the research themes can
be reflected.

The motor themes include the following: medicine and patient
education in 1999-2003; world wide web, patient education,
eHealth, and medication in 2004-2008; information seeking,
physicians, and attitudes in 2009-2014; and el ectronic medical
records, healthinformation seeking, attitudes, and breast cancer
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in 2015-2019. These themes have high centralities and density
values. Besides, the research studies are popular and influential,
and the interna relations within these themes are closely
relevant. These themes are the core of the research field and
their development is mature.

The highly devel oped and isolated themesinclude the following:
bibliographic databasein 1999-2003; technol ogy in 2004-2008;
eHealth, patient education, and food labeling in 2009-2014;
and pharmacy, academic libraries, online health information,
and user-centered design in 2015-2019. Having high-density
values and low centralities, these themes do not represent the
research center. They are mature and peripheral themesin this
field.

The emerging or declining themes include the following:
behavior, terminology, and disease in 2004-2008; patient and
strategies in 2009-2014; and costs and internet utilization in
2015-2019. Because of their low centralities and density values,
these themes have been weakly devel oped and are marginalized
themesin thisfield.

The basic and transversal themes include the following: needs
in 1999-2003; patientsin 2004-2008; websites, technol ogy, and
risk in 2009-2014; and health communication, breast cancer,
health literacy, technology, and natural language processing
in 2015-2019. These themes have high centralities and
low-density values, indicating that these have a high influence
on the field of CHI but are not well developed.

By analyzing the evolutionary status of the themes in the
2015-2019 study period, the paper expectsto predict the future
development trend of thefield. The centrality and density value
of electronic medical records are extremely high. Although
there are not many related documents, each document has been
cited 14 times on average, indicating that it has received
extremely high attention and may appear in the next research
period. Healthinformation seeking is relatively stable because
of its high centrality and density value. After an internal
keyword splitting and recombination, the attitudes themeis still
highin centrality and density value, and the research enthusiasm
has not decreased. It will continue to become a hot topic in the
field of CHI research. Breast cancer split from risk in the
previous study period, with increased centrality and density
value (transferred from Q4 to Q1). With the expansion of
research influence, it became more mature and eventually
became the research core in the field. Although the number of
studies related to online health information is not large, the
average citation frequency of each study is the highest,
indicating that it has agreat influence on future research. Online
health information is one of the foundations of the CHI research
field, has great development potential, and may continue to
appear in the next study period. Natural language processing
has been a hot topic in recent years, and it islikely to continue
to appear in the next study period. Health literacy isan emerging
topic, with the largest number of relevant studies and total cited
frequency. This indicates that it has a high level of attention
and has a strong evolution and development ability. It will
continue to be a hot topic in this field. Technology has been
transferred from Q2 to Q4. Its research influence and
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development potential have improved, reflecting that it will
continue to be the basic theme in this field.

Evolutionary Path Analysis

By analyzing the evolution characteristics of patient education
and intervention research themes, it can be found that the
research in the slow growth period mainly focuses on the
application and exploration of the internet and information
systems and explores the health education for patients through
computers and websites[13]. Theresearch in the stable growth
period mainly focuses on the use of network health information
[41], the design of personalized or customized patient education
[29], and the application of intelligent and mobile devices[30].
The research in the rapid growth period mainly focuses on the
role and mechanism of the online health community in patient
support [54], doctor—patient communication [63], and the quality
evaluation of online health information [66].

By analyzing the evol ution characteristics of consumer demand,
attitude, and behavior research themes, it can be found that the
research in the slow growth period mainly focuses on the users
demand for online health information search, as well as
demand-driven behavioral research, such as an analysis of the
characterigtics of health information—retrieval terms[28]. Studies
in the stable growth period mainly focus on the patients’ attitude
and cognition toward health information [23], health information
searching behavior, and itsinfluencing factors[68]. Theresearch
in the rapid growth period mainly focuses on persona health
information management [69], health literacy assessment, and
health literacy intervention [70]. Theinternet health information
search behavior of patients with different diseases is till the
research hotspot in this period.

By analyzing the evol ution characteristics of the research themes
regarding the internet and information technology application,
it can be found that the research in the slow growth period
mainly focuses on the technology applied to patient education
[71] and the development of a bibliographic database network
interface [26]. The studies in the stable growth period mainly
focus on the use of the internet and information technology to
intervene in people’s health activities [72], help improve the
patients health status, and strengthen the patients self-care
skills [73]. They adso examined the use of information
technology in the patients’ health information search behavior
[74], identifying text difficulty of health information and
classifying health care webpages using machine learning and
natural language processing methods [75,76]. The research in
the rapid growth period mainly focuses on the application of
natural language processing [77] and the development and
evaluation of user-centered mobile medical apps [79].
Wongchaisuwat et a [79] developed an algorithm to
automatically answer health-related question by implementing
a semisupervised learning algorithm. Park et a [80] analyzed
the online discussion content of 3 online health communities
employing text mining and k-means machinelearning algorithm
to compare the discussion topics.

Limitations

In this paper, we used the SCiIMAT tool to analyze the keywords
of the literature data and constructed the overlapping map,
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evolution map, strategic diagram, and acluster network. Owing
to the limitation of the scope of our school’s database, we only
obtained the literature from 1999 to 2019, failed to trace the
earliest research literature on CHI, and failed to build acomplete
evolution path of the CHI research theme.

Conclusions

In this research, a bibliometric analysis was carried out to
explore the dynamic evolution path and evolution laws of CHI
research themes on atime dimension and from the perspective
of strategic diagrams and data flows. CHI research focuses on
themes, such as the patients’ education, health information
needs, information search behavior, health behavior intervention,
health literacy, health information technology, and eHealth. The
research content in 4 different study periods formed the 38
themes. These themes formed 10 evolution pathsin 3 research
directions: patient education and intervention, consumer demand
attitude and behavior, and internet information technology
application. Patient education and intervention research,
consumer demand, attitude, and behavior research comprisethe
main theme evolution path. The path’'s evolution process has
been relatively stable, and it will continue to represent the
research hotspot in this field. Research on the internet and
information technology application is a secondary theme
evolution path, where obvious absorption, fragmentation, and

Ouyang et d

extinction of themes have occurred. Its complex evolution
process has also attracted the attention of many scholars. The
research status and influence of this evolution path have
gradually increased, making it a research direction with
development potential.

According to the existing literature, themes that will continue
to appear in the next study period include the following:
electronic medical records, online health information, health
information seeking, attitudes, health literacy, technology, and
natural language processing. Thefirst 2 themesareinformation
resource elements in the consumer heath information
ecosystem. Because of the continuous advancement of medical
informatization and the rapid development of social media,
electronic health records, online health information, and online
health question answering data have formed massive health
information repositories. These health information big dataare
like gold mines waiting to be explored by researchers. The
middle 3 themes are information subject elements, and the last
2 themes are the information technical elements in the
environment. To maintain the sustainable development of the
consumer health information ecosystem, it is necessary to start
from the supply side and the demand side of health information
and to solve the mismatch between service and demand by using
computer and information technol ogy.
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Abstract

Background: Traditiona psychological theories are inadequate to fully leverage the potential of smartphones and improve the
effectiveness of physical activity (PA) and sedentary behavior (SB) change interventions. Future interventions need to consider
dynamic model staken from other disciplines, such as engineering (eg, control systems). The extent to which such dynamic models
have been incorporated in the development of interventions for PA and SB remains unclear.

Objective: This review aims to quantify the number of studies that have used dynamic models to develop smartphone-based
interventions to promote PA and reduce SB, describe their features, and evaluate their effectiveness where possible.

Methods: Databasesincluding PubMed, PsycINFO, |EEE Xplore, Cochrane, and Scopus were searched from inception to May
15, 2019, using terms related to mobile health, dynamic models, SB, and PA. The included studies involved the following: PA
or SB interventionsinvolving human adults; either developed or evaluated integrated psychol ogical theory with dynamic theories,
used smartphones for the intervention delivery; the interventions were adaptive or just-in-time adaptive; included randomized
controlled trials (RCTSs), pilot RCTSs, quasi-experimental, and pre-post study designs; and were published from 2000 onward.
Outcomesincluded general characteristics, dynamic models, theory or construct integration, and measured SB and PA behaviors.
Data were synthesized narratively. There was limited scope for meta-analysis because of the variability in the study results.

Results: A total of 1087 publications were screened, with 11 publications describing 8 studiesincluded in thereview. All studies
targeted PA; 4 also included SB. Socia cognitive theory was the major psychological theory upon which the studies were based.
Behavioral intervention technology, control systems, computational agent model, exploit-explore strategy, behavioral analytic
algorithm, and dynamic decision network were the dynamic models used in the included studies. The effectiveness of
guasi-experimental studiesinvolved reduced SB (1 study; P=.08), increased light PA (1 study; P=.002), walking steps (2 studies,
P=.06 and P<.001), walking time (1 study; P=.02), moderate-to-vigorous PA (2 studies; P=.08 and P=.81), and nonwalking
exercisetime (1 study; P=.31). RCT studies showed increased walking steps (1 study; P=.003) and walking time (1 study; P=.06).
To measure activity, 5 studies used built-in smartphone sensors (ie, accelerometers), 3 of which used the phone's GPS, and 3
studies used wearable activity trackers.

Conclusions: To our knowledge, this is the first systematic review to report on smartphone-based studies to reduce SB and
promote PA with afocusonintegrated dynamic models. These findings highlight the scarcity of dynamic model—based smartphone
studies to reduce SB or promote PA. The limited number of studies that incorporate these models shows promising findings.
Future research is required to assess the effectiveness of dynamic modelsin promoting PA and reducing SB.
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Introduction

In the past decade, there has been awidespread proliferationin
the use of digital technologies to deliver behavior change
interventions for health [1]. Given their ubiquity, smartphones,
in particular, have been used to improve a wide range of
health-related behaviors, including physical activity (PA) and
sedentary behavior (SB) [2,3]. Smartphones offer a host of
relevant functions, including computational capabilities, built-in
sensors (eg, accel erometersand GPS), and internet connectivity,
enabling usersto run software apps and connect with third-party
sensors. Collectively, these features offer the potential for
delivering real-time, context-aware, and interactive health care
interventions [4].

Theory-based lifestyle interventions have been shown to be
more effective than nontheoretical approaches [5]. Thus, to
better leverage the potential of mobile technologies for health
behavior interventions (mobile health [mHealth]), appropriate
behavior change theories and model s are needed. Such theories
and models need to guide the design and development of
complex smartphone interventions that can adapt rapidly in
responseto variousinputs[4]. To date, many smartphone-based
interventions to promote PA and reduce SB have relied
predominantly on psychological theory, including social
cognitive theory (SCT) and self-efficacy theory [2,6]. In a
seminal paper, Riley et a [4] argued that current behavioral
theories do not meet the need for amore dynamic and interactive
nature of digital behavior change interventions, such as
just-in-time adaptive interventions. Thesejust-in-time adaptive
interventions are complex interventions that adapt throughout
timeto an individual’s time-varying context (where) and status
(when) to meet an individua’s changing needs for support [7-9].
Riley et al [4] argued that existing psychological theories are
relatively static and linear and lack sufficient within-subject
dynamic regulatory processes. Furthermore, current
psychological theories have been used to tailor interventions
based on preintervention data rather than deliver adaptive
interventions.

To transform current theories into dynamic frameworks and
fully maximize the potential of smartphonetechnologies, Riley
et al [4] highlighted the need to incorporate theories from other
disciplines (eg, computer science and engineering) for thefuture
development of adaptive and dynamic digital behavior change
interventions. One such theory is the control systems
theory—derived from the control theory or cybernetics—which
is a general concept for the understanding of regulatory
processes [10] and has various applications in engineering,
mathematics, medicine, and economics, among others. Control
systems engineering explores how to influence and regulate a
dynamic system (eg, time-varying adaptive PA intervention)

https://www.jmir.org/2021/9/e26315

[11,12]. Applying these dynamic models to health behaviors
offersthe potential to better predict behavior and provide greater
insight into real-time changes, which, in turn, enable the
optimization and maintenance of behaviors[9].

Since the study by Riley et a [4] was published, it is unclear
how many smartphone-based interventions targeting PA and
SB have integrated nonpsycholgical theories to create more
dynamic modelsfor digital behavior change interventions, what
adaptive factors have been considered, and whether these
dynamic interventionsimprove behaviors. Therefore, thisreview
aims to (1) quantify the number of studies that have used
integrated dynamic models to develop smartphone-based
interventions to promote PA and reduce SB, (2) describe their
features, and (3) evaluate their effectiveness, where possible.

Methods

Design

The systematic review was performed according to the PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) statement [13] and was registered with
PROSPERO (International Prospective Register of Systematic
Reviews, CRD42020139350) [14].

Study Criteria

Thisreview included studiesthat devel oped or evaluated digital
behavior change interventions targeting PA, SB, or both and
integrated psychological theories with dynamic theories and
computational models (eg, control systems engineering); were
either adaptive or just-in-time adaptive interventions that
included smartphones for delivery; involved human adult
participants; included randomized controlled trials (RCTS), pilot
RCTs, quasi-experimental, pre-post study designs; and were
published from 2000 onward.

Exclusion Criteria

Studiesthat used conventional theories of behavior change alone
without integration with dynamic theories or computational
models, case studies, protocols, conference abstracts,
dissertations, and reviews were excluded.

Definition

For thisreview, dynamic theoriesrefer to dynamic modelstaken
from other disciplines, including engineering (eg, control
systems engineering) and computer science (eg, agent-based
modeling). The defining features of dynamic approaches are
that they are not static, nonlinear in nature, and capable of
capturing complex and rapid changes in behaviors (ie,
time-variant) and their influential factors (ie, multivariate).

Furthermore, they are quantifiable, empirical, and testable
models.
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Search Strategy

Databases (IEEE, PubMed, PsycINFO, Cochrane, and Scopus)
were searched from January 2000 to May 15, 2019, without
language restriction. Keywords (including Medical Subject
Headingsterms) and phrases comprised 3 components (mHeal th,
dynamic models, and activity), where “OR” and “AND”
Boolean operatorswere used for within and between component
searching (Multimedia Appendix 1). The wild-card term “*”
was used where necessary to potentiate sensitivity. Snowball
searching was performed using the included studies to identify
additional relevant research. The search results were exported
to a reference manager software (EndNote X9; Clarivate
Analytics) for review and extraction.

Screening Process and Data Extraction

Two researchers (JMV and RDK) independently screened and
reviewed thetitlesand abstractsto identify eligible studies. The
full text of the included papers was assessed based on the study
criteria. The following information was collected: author and
year, country, study design, duration of the study, recruitment
and setting, the population of the study, sample size, inclusion
criteria, participant characteristics, dynamic model, theory or
constructs integrated, and outcomes measured (SB and PA
behaviors).

Quality Assessment

Two researchers (JMV and RDK) assessed therisk of bias. The
Cochrane Handbook for Systematic Reviews of Interventions
[15] was used to eval uate randomi zed studiesfor selection bias,
detection bias, attrition bias, performance bias, and reporting
bias asthe main sources of bias. Other sources of biaswere also
considered. In addition, the Joanna Briggs Institute Critical
Appraisal Checklist for Quasi-Experimental Studies [16] was
used to assess nonrandomized studies. Where available,
protocols and trial registry data were found for risk of bias
assessment. Where multiple reports existed for the same study,
data were extracted from all reports and expressed together.
The authors were contacted for further information, as needed.

Data Analysis

The data were synthesized narratively to address the aims of
this review. Given the heterogeneity of the included studiesin
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terms of methodology, outcome measures, and statistical
approaches, a meta-analysis of effectiveness data was not
conducted. Instead, a synthesis without a meta-analysis
method—Vote counting based on the direction of effects—was
used to synthesize data [17]. The effect direction is a
standardized binary metric based on the observed benefit
(positive) or harm (negative). Vote counting is based on effect
direction and compares the number of positive effects with the
number of negative effects on an outcome. An effect direction
plot is used for the visual representation of data and linking
narrative synthesis to the overall conclusion [18,19]. In this
review, the updated method of the effect direction plot is used
asoutlined elsewhere[20]. Changeswithin the intervention arm
of controlled studies and changes from baselinein uncontrolled
studies were considered for judgment. PA outcomes including
light activity, walking (time and steps), moderate-to-vigorous
PA (MVPA), nonwalking exercise, and total PA time from 6
studies were grouped as PA health domains. For studies with
multiple PA outcomes, the effect direction was where 70% or
more of the outcomes reported a similar direction (positive or
negative). If less than 70% of outcomes showed a similar
direction, they were reported as conflicting findings or no clear
effect. A sign test was applied to test any evidence of an effect
across studies. A 2-tailed P value was then calculated to show
the probability of observing positive and negative findings for
the PA health domain.

Results

Overview

A total of 1087 study reports were identified after removing
duplicates. In addition, 9 studies were identified through a
manual search. A total of 76 research articles underwent afull
review, and 11 reports describing 8 studies were €ligible and
included in this systematic review. The characteristics of the
included studies are summarized in Table 1. The inclusion
process and reasons for exclusion are shown in the PRISMA
flow diagram (Figure 1). The reasons for excluding 65 studies
(in full-text review) are provided in Multimedia Appendix 2
[21-85].
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Table 1. General characteristics of the included studies.
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Author (year)  Country Study design and Recruitment set-  Sample, n Inclusion criteria Participants’ characteristics
duration ting
Barettaet al Italy Interventiondevelop-  Indoor activity 60 Not described People who did not
(2019) [86] ment; 8 weeks settings (eg, meet PAa guidelines
gyms) Age (35-60 years)
Female (35/60, 58%)
Direito et a New Pre-post single-arm  Community 69 o 17-69 years Insufficiently active
(2019) [87] Zealand intervention; 8 « OwninganAn- healthy adults (either
(other related weeks droid phone those who did not meet
reference: Dire- PA recommendations
ito et a [88]) or who intended to de-
crease sedentary behav-
ior)
Mean age 34.5 (SD
11.8) years
Female (54/69, 78%)
Mean BMI 25.6 (SD
4.95) kg/m2
Ethnicity: New
Zealand European
(38/69, 55%)
Conroy et d United Single-group mi- Community (via 10 Adults not meeting Mean age 34.4 (SD
(2018) [12] States crointervention; 16  advertisement) federally recom- 9.0) years
weeks mended levels of Female (9/10, 90%)
aerobic PA but had Employed full time
no contraindications (8/10, 80%)
to PA Parents (6/10, 60%)
Single (5/10, 50%),
married (4/10, 40%), or
divorced (1/10, 10%)
Education (6/10, 60%
with at least a bache-
lor's degree)
White (9/10, 90%),
Asian American (1/10,
10%), and none were
Hispanic or Latino
Middelweerdet The Nether-  3-arm quasi-experi- Community (fly- 104 Adults aged 18-30 Healthy young adults
al (2020) [89] lands mental; 12 weeks ers, posters, so- years at the time of Mean age 23.4 (SD
(Other related cial media, per- registration, in pos- 3.0) years
references: sonal contacts, session of asuitable Female (83/104,
Kleineta [90] and snowball smartphone running 79.8%)
and Middel- strategies) on Android or iOS, Students (72/104,
weerd et a apparently healthy, 69.2%)
[91]) Dutch-speaking, and Mean BMI 22.8 (SD
signed the informed 3.4) kg/m2
consent form Previous experience
with PA apps (33/104,
31.7%)
Korinek et al United Pre-post single-arm  Nationally via 20 Generaly healthy, Overweight and seden-
(2018) [92] States intervention; 14 community adver- insufficiently active, tary adults
(other related weeks tising methods 40 to 65 years, BMI Age (47 years)
references: (eg, email to stu- 25 t0 45 kg/m?, Mean BMI 33.8 (SD
Freigoun et al dent listservs, owned and regularly 6.82) kg/m2
[93] and Martin word-of-mouth, used an Android Female (18/20, 90%)
etal [22]) and social media phone capable of Walked on average
ads) connecting to a Fit- 4863 steps per day

bit Zip viaBluetooth
4.0
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Author (year)  Country Study design and Recruitment set- Sample, n Inclusion criteria Participants’ characteristics
duration ting
Rabbi et al United Pilot RCT?: 3weeks Advertissment 17 (intervention=9;  Owned an Android Adult students and
(2015) [94] States placed through-  control=8) mobile phone, inter- staff
out the university ested in fitness Mean age 28.3 (SD
campus 6.96) years
Student (13/17, 76%)
Female (8/17, 47%)
All participants (low-
to-moderate PA)
Rabbi et al United Pilot Pre-postsingle- Viathe Wellness 10 People with a histo- Adults with chronic
(2018) [95] States armintervention; 5 Center and retiree ry of chronic back low back pain
weeks mailing listsfrom pain (=6 monthsin Mean age 41.1 (SD
Cornell Universi- duration); willing to 11.3; range 31-60)
ty use MyBehavior- years
CBP; having some Female (7/10, 70%)
reasonable level of
outdoor movement
(eg, traveling to and
from work); not be-
ing significantly
housebound; with a
basiclevel of mobile
phone proficiency;
aged between 18
years and 65 years;
and fluentin English
Zhou et d United RCT; 10 weeks Email announce- 64 (intervention=34; Staff member, in- Adult staff employees
(2018) [96] States ment; university  control=30) tended to be physi- Small fraction had the

campus

caly activeinthe
next 10 weeks, own
an iPhone 5s or
newer; willing to
keep the phonein
the pocket during
the day; willing to
install and use the
study App; ableto
read and speak En-
glish

following conditions:
high blood pressure
(5/64, 8%), type 2 dia-
betes (5/64, 8%), hyper-
cholesterolemia (7/64,
11%)

Married or cohabitating
(34/64, 56%)

White or non-Hispanic
(29/64, 45%)

Full-time job (45/64,
70%)

Mean age 41.1 (SD
11.3) years

Female (53/64, 83%)

3PA: physical activity.

BRCT: randomized controlled trial.
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Figurel. Flow of studies. PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses [13].
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General Description of the Studies

A total of 5 studies were conducted in the United States
[12,92,94-96], 1in Italy [86], 1 in New Zealand [87,88], and 1
in the Netherlands [89-91]. Of these, 3 studies used pre-post
intervention designs [87,92,95], 2 were RCTs [94,96], 1 was a
3-arm quasi-experimental study [89], 1 was a single-group
microrandomized trial [12], and 1 was development study [86].
The duration of the studies ranged from 3 weeks to 6 months.
A total of 5 studies recruited participants from community
settings [12,86,87,89], 1 from the university campus and
community [92], 2 from the university only [94,96], and 1 from
a university wellness center and retiree mailing list [95].
Populationsincluded insufficiently active and sedentary healthy
adults, healthy and highly educated young adults, overweight
and sedentary adults, adults with chronic low back pain, and
students and staff from auniversity setting. Sample sizesranged
from 10 to 104 participantsin the intervention eval uation studies
and 60 in the development study. Participants were
predominantly women in all studies except one[94]. The genera
characteristics of the included studies are summarized in Table
1.

Theoretical Premise

SCT was the predominant psychological theory used
[12,89,92,94,95]. A study incorporated self-efficacy theory [86],
with a dynamic decision network—a sequence of simple
Bayesian networks used to describe probabilistic computational
models[97]. A study used an integrated behavior change model
incorporating 33 bhehavior change techniques (eg,
self-monitoring, goal setting, and review of goals) combined
with the behavioral intervention technology model [87]. Two
studies incorporated control systems engineering models

https://www.jmir.org/2021/9/e26315

integrated with SCT [12,92]. In a study, SCT, self-regulation
theory, and health action process approaches were integrated
with a computational agent model—an intelligent reasoning
system [89]. Learning theory, the Fogg behavior model, and
SCT were combined with the exploit-explore strategy in 2
studies [94,95]. Rather than using a theoretical framework, a
study integrated a single behavior change technique (goal
setting) with a behavioral analytic algorithm [96].

Featured Description of Interventions

All studies promoted PA, whereas 4 studies also involved
interventions for reducing SB [12,87,94,95]. Few studies
explicitly stated the inclusion of behavior change techniques
[87,89,92] as part of their intervention, 2 of which included a
range of behavior change techniques [87,89]. Conroy et al [12]
did not describe specific behavior change techniques but stated
using intervention messages, which targeted key SCT constructs
(eg, outcome expectancies, risk awareness and planning,
efficacy-building affirmations, social support, and evoking
anticipated reward or regret). The most common behavior
change technique used across al studies was goa setting
[86,87,89,92,96]. In terms of PA, 3 studies[87,92,96] included
daily goa setting to achieve PA targets, whereas 1 study
promoted weekly goal setting [89]. In astudy, weekly step goals
were initially established and then broken down into daily
short-term goals [86]. Only 1 study set goals for SB [87]. To
help participants set PA and SB godls, 5 studies used past
activity performance[86,87,89,92,96], whereas 2 also took into
account individuals' perceptions of self-efficacy [86,92]. Instead
of setting goals, 2 studies focused on habit formation by
providing suggestions from an individual’s past frequent and
infrequent activities after manual and automatic logging and
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clustering of past activities [94,95]. Habit formation was aso
accounted for in another study [87]. For SB, Direito et a [87]
encouraged participantsto replace periods of extended sedentary
timewith light-intensity walking and standing, whereas Conroy
et a [12] included sit less and move more messages. Two other
studies by Rabbi et al [94,95] targeted both SB and standing by
promoting short walks. None of the studies measured standing
as an outcome.

Monitoring and feedback on behavior was another widely used
behavior change technique [86,87,89,92,94,96]. All 6 studies
used visual and numerical feedback on behavior, whereas 2
used biof eedback to help monitor behavior [86,94]. Four studies
included areward in the form of social rewards [19,20,94] and
material incentives[17]. In terms of the type of intervention, 2
studies used push notification messages [87,89], 3 used push
notifications to present step goals or minutes of activity goals
(eg, walking) [86,92,96], 2 had in-app suggestions sel ected from

https://www.jmir.org/2021/9/e26315
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frequent and infrequent past activities [94,95], and 1 used text
messages [12].

Intotal, 7 studies used mobile apps, 6 of which ran on Android
[86,87,89,92,94,95] and 1 on iPhone operating systems (iOS)
[96]; 1 study did not mention the operating system used [12].
Four studiesincluding TODAY, MyBehavior, MyBehaviorCBP,
and CalFit [87,94-96] used built-in smartphone sensors (ie,
accel erometers) to measure activity, and 3 studies used wearable
activity trackers (Fitbit One, Fitbit Zip, and ActivPAL3)
[12,89,92]. A heart rate sensor was used to measure activity in
the study by Baretta et al [86]. Furthermore, 3 studies used the
phone GPS to identify geo-locations [89,94,95]. Some studies
used built-in phone GPS and apps to capture and account for
environmental contexts such as location (eg, workplace)
[87,89,94,95], weather [89,92], and weekend or weekday
[12,92]. The JustWalk intervention incorporated psychological
states (eg, stress) and measures of busyness and sleep quality.
Further details have been provided in Table 2.
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Table 2. Features of smartphone-based physical activity intervention development or evaluation.

Daryabeygi-Khotbehsara et al

Author Intervention Control Theoretical Primary Other out-  Technology feature Results
(year) premise outcome comes
Barettaet  \yeekly tailored PAZ  NJ/AS Self-efficacy PAmeax  N/A « Androidapp: . N/A
a (2019) gods theory anddy- sured by Muoviti (visualiz-
[86] ) namic deci- d con- ing the heart-beat
(Sftir;\: \rllv%ekgc;al 120 sion network SHOF: s;efn of- rate graph of the
METb ' ficacy be- I_asttrainings%—
. Long-term goal: liefs sion, the curves of
600 METs per weight and waist-
week of PA line variations
«  Weekly goals week by Wee_k, the
broken down in- blrjmﬁd ca err?s b
tFO daily goals gégo’n??:dothey
. actors not con- :
. . ; percentage of vig-
?e?\?rai(tji Iorr]1 tdrzg orous activity with
opment but pro- :fpeit to moder-
posed for the eactivity)
next study: o Other: HR wrist-
working hours, bands (MioAlpha
time of the day, and PulseON)
day of the week,
health and ill-
ness, wesather,
etc
Direitoet  Daily individualized  N/A Intervention  Testtheac- Pilot-test- «  Android apps: Art «  TODAY app: low-
a (2018 and adaptive PA and mapping tax-  ceptability ingthe TO- of Living app and effort and pleasant
and 2019) gge gods: onomy to andfeasbil- payf app TODAY app. Oth- (54.3%), provides
[87,88] . - identify behav- ity of just- er: built-in phone guidance on
Daily activities ior change in-time sensorsfor SB and changing activity
(eg, transport to techniques  adaptivein- activity (ie, ac- profile (52.6%),
or from work, (eg, self-moni-  tervention celerometer) positively framed
P.A a \_Nork)_ toring, goa on PA and messages (64.4%),
- Light-intensity setting, orre-  SB the app sustained
activity to re- view of goals) interest over the 8
p ace SB (eg, from litera- weeks (28.8%)
walki ng toacol- ture. Integrat- «  Most favorable
league’s desk ed behavior behavior change
rather t_han call change model techniques for the
or ema |, stand constructsand users(goal setting,
up while on the behavioral in- discrepancy be-
ph(_)ne) . tervention tween current be-
- Lesuretime technology; havior and goal,
moderae-1o-vig- 33 behavior feedback on beha-
orous PA (eg, change tech- ior, instruction on
cyql ing) . niques were how to perform
- Dalygods vis- included the behavior, and

a and numerical

feedback on past E«ca)f:]a)lvl or substitu-
Sglydﬁd T gl e Only significant
% |ps_ " improvement was

sy i occurred on light
grrw?jpl?:ksévflrdso K PA (seetheresults
quently asked for statistics)
questions, re-
minders, and
push notifica
tions

o  Context: work-
place (location)
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Author Intervention Control Theoretical Primary Other out-  Technology feature Results
(year) premise outcome comes
Conroy et Fivedaly text mess  N/A Social cogni-  Stepping N/A No app or text (Proof-of-concept
a (2018)  sages (between 8 AM tive theory time message study) 50% of the
[12] to 8 PM). Three mes- and control ActivPAL3 (activ- sample: more pro-
sage types (move systems engi- ity tracker) nounced behav-
more, sit less, general neering ioral responsesto
factsor trivia[unrelat- text messages on
ed to PA or SB)). weekends than
Message receipt was weekdays; 50%
confirmed with are- had similar week-
ply. Factors: context end or weekday
(weekday and week- responses,; 50% of
end) respondersin-
creased stepping
timein responseto
“move more”
messages, and
50% increased
stepping timein
response to “sit
less’ messages
Middel- Weekly moderate-to-  N/A Social cogni-  Toincrease N/A Android app: Ac- No significant in-
weerdetal  vigorous PA goals: 30 tive theory, thetotal tive2Gether tervention effects
(2020) minutes of moderate self-regulation  time spent Fitbit One (for werefound for the
[89], Klein PA for at least 5 days theory and in moder- self-monitoring Active2Gether-full
etd (2017) aweek or 20 minutes hedlth action  ate-to-vig- only), ActiGraph and Active2Geth-
[90],and  of vigorous PA for 3 process ap- orous PA wGT3XBT and er-ight conditions
Middel- days aweek proach and GT3X+ (activity on levelsof PA
weerdetd  contexts (location, computational trackers) compared with the
(2018) [91]  \wezther, occupation) agent model Fitbit conditiqn:
. larger effect size
Connected friends for Active2Geth-
(Facebook API9), if 2 er-ight (B=3.1,
participants of thein- 95% Cl —6.66 to
tervention are connect- 12.78, for minutes
ed of moderate-to-
Up to 3 messages a vigorous PA;
day =5.2, 95% ClI
-133410 1345, for
steps). Smaller ef-
fect sizefor Ac-
tive2Gether-full
(B=1.2,95% ClI
-8.7t0 11.1, for
minutes of moder-
ate-to-vigorous
PA; B=-389, 95%
Cl -1750 to 972,
for steps)
Korinek et N/A Social cogni-  Feasibility, N/A Android app: Just-
a (2018) tive theory daily steps Walk
[92] and (particularly Fitbit Zip (activity
Freigoun et self-efficacy tracker)
al (2017) construct), Other: web-based
[93]. More goal setting mobile question-
informa- and control naire
tionis systems engi-
availablein neering (sys-
Martineta temidentifica
(2018) [22] tion)
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Author Intervention Control Theoretical Primary Other out-  Technology feature Results
(year) premise outcome comes

Daily step goal: o Linear mixed ef-

. Pseudorandomly fect model: each
aggnw dain individual walked
step goal (doable below 5000 steps
[based on base- at baseline with
line median daily significant varia-
step] and ambi- tion; mean inter-
tious[ie, up to cept value 4863.3
2.5xbaselineme- steps (SD
dian])+ rewards 1838.42),
(points>Amazon 19g=10.49; P<.001.
Gift Cards) + Daily stepsin-

«  Six 16-day cy- creased by 2650
clesh (cycle 0 steps per day on
[basdling], cycles average from day
1to 5 [step goals Otoday 16 (cycle
assigned]) Otocycle 1);

« Stepgods tgg=6.54, P<.001.
prompted every o Quadratic mixed
morning+there effect model: each
were daily, individual walked
weekly and roughly 5000 steps
monthly surveys at baseline with

« Morning and significant varia-
evening EMAI tions; mean inter-
assessed con- cept value 5301.5
structs including steps (SD
(eg, confidence 1862.04);
in achieving the tgg=11.29, P<.001.
goal, predicted . Daily stepsin-
busynessfor that creased by 1500
day, previous steps per day on
night's sleep average from cy-
quality) cleOtocyclel

» Factorsconsid- (1505 steps;
ered: perceived t=5.52, P<.001);
stress, perceived however, daily
busyness, wezth- steps decreased by
er information, 247.3 steps per
sleep quality day on average

from day O to day
16 (cycleOto cy-
cle1); tgg=-5.01,
P<.001
«  High adherence
was observed (on-
ly 10 days of hav-
ing missing step
data; only 40 days
of nonwear; <500
step counts). Com-
mon problem:
sync lag with Fit-
bit
Rabbi et al Nonpersonal-  Learningtheo- Adherence, N/A o Android app: My-
(2015) [94] ized generic ry, Fogg be-  acceptabili- Behavior; other:
recommenda-  havior model, ty, behav- phone accelerome-
tions social cogni-  ior change ter and GPS

tive theory,

and exploit-

explorestrate-

gyj
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Author Intervention Control Theoretical Primary Other out-  Technology feature Results
(year) premise outcome comes
Daily personalized o Intervention partic-
context-sensitive sug- ipantsmoreintend-
gestions (PA and sta- ed to follow per-
tionery). Manual and sonalized sugges
automatic logging to tions than control
track activity and user (effect size=0.99,
location. Start of each 95% Cl 0 to
day: 10in-app activity 1.001; P<.001).
suggestions (90% Most intervention
users’ most frequent participants (78%)
activities [exploit]; had a positive
10% fromusers’ infre- trend in walking
quent activities [ex- behavior (also in-
plore]). MyBehavior creased daily
app included both PA walking by 10
and dietary interven- minutesduring the
tions intervention),
whereas most con-
trol participants
(75%) showed a
negative trend.
The users found
MyBehavior app
suggestion very
actionable and
wanted to follow
them
Rabbi et al Context-sensitivesug- Static sugges-  Learningtheo- Use acoept- Qualitative o  Android app: My- «  Intervention condi-
(2018)[95] gestions (PA and sta-  tions ry, Fogg be-  ability, ear- feedback BehaviorCBP; tionincreased dai-
tionery). Manual and havior model, ly efficacy other: phone ac- ly walking by 4.9
automatic logging to social cogni- celerometer and minutes (f=4.9;
track activity and user tive theory GPS P=.02) significant-
location. In-app sug- (self-efficacy) ly. Exercisetime
gestions (80% users and exploit- was increased
most frequent activi- explore strate- nonsignificantly
ties [explait]; 20% gyj by 9.5 minutes
from users’ infrequent (B=9.5; P=.31).
activities [explore]); MyBehaviorCBP
total timefor each se- was opened 3.2
lected activity must timesaday (on
not exceed 60 min- average). MyBe-
utes. End of day re- haviorCBP sugges-
ward score tions were per-
ceived aslow-bur-
den (B=.42;
P<.001). Back
pain was reduced
in theintervention
condition, but not
significantly
(B=-.19; P=.24).
Participants sug-
gested considera-
tion of weather,
weekend or week-
day, and level of
pain for futurein-
terventions
Zhou et d Steady step Goal setting  Changein o 10Sapp: CaFit;
(2018) [96] goals (10,000  andbehavioral daily step other: built-in
per day) analyticsalgo- health chip in the
rithm® iPhone
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Author Intervention Control Theoretical Primary Other out-  Technology feature Results
(year) premise outcome comes
Daily step goals(real- Step goal « Meandaily step
time, automated adap- attainment, count was de-
tive). Push notifica- weight, creased by 390
tionsviaapp. Daily height, bar- steps (SD 490) per
notificationsat 8 AM. riersto be- day intheinterven-
If thegoa wasaccom- ing active tion versus 1350
plished before 8 PM, quiz, steps (SD 420) per
acongratulation notifi- IFAQ'-short day in the control
cation was sent. form from baseline to
10 weeks (net dif-
ference: 960 steps,
P=.03)

3PA: physical activity.

PMET: metabolic equivalents.

°N/A: not applicable.

9HR: heart rate.

€SB: sedentary behavior.

FTODAY: Tailored Daily Activity.

9API: application programming interface.
hStep goals did not increase between cycles.
'EMA: ecol ogical momentary assessment.

IGrounded in artificial intelligence and a subcategory of abroader decision-making framework called multiarmed bandit, which stems from probability

theory.

KBehavioral analytics algorithm uses machine learning to build a predictive model—based on historical and goal steps for a particular person and then
uses this estimation to generate challenging yet realistic and adaptive step goals based on a predictive model that would maximize the physical activity

in the future.
IIPAQ: International Physical Activity Questionnaire.

Effectiveness of | nterventions

Narrative Synthesis of Individual Studies

A total of 6 studies reported on the effectiveness of the
intervention [87,89,92,94-96]; the detail sare presented in Table
1. Theintervention by Direito et a [87] increased the time spent
in light and moderate-to-vigorous intensity PA and total PA
time; however, only light-intensity PA achieved statistical
significance from pre- to postintervention assessments (adjusted
mean difference 2.2 minutes, SE of difference 1.0; 95% ClI
0.78-3.56; P=.002). A small, but statistically nonsignificant,
decrease in SB was observed (adjusted mean difference —9.5
minutes, SE of difference 7.5; 95% CI 19.98-1.05; P=.08). The
Active2Gether  intervention involved 3 ams of
Active2Gether-full (tail ored coaching messages, self-monitoring,
and social comparison), Active2Gether-light (self-monitoring
and social comparison), and Fitbit app control condition
(self-monitoring). The Active2Gether did not show an effect
on PA levels (average daily minutes of MV PA and step counts)
compared with the Fithit app (=1.2, 95% CI -8.7 to 11.1,
P=.81, for minutes of MVPA; 3=-389, 95% CI —-1750 to 972,
P=.57, for steps and =3.1, 95% CI —6.66 to 12.78, P=.53, for
minutes of MVPA; 3=5.2, 95% CI -1334 to 1345, P=.99, for
steps, for the full and light app, respectively). The JustWalk
intervention increased the average daily steps by 2650 stepsin

https://www.jmir.org/2021/9/e26315

16 days (tgg=6.54; P<.001). This effect decreased from day 16
to day 96 (averagedaily change—109.1 steps; tgg=—1.42; P=.15),
suggesting acceptable maintenance. Users of the MyBehavior
app waked an average of 10 minutes per day more from the
first to the third week. There was no changein the control group
(between-group differenceswere statistically significant (t,5=2.1;
P=.06; 95% CI -0.23 to 19.05; d=0.9). In the second study by
Rabbi et al [95], MyBehaviorCBP was associated with an
increased daily walking time of 4.9 minutes (f=4.9; P=.02; 95%
Cl 0.8-0.89; d=0.31) among adults with chronic back pain.
Nonwalking exercise time also increased by 9.5 minutes, but it
was not statistically significant (3=9.5; P=.31; 95% CI -6.3 to
21.8; d=0.03). The Cal Fitnesstrial showed that the mean daily
step count decreased in the 10-week intervention for both the
intervention (mean -390, SD 490) and control group (mean
-1350, SD 420; net mean difference 960; 95% CI 90-1830;
P=.03). The Conroy et a [12] study was conducted to determine
proof-of-concept and did not report effectiveness data (for
descriptive results, see Table 2).

Effect Direction Plot

This study included 6 interventional studies. Figure 2 shows
the effect direction plot for the PA health outcome domain; 5
of 6 interventions reported a positive effect direction, with 1
study showing a negative effect on PA health. The P value for
the sign test for PA health was P=.21.
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Figure 2. Effect direction plot summarizing the direction of impact from
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Risk of Bias Assessment of thelncluded I nterventions

Judgments on the risk of bias for the 2 RCTs and 4
guasi-experimental studies are presented in Multimedia
Appendix 3 [12,87,89,92,94-96]. Overall, the included studies
were of relatively high quality. The2 RCTs[94,96] werejudged
to be low risk in all domains except one (ie, blinding of
participants and personnel). All included quasi-experimental
studies lacked a control group because of a pre-post [87,92,95]
or single-group intervention [12] design. These interventions
did not introduce additional risks to the remaining eight
domains.

Discussion

Principal Findings

This review aims to quantify the number of studies that have
integrated traditional psychological theories with dynamic
computational models in the development or evaluation of
smartphone interventions to reduce SB and promote PA.
Although we showed that a few studies—mainly pilot,
feasibility, and proof-of-concept—have taken an integrated
dynamic approach, there was no consensus on what dynamic
model—based approach should be used and how. Overall, it was
difficult to draw a conclusion on the effectiveness of the
included smartphone interventions, however, preliminary
findings on PA are promising, less so for SB. Moreover, an
effect direction plot was used to illustrate the direction of the
intervention effect on PA outcomes, regardless of their statistical
significance.

Thisreview wasdriven in part by apaper by Riley et al [4] who
argued that to truly capture the benefits of smartphones to
deliver real-time and adaptive interventions, they need to adopt
principles from other disciplines, such as control systems
engineering, and integrate them with traditional health behavior
theories. Intotal, we found only 8 studies that had adopted this
notion, most of which used SCT for integration, with
considerable complexity in the approaches used, ranging from

https://www.jmir.org/2021/9/e26315

al. (2019) was excluded from synthesis.

a basic use of behavioral analytic algorithms to a more
sophisticated approach using control systems.

Advancements in smartphone technology have enabled the
collection of intensive contextual and longitudinal (time-variant)
data, which facilitate the delivery of automated, real-time, and
adaptive behavior change interventions such as just-in-time
adaptive interventions. These features permit the testing of
specific intervention components (eg, behavioral messaging
comprising behavior change techniques). Control systems appear
to offer an excellent fit for the development of adaptive
smartphone interventions. It explores ways to influence a
dynamic system (eg, time-varying adaptive PA intervention)
and how to regulateit [11,12]. In other words, control systems
engineering provides adynamic approach to designing tailored
interventions that adapt over time and are based on rea-time
data(ie, intensivelongitudinal data) [98]. Despite the variability
in the application of dynamic models outlined in this review,
existing evidence suggeststhat their integration with traditional
behavior change and psychological theories offer exciting
opportunities to better understand human behavior (eg, SB and
PA), identify patterns of behavior, and optimize individually
adapted behavior change interventions.

Few of the included studies evaluated the effectiveness of the
interventions, and small effects were observed on PA and SB.
Possible reasons for the small effect sizes may have included
inappropriate design (nonrandom allocation) [89], lack of
exposure to automated intervention because of technical
problems[89], use of nonpersonalized behavioral interventions
[94], lack of participant engagement with the intervention [87],
and insufficient inclusion of behavior change techniques [96].
Moreover, a binary sign test conducted in this review attempts
to provide additional information and contribute to transparency
in interpreting the effect direction. However, this should be
interpreted carefully, as the small number of studies may have
underpowered the test.

Most of the studies included in the review focused on PA,
whereas only a few targeted SB; none assessed standing as a
distinct outcome. Moreover, most smartphone-based SB and
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PA interventions used built-in smartphone accel erometers and
sensors as a tool to capture individual behaviors to inform
behavioral interventions (ie, step counts were used to help
participants set goals and monitor progress or provide activity
suggestions) [87,94-96].

The benefits of smartphone interventionsinclude the ability to
collect and measure contextual factors (eg, location, weather,
and emotional or psychological states), which could be used to
personalize behavior interventions [99]. Existing research
evidence has shown that contextually aware remindersincrease
the effectiveness of mHealth PA interventions [21,100].
Furthermore, leveraging contextual information in PA
interventions enabl esthetriggering of more frequent reminders
without annoying the individual receiving the reminder, and
these types of interventions are considered more acceptable
[100]. Despite these proposed benefits, most of the included
studies lacked an assessment of contextual factors. A likely
reason for the lack of contextual factorsin the reviewed studies
is the technical challenges, such as system requirements. For
example, high battery consumption and low localization speed
by a built-in smartphone GPS compromise mobile app
performance [101]. Another important reason might be the
privacy implications for smartphone users [102]. Privacy
breaches are most probable when context-sensitive information
such aslocation ismonitored [103]. Moreover, people generally
refuse to be monitored for where they go or what they do [104].
A limitation of using native smartphone sensorsisthat they do
not provide research-grade precision for measuring PA and SB.
Commonly used accelerometers (eg, built-in smartphone
accelerometers and Actigraph GT3X) measure SB by focusing
on periods where the device records activity counts below a
certain cutoff point, such as less than 100 counts per minute
[105]. Thisleadsto the miscategorization of SB [106]. Although
postural devices (inclinometers) such asactivPAL have excellent
accuracy in measuring SB [107], they require proprietary
software (activPAL Professional Research Edition, PAL
Technol ogies) to process and collect the data and thus have low
utility for real-timeinterventions. Finally, as highlighted above,
none of the included studies assessed standing as an outcome,
despite 3 studies promoting standing in their intervention
messages [87,94,95]. This might be explained by the inability
to measure standing in real time for a dynamic intervention
purpose and limited evidence advocating standing as a distinct
activity that brings health benefits. However, short-term and
small-scale studies that support standing are emerging. In a
lab-based study, breaking up every 30 minutes of sitting by 5
minutes of standing was shown to reduce postprandial blood
glucose (34% reduction) compared with prolonged sitting in
postmenopausal women [108]. Moreover, an office-based study
has shown that an afternoon of standing reduced postprandial
glucose (43% reduction) compared with sitting while performing
computer work [109].

Theincluded interventions comprised pre-post, RCT, and 3-arm
quasi-experimental designs. Thesecommonly used experimental
designs are unable to assess rich context and time-intensive
data. For example, RCTs do not provide information on the
particular time when the intervention had an effect and the
moderators that affected the behavior change [110]. In fact,
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RCTs typically consider the overall impact of an intervention
package on behavior or health outcomes, not specific
components of that intervention. Other study designs, such as
factoria designs, are capable of investigating the effects of each
intervention component and the interactions between
components and the dosing of the intervention. However, they
are not sufficient to delineate when the intervention was most
effective and what moderatorsinfluenced theintervention [110].
A microrandomized trial may address these design limitations.
The microrandomized trial is a novel experimental design to
determine the optima delivery of just-in-time adaptive
interventions [110]. A key advantage is that microrandomized
trials not only assess the effect of specific intervention
components but also changes in effects over time and
moderators, including contextual and psychological factors
[110]. Microrandomization can help elucidate potential causal
rel ati onshi ps between each randomi zed intervention feature and
proximal effects (what happens in a limited time window, for
example within 1 hour, following a randomized intervention)
and alow assessment of time-varying contextual and
psychological factors moderating those proximal effects[110].

Most of theincluded studieslacked comprehensiveincorporation
and testing of behavior change techniques, although they were
theory-based. The precise specification of behavior change
techniques—which are active ingredients of behavior change
interventions and specification of intervention features of PA
(eg, mode of delivery and frequency)—help provide
accumul ative evidencefor effective and replicableinterventions
[111]. Smartphone-based interventions undertaking dynamic
approaches with a proper experimental design (ie,
microrandomized), while testing various behavior change
techniques, are expected to provide more robust evidence than
traditional theory approaches.

Limitations and Strengths

A limitation of this review is the heterogeneity in the reported
effectiveness data that prevented a pooled meta-analysis. Other
limitations include the small sample size and short duration of
the included interventions and nonrandomized study designs.
Moreover, women exceeded men in most studies, and al studies
involved adult populations, which might limit the
generalizability of the findings. A key strength of this review
is that it focuses on the integration of dynamic models in
smartphone-based PA and SB studies, as such dynamic models
fit best with mobile technologies. Another strength is the use
of the effect direction plot to present the direction of the
effectiveness results. This methodology is superior to narrative
synthesis, as it helps with the overall interpretation of the
findings. Future studies, in the context of SB and PA behaviors,
are suggested to incorporate and assess the effect of relevant
environmental and internal contextual moderators, use
computational models, and investigate SB, in particular, asthere
isasignificant evidence gap.

Conclusions

In conclusion, despite the recommendation for integrating
dynamic models such as control systems to better harness the
potential of mobile technologies, this review showed that few
studies have actually adopted this approach to promote PA and
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reduce SB. To some extent, this research gap may be because such as control systems, in integrating adaptive contexts and
of the complex and multifaceted nature of dynamic models, real-time measurement of outcomes.
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Abstract

Background: Regular physical activity (PA) iscrucial for well-being; however, healthy habitsare difficult to create and maintain.
Interventions delivered via conversational agents (eg, chatbots or virtual agents) are a hovel and potentially accessible way to
promote PA. Thus, it isimportant to understand the evolving landscape of research that uses conversational agents.

Objective: This mixed methods systematic review aims to summarize the usability and effectiveness of conversational agents
in promoting PA, describe common theories and intervention components used, and identify areas for further devel opment.

Methods: We conducted a mixed methods systematic review. We searched seven electronic databases (PsycINFO, PubMed,
Embase, CINAHL, ACM Digital Library, Scopus, and Web of Science) for quantitative, qualitative, and mixed methods studies
that conveyed primary research on automated conversational agents designed to increase PA. The studies were independently
screened, and their methodological quality was assessed using the Mixed Methods Appraisal Tool by 2 reviewers. Data on
intervention impact and effectiveness, treatment characteristics, and challenges were extracted and analyzed using parallel-results
convergent synthesis and narrative summary.

Results: Intotal, 255 studies were identified, 7.8% (20) of which met our inclusion criteria. The methodological quality of the
studies was varied. Overall, conversational agents had moderate usability and feasibility. Those that were evaluated through
randomized controlled trialswere found to be effective in promoting PA. Common challengesfacing interventionswere repetitive
program content, high attrition, technical issues, and safety and privacy concerns.

Conclusions: Conversational agentshold promisefor PA interventions. However, thereisalack of rigorousresearch onlong-term
intervention effectiveness and patient safety. Future interventions should be based on evidence-informed theories and treatment
approaches and should address users' desires for program variety, natural language processing, delivery via mobile devices, and
safety and privacy concerns.

(J Med I nternet Res 2021;23(9):€25486) doi:10.2196/25486
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Introduction

Background

Physical activity (PA) is crucid to health and well-being, and
regular exercise can reduce the risk of disease, improve mental
health, and boost quality of life [1]. In 2016, 28% of adults
globally did not meet the World Health Organization’s PA
guidelines for 150 minutes of aerobic activity per week [2].
Globa PA levels have not improved since 2001, and the
prevalence of inactivity has steadily risen in high-income
countries [2]. Therefore, innovative interventions are required
to increase PA.

Recently, there has been an increase in digital health
interventions that promote healthy lifestyle changes through
technologies such as smartphone apps, web-based programs,
and text messages [3]. Some of these interventions are as
effective as in-person interventions at modifying behavior [4].
Programs may include virtual health coaching, workout or diet
plans, progress monitoring, and positive reinforcement for
healthy eating and PA. Tailored feedback based on individual
goals, habits, and circumstances can create amore personalized
experiencefor users. Furthermore, some digital platforms offer
usersthe option of pairing activity trackers such as pedometers,
accelerometers, and heart rate monitorsto improve the accuracy
of datatracking and performance feedback.

In addition to their customizability, digital interventions allow
health programs to have a wide reach. In 2018, mobile phone
ownership rates ranged from 83% in emerging economies to
>90% in advanced economies worldwide [5]. Smartphone
ownership and internet use are nearly universa in most advanced
economies and continueto grow rapidly in emerging economies
[5]. With the advent of technology, demographic groups that
previously did not have access to health coaching because of
prohibitive costs can now access that support. Low-income
Hispanic adults and Black adults in the United States, in
particular, may benefit, as they have a significantly higher
prevalence of physical inactivity than non-Hispanic White adults
[6]. Smartphone ownership and use are more common in
Hispanic and Black households than in non-Hispanic White
households [7], making mobile platforms suitable for
disseminating health-related interventions to underserved
communities.

Digital interventions can take the form of aconversational agent,
also known as achatbot or virtual agent. Conversational agents
are software programs that mimic written or spoken human
conversations. They come in many forms, from chatbots
engaging in written conversations to avatars simulating
face-to-face discussions through synthetic speech [8]. Depending
on their form, conversational agents may be deployed through
standalone computer software, messaging apps, web-based
platforms, mobile apps, and SM Stext messaging or multimedia
messaging services (MMSs). Interacting with conversational
agents typically does not require much digital literacy beyond
chatting or typing.

Simple conversational agents operate according to expert
systems or rule-based systems, meaning they generate
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conversations based on questions and responses written by
program devel opers[9]. In such cases, users are often restricted
to selecting predefined answers. Conversational agents with
more advanced capabilities are programmed to conduct natural
language processing and integrate machine learning. Users are
freeto enter any command, and conversational agentsformulate
appropriate responses based on artificial intelligence algorithms.

Conversational agents have been increasingly used in the health
care sector to help patients achieve their health goals, owing to
their ability to provideinteractive and personalized content [8].
Many of these conversational agents provide daily feedback,
encouragement, and adaptive goals based on objective data
received from fitness trackers. In contrast to in-person health
coaching, conversational agents can be accessed around the
clock for the duration of the intervention.

An example of aconversational agent that supportsindividuals
in reaching their health goals is Ally, a smartphone-based
chatbot that incorporates self-monitoring prompts, exercise
planning, and financial incentives (cash and donations to a
charity organization) to motivate users to walk more [10].
Another example, FitChat, uses goal setting, discussions of
barriers, and motivational messages to encourage older adults
to engagein aerobic activity and muscle-strengthening exercises
[11]. A third example, Laura, falls into the subset of
conversational agents termed relational agents [12-14].
Relational agents are computational artifacts, often with
humanlike appearance and speech, designed to establish
social-emotional relationshipswith users[12]. Relational agents
such as Laura use socia dialog, empathy, humor, and
self-disclosure to keep users engaged over time and motivate
them to create and maintain exercise habits[12].

Rationale

Systematic and scoping reviews have been conducted on the
use of digital interventions to increase PA [15-18] and the use
of conversational agents in health care [8,19-21]. Previous
reviews have found that many digital interventions are not
theoretically based or evidenceinformed [4]. Theseinterventions
may belimitedin their impact, asthey do not include established
constructs for behavior change. Although there is emerging
evidence that most behavior change interventions are suitable
for adaptation to a digital platform [22], few studies have
addressed how digital content is linked to empirically tested
frameworks and how program content and dialog flows are
translated from face-to-face to virtual delivery.

It is unknown whether previous findings extend to PA
conversational agents. To our knowledge, no systematic reviews
have focused exclusively on PA conversational agents and
analyzed their use of theories, treatment approaches, and
intervention components. Research in this domain may help
elucidate the successes and shortcomings of current
interventions, thus guiding the devel opment of program content
and dialog flows that will have maximum impact on users.

Objectives
Our objectiveisto conduct asystematic review to (1) summarize

the usability and effectiveness of PA conversational agents; (2)
describe common theoretical frameworks, treatment approaches,
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and intervention techniques; and (3) identify areas for further
development.

Methods

Overview

We conducted a mixed methods systematic review following
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines[23] (Multimedia Appendix 1 [23]).
The protocol for this systematic review was registered on the
Open Science Framework registries [24].

We chose amixed methods systematic review as conversational
agents are still relatively new. As such, there is a shortage of
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randomized controlled trials (RCTSs) investigating their efficacy
and effectivenessin the health care sector [8]. Many studies of
conversational agents include both quantitative data (eg, step
counts and participant ratings on Likert scales) and qualitative
data (eg, quotes from individual interviews or focus group
sessions); a mixed methods design produces a more
comprehensive overview of conversational agents than
synthesizing quantitative or qualitative data only.

Eligibility Criteria
The formulation of the dligibility criteria was based on the

PICOS (patient problem, intervention, comparison, outcomes,
and studies) framework (Textbox 1) [25].

Textbox 1. Inclusion and exclusion criteria using the PICOS (patient problem, intervention, comparison, outcomes, and studies) framework.

Inclusion criteria

«  Patient problem: studies that targeted physical activity in users

comparison

«  Study type: quantitative, qualitative, and mixed methods studies

Exclusion criteria

« Intervention: interventions that involved an automated conversational agent

«  Comparison: another intervention type or delivery method (eg, face-to-face and app), treatment as usual, no treatment, or one group pre-post

«  Outcomes: reporting of intervention impact on participants or participants experiences with the conversational agent; some description of
theoretical basis, dialog flow development, or intervention components of the program

«  Patient problem: studies that did not target physical activity in users

« Intervention: interventions that did not involve an automated conversational agent

«  Comparison: studies without a comparison condition were not excluded, provided they still included sufficient outcome data
«  Outcomes: no mention of intervention impact or participant experiences, no description of the applied intervention

. Study type: literature reviews, conference abstracts, dissertations, protocol papers, and tutorials

Theinclusion criteriafor thisreview included primary literature
that involved an automated conversational agent. We focused
on studies describing existing conversational agents, as opposed
to studies exploring hypothetical uses of conversational agents,
inan attempt to present concrete findingswith external validity.
We did not place any limitations on the conversational agent
type, delivery platform, dialog technique, or input and output
modalities. PA had to be one of the targets of the intervention.
No restrictions wereimposed on the target population or setting.

Studies were excluded if there was no primary research
conducted or if the intervention did not use an automated
conversational agent to target PA. Studies were not excluded
for the lack of a comparison condition, provided they still
offered outcome data on intervention impact or participant
experiences and described the intervention in sufficient detail.
Protocol papers and tutorials on building conversational
interfaces were excluded as they did not provide any outcome
data

I nformation Sources

We searched seven relevant electronic databases (PsycINFO,
PubMed, Embase, CINAHL, ACM Digital Library, Scopus,
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and Web of Science) from their inception through July 22, 2020.
We also reviewed the reference lists of relevant papers.

Search Strategy

We based our search strategy on a preliminary scan of the
literature on digital health interventions. We also consulted a
librarian at the University of California, Berkeley, to generate
search strings for selected databases, using Boolean operators
and thesaurus terms where applicable. We combined search
terms for two major topic areas: conversational agents and PA
(complete search strategy available in Multimedia Appendix
2).

Study Selection

One author conducted the initial search in each database and
imported all references into Covidence (Veritas Health
Innovation), a web-based software program that facilitates
collaboration among reviewers. Duplicate records were
identified and removed.

The titles and abstracts of all the citations were independently
screened by 2 authorsfor eigibility. Potentially relevant articles
were retrieved in full for review. Full-text studies that did not
meet the predefined eligibility criteria were excluded. Any
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discrepanciesregarding theinclusion of an article were resolved
through discussion between the 2 reviewers. Cohen k was
calculated to measure intercoder agreement.

Data Management and Collection

Data from the selected studies were charted in a spreadsheet
developed by the authorsfor thisreview (Multimedia Appendix
3). Data extraction was performed by one reviewer, with a
second reviewer cross-checking the data extraction table for
accuracy.

Dataltems

Descriptive Data

Thefollowing descriptive datawere extracted from each study:
authors, publication year, title, study design, targeted behaviors
(in addition to PA), population (eg, clinical vs nonclinical
samples), geographic focus, initial and final sample size,
conversational agent name, conversational agent type, delivery
method, delivery platform, conversational agent output modality,
user input modality, comparison conditions, control type, and
outcome measures. Data were also analyzed for the variables
given in the following sections.

I ntervention Effectiveness and I mpact

Evaluation measures for assessing changes in users' activity
levels or motivation to exercise as a result of the intervention
included data derived from subjective measures (eg,
guestionnaires and self-reports) and objective measures (eg,
pedometers).

Theory

Theories attempt to explain how and why a behavior occurs.
Theoretical frameworks may guide the design and selection of
the program content. In addition, the integration of theoretical
content may boost the effectiveness of behavior change
interventions [4]. Examples of established theories of PA
promotion that have guided some of theinterventions discussed
in this review include behavior change theory, the habit
formation model, and the health action process approach.

Dialog Flow Devel opment

Diadog flows for conversational agents are often adapted from
counseling techniques for a specific treatment approach, such
as motivational interviewing or cognitive behavioral therapy.
These approaches can help enhance motivation for behavior
change and identify barriersto PA.

I ntervention Components

Conversational agentsimplement specific program elementsto
help users overcome exercise barriers and increase their activity
levels. Examplesinclude health education, self-monitoring, goal
setting, and exercise reminders.

Challenges and Areas for | mprovement

Study limitations, ethical considerations, barriers to program
development or implementation, and key areas for improving
the conversational agent were noted.
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Outcomes and Prioritization

The primary outcomes for which we collected data were (1)
usability and effectiveness of PA conversationa agents; (2)
theories, intervention components, and cognitive and behavioral
constructs used to motivate individuals to engage in PA; and
(3) chalenges and areas for improvement. Quantitative and
gualitative data were collected to assess the outcomes.

Appraisal of Studies

The methodol ogical quality of theincluded studieswas assessed
using the Mixed Methods Appraisal Tool (MMAT) [26]. The
MMAT is a valid, reliable, and efficient tool that allows the
simultaneous appraisal of qualitative, quantitative, and mixed
methods studies [27]. The methods section of each included
study was read by 2 reviewers independently, and each study
was categorized as qualitative research, RCT, nonrandomized
study, quantitative descriptive study, or mixed methods study.
Then, studieswere rated based on their fulfillment of the MMAT
criteria in each of their respective categories. Examples of
methodological quality indicators include the appropriateness
of study design, choice of sampling strategy, adherence to data
collection methods, intervention integrity, and integration of
results. Any disagreements on ratings were resolved through
discussion between the 2 reviewers.

Assigning studies an overall numerical score based ontheratings
of each criterion is discouraged because a single number cannot
provide insight into which aspects of the study methodology
are problematic [26]. Instead, we classified studies as having
lower methodological quality when they met <60% of the
MMAT criteriaand higher quality when they met >60% of the
criteria. In addition, we included a detailed overview of our
ratings of each criterion. All eligible studies were discussed in
this review regardless of their MMAT ratings, as it is
discouraged to exclude studies on the basis of low
methodological quality [28].

Data Synthesis

A meta-analysiswas not conducted because of the heterogeneity
of study types and outcome data. Instead, data were analyzed
using parallel-results convergent synthesis, which alows
qualitative and quantitative evidence to be synthesized
concurrently, without data transformation [29]. Parallel-results
convergent synthesisis suitable for systematic reviewsthat pose
two or more complementary review questions [29]. Following
evidence synthesis, we presented a narrative summary of our
findings and made recommendations for future work.

Results

Search Results

Our literature search retrieved 486 citations. After the removal
of duplicates, 255 studies remained. An additional 74.5%
(190/255) of studies were excluded after the title and abstract
screening. Of the 65 remaining studies, 20 (31%) were selected
for inclusion after full-text screening. Our review of the
reference lists of relevant papers did not yield any additional
records. The study selection processis illustrated in Figure 1.
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Excluded studies with reasons for exclusion are listed in
Multimedia Appendix 4.
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Interrater reliability was assessed at both screening stages. The
K coefficients were 0.71 (moderate agreement) for the title and
abstract screening and 0.65 (moderate agreement) for the
full-text screening.

Figurel. PRISMA (Preferred Reporting Itemsfor Systematic Reviews and Meta-Analyses) flow diagram.
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Overview of Included Studies

We included 20 studies evaluating 17 unique conversational
agents in this review (Table 1) [12-14,30-46]. Out of the 20
studies, 10 (50%) were RCTSs, 8 (40%) were quasi-experimental
studies, and 2 (10%) were qualitative studies. PA was the sole
target of intervention in half of the studies
[12,13,32,35,37,38,41,43,45,46]. In the other haf of the studies,
PA was a primary target, but there were additional targets such
as diet [33,34,36,39,44], fruit and vegetable consumption
[30,31,40], medication adherence [14], mental well-being
[33,36], stress management [33,34,36,44], and sun protection

https://www.jmir.org/2021/9/e25486

[42]. A total of 60% (12/20) studies used subjective measures
to gauge intervention effectiveness and user satisfaction, and
the other 40% (8/20) studies relied on objective data from
pedometers or accelerometers.

The studies were conducted in 8 different countries. Studies
were primarily conducted in nonclinical populations (eg, healthy
adults and college students), with only 5 studiesrecruiting from
clinical settings (eg, clinics and hospitals) [12,14,32,36,45].
The sample size ranged from 4-958 participants (median 55;
mean 117, SD 206.3). Half of the studieswere published in the
last 3 years (2017-2020 [33,34,36-42,46]), and the other half
were published between 2005 and 2014 [12-14,30-32,35,43-45].
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Initial sample  Fina sample
Characteristics and study Targeted behaviors Population Location size® n sizeb, n (%)
RCT®
Bickmoreet al [12] pad Geriatricambulatory clinicpa-  United States 21 16 (76.2)
tients
Bickmoreet al [13] PA Healthy adults United States 101 91 (90.1)
Bickmore et al [31] PA and fruit or vegetable con-  Healthy adults United States 122 113 (92.6)
sumption
Bickmore et al [32] PA Geriatricambulatory clinicpa-  United States 263 250 (95.1)
tients
Friederichs et a [35] PA Healthy adults Netherlands 958 500 (52.2)
Gardiner et a [36] PA, diet, mental well-being, Primary care clinic patients United States 61 57 (93.4)
and stress
Kramer et & [38] PA Insureesof aninsurancecompa:  Switzerland 274 274 (100)
ny
Piao et a [41] PA Office employees South Korea 121 106 (87.6)
Vainio et a [44] PA, diet, and stress Healthy adults Finland 66 38 (57.6)
Watson et al [45] PA Hospita patients United States 70 62 (88.6)
Quasi-experimental
Bickmore et al [14] PA and medication Patients with schizophrenia United States 20 16 (80)
Bickmore et al [30] PA and fruit or vegetable con-  Healthy adults United States 8 8 (100)
sumption
Fadhil and AbuRa’ed  PA, diet, mental well-being, Healthy adults Irag 43 43 (100)
[33] and stress
Fadhil et a [34] PA, diet, and stress University students Italy 22 19 (86.4)
Kocielnik et a [37] PA Healthy adults United States 33 33(100)
Maher et a [39] PA and diet Healthy adults Australia 31 28(90.3)
Olafsson et a [40] PA and fruit or vegetable con-  College students United States 39 39 (100)
sumption
Zhou et a [46] PA Chinese adultsliving in the United States 49 49 (100)
United States
Qualitative
Sillice et a [42] PA and sun protection Healthy adults United States 34 34 (100)
Similaet al [43] PA Older adultsin exercisegroups Finland 4 4 (100)
or home care

3N umber of participants who began the study.

BNumber of participants who compl eted the intervention.
®RCT: randomized controlled trial.

Ipa: physical activity.

Results of Appraisal

Of the 20 included studies, 10 (50%) were categorized as
quantitative research (RCT or nonrandomized study), 8 (40%)
as mixed methods studies, and 2 (10%) as qualitative research.
Overdll, the methodological quality of the 20 studies varied:
55% (11/20) of the studies met <60% of the criteriaoutlined by
the MMAT (lower methodological quality), and 45% (9/20) of
the studies met >60% of the criteria (higher methodol ogical
quality). Reviewers' ratings for each methodological quality
criterion are presented in Multimedia Appendix 5[12-14,30-46].
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Overview of Conversational Agents

The 20 included studies evaluated 17 unique conversational
agents (Table 2). A conversational agent, Laura, was used in
15% (3/20) of the studies [12-14], and another agent, Karen,
was used in 10% (2/20) of the studies [30,31]. Conversational
agents Steps to Health [32], Gabby [36], Emily [40], and
Else/Meimei [46] were designed with similar architectural
systems; however, they used distinct dialog flows tailored to
different populations (eg, older adults, racially diverse
city-dwelling women, and Chinese adults living in the United
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States), so they were categorized as unique agents. For example,
the conversational agent developed for racially diverse
city-dwelling women delivered culturally aware patient
strategies and health information and mentioned prayers and

Table 2. Conversational agent characteristics.

Luoet al

spiritual traditions [36]. Similarly, the conversational agent
developed for Chinese adults emphasized values common to
the Chinese culture, including collectivism [46].

Conversational agent or program  Delivery method (comput-

Delivery platform  Conversational agent output

User input (constrained or uncon-

name er or phone) (speech or text) strained)
ECA?
Lauraor FitTrack [12-14]  Computer Software Speech Constrained
Karen [30,31] Computer Software Speech Constrained
Steps to Health [32] Computer Software Speech Constrained
Gabby [36] Computer Web-based Speech Constrained
Emily [40] Computer Software Speech Constrained
Project RAISE [42] Computer Software Speech Not specified
Virtual Coach [45] Computer Software Speech Constrained
Elsie or Meimei [46] Computer Software Speech Constrained
Chatbot
Ollobot [33] Both Messagingapp  Text Unconstrained
CoachAl [34] Both Messagingapp  Text Unconstrained
Reflection Companion [37]  Phone SMSorMMs?  Text Unconstrained
Ally [38] Phone Mobile app Text Constrained
Paola or MedLiPal [39] Both Messagingapp  Text Unconstrained
Healthy Lifestyle Coaching Both Messagingapp  Text Unconstrained
Chatbot [41]
Both
| Move [35] Computer Web-based Text Both
AmIE Project [43] Computer Software Both Constrained
Mindless Change [44] Phone Mobile app Both Constrained

3ECA: embodied conversational agent.
BMMS: multimedia messaging service.

Of the 17 conversational agents, 10 (59%) were computer-based
[12-14,30-32,35,36,40,42,43,45,46], 4 (24%) could be used on
computersor phones[33,34,39,41], and 3 (18%) were designed
for mobile devicesonly [37,38,44]. Conversational agentswere
implemented using standalone computer  software
[12-14,30-32,40,42,43,45,46], messaging apps [33,34,39,41],
web-based platforms [35,36], mobile apps [38,44], and SMS
text messaging or MM S [37].

Intotal, of the 17 agents, 8 (47%) were embodied conversational
agents (ECAs) with synthesized speech [12-14,30-32,
36,40,42,45,46], 6 (35%) were text-only chatbots
[33,34,37-39,41], and 3 (18%) had both an ECA and chatbot
option [35,43,44]. With all 17 conversational agents, participants
gave input by typing on akeyboard or selecting answer options
with a mouse, touchpad, or touchscreen; 59% (10/17) of the
conversational agents limited users to constrained input,
whereby users selected answers from a multiple-choice list of
options, and conversational agents responded according to
predefined templates[12-14,30-32,36,38,40,43-46]. Only 29%
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(5/17) of the conversational agents accepted free-text responses
and used machine learning and natural language processing to
understand users’ input and generate replies [33,34,37,39,41],
and 6% (1/17) of the conversational agents accepted free-text
responses and multiple-choice answers[35]. Theremaining 6%
(1/17) conversational agents did not specify what user inputs
were accepted [42].

I ntervention Effectiveness and I mpact

RCTs

Of the 10 RCTs, 6 (60%) found that participants in the
conversational agent group outperformed participants in the
control group on various PA measures. Intervention groups
increased daily walking more quickly [31], achieved >30
minutes of exercise or 10,000 steps per day more times per week
[13], significantly increased step count during the study period
[12,32], significantly increased self-reported PA at 1 month
[35], and maintained step counts throughout time [45]. Only
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10% (1/10) RCTsdid not find significant differencesin activity
levels between the intervention and control groups [36].

The remaining 30% (3/10) of RCTs used conversational agents
in both experimental and control groups but varied the
conversational agent conditions (eg, cash incentives vs charity
incentives vs no incentives [38], rewards vs no rewards [41],
and ECA vs text-only chatbot [44]). In 67% (2/3) of these
studies, interacting with a conversational agent significantly
increased step counts and self-reported activity across all
conditions; however, including financial incentives and rewards
further boosted activity levels[38,41]. Thelast RCT determined
that conversational agents were useful but limited by low
adherence [44].

Quasi-Experimental Studies

Of the 8 quasi-experimental studies, 6 (75%) used
within-subjects pre-post designs [14,30,33,34,37,39] and 2
(25%) included comparator groups [40,46] (Multimedia
Appendix 6 [12-14,30-46]). Of the 8 quasi-experimental studies,
3 (38%) measured changes in activity level as a result of
interacting with a conversational agent [14,34,39]; 2 found
positive impacts in the form of increased enjoyment during
walking [14], higher frequency of step-goal achievement [14],
and increased weekly exercisetime[39], and 1 did not find any
differencesin activity levels[34].

An additional 38% (3/8) of the quasi-experimental studies
measured participants' attitudes toward exercise before and
after the intervention [37,40,46]. Conversational agents
successfully triggered reflection on new exercise routines [37],
increased participants' self-efficacy and motivation to exercise
for at least 30 minutes every day [40] and persuaded participants
to start regular exercise [46].

The remaining 25% (2/8) of the quasi-experimental studies
discussed users’ preliminary experiences with conversational
agents [30,33]. Overal, these conversational agents had
moderately high usability and feasibility. Participants perceived
them to be satisfactory [30,33], trustworthy [30], empathetic
[30], useful [33], and easy to use [33].

https://www.jmir.org/2021/9/e25486
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Qualitative Studies

Of the 20 included studies, only 2 (10%) were qualitative studies
[42,43]. In one study, most participants had positive, satisfying
interactions with the relational agent and found the agent
humanlike, caring, and supportive [42]. About half of the
participants viewed the relational agent as informative and felt
motivated to maintain regular exercise. Another qualitative
study compared two different PA conversational agents. a
text-based chatbot and an ECA [43]. Participants had positive
experienceswith both systemsand felt that conversational agents
could provide motivation and serve as information channels.

ECAs Versus Chatbots

ECAs and text-only chatbots performed similarly, with 88%
(7/8) of the ECAs and 83% (5/6) of the chatbots positively
affecting participants PA levels, motivation to exercise, or
perceptions of conversational agents. Of all 20 studies, 3 (15%)
directly compared ECAs with chatbots; one study found that
both were equally effective at building social relationships and
increasing PA [35], one study suggested that ECAs could
provide adlightly more engaging user experience than chatbots
[42], and the remaining study described the benefits and
drawbacks of each conversational agent [43].

Intervention Characteristics

Theory

Of the 20 studies, 11 (55%) cited a theory that guided their
intervention development (Table 3). Of these 11 studies, 6 (55%)
designed the intervention and selected program elements
according to the referenced theories [37,38,40,41,44,46], and
5 (45%) mentioned a theory as their overarching framework
but did not explicitly link intervention components with
corresponding theoretical constructs [13,30,31,34,42].

The used theories could be broadly categorized into learning
theories, which describe how people receive and process
knowledge, and behavior change theories, which explain how
behaviors devel op and shift throughout time. Four interventions
were based on a combination of theories [30,31,40,44], and 1
intervention used the Hofstede cultural dimensions theory to
develop culturally appropriate dialog for an American and a
Chinese conversational agent [46].
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Table 3. Distribution of theories.
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Theoretical model or framework

Study

L earning theories
Learning theory (broad) [47]
Social learning theory [48]
Social cognitive theory [49]
Constructivist learning theory [47]
Cognitive dissonance theory [50]
Behavior changetheories
Behavior change theory (broad) [51]
Habit formation model [52]
Heslth action process approach [53]
Transtheoretical model [54]
Other
Hofstede's cultural dimensions theory [55]

Kocielnick et a [37]
Bickmore et al [13]
Bickmore et al [30,31]
Vainio et a [44]
Olafsson et a [40]

Bickmore et al [31], Kramer et a [38]

Piao et a [41], Vainio et al [44]

Fadhil et a [34]

Bickmore et a [30,31], Olafsson et a [40], Sillice et al [42]

Zhou et a [46]

Dialog Flow Development

Of the 20 studies, 9 (45%) discussed the use of one or more
treatment approaches to guide the development of dialog flows
for conversational agents. The most commonly used approach
was motivational interviewing [30,31,35-37,40], followed by
cognitive behaviora therapy [13,33,34,45] and behavioral
therapy [13,45].

Of the 9 studies, 4 (44%) described how dialog flows were
adapted from face-to-face counseling and prepared for virtual
delivery. Techniquesincluded using transcripts from videotaped
counseling sessions as a basis for the conversational structure
[30,40], using a dialog interpreter to convert statements from
counseling sessions into interactive virtual conversations [31],
and developing scripts through literature reviews and
consultationswith physicians, computer scientists, and exercise
trainers [45]. The remaining 56% (5/9) studies did not explain
how dialog flows for conversational agents were written.

I ntervention Components

The most common program componentswere health education,
motivational messages, problem-solving barriers to exercise,
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goa setting, self-monitoring, and exercise tips (Table 4).
Additional componentsincluded reminders, homework, workout
planning, incentives, and reflection.

Participantsfound health education helpful [36,42], asit alowed
them to learn new ways of increasing PA [40]. They also
enjoyed receiving tips for new exercise routines [40] and
periodic exercisereminders[31,42]. Positive feedback motivated
participants [37], built rapport [42], and increased agent
likeahility [31]. Participants appreciated progress tracking
features [34] and visual step charts [31,32]. Conversationa
agents hel ped partici pantsformul ate concrete goals, action plans,
and overcome obstacles [37]. However, participants mentioned
that they would have liked to talk more about how their health
problems affected their ability to exercise[12]. Changetalk and
reflection helped participants increase their commitment to
positive heath behaviors [37,40]. Finally, rewards were
implemented with moderate success, with one study finding
that daily cash incentives increased step-goal achievement by
8.1% [38] and another study finding that intrinsic rewards
improved habit formation and enhanced intervention
sustainability [41].

JMed Internet Res 2021 | vol. 23 | iss. 9 | €25486 | p.72
(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH

Table 4. Distribution of intervention components.
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Study Goa  Podtiverein-  Self-moni-  Prob- Educa- Tips Reminders Home- Work- Re Changetalk or
setting  forcement toring lem- tion work outplan- wards  reflection (moti-

solving ning vational inter-
barriers viewing)

Bickmoreetal [12] 2 O O 0 O O

Bickmoreetal [13] O O O O

Bickmoreeta [14] O O O g

Bickmoreetal [30] O 0 O O O O

Bickmoreeta [31] O O g

Bickmoreetal [32] O O O

Fadhil and Abu- ad g O O g

Ra'ed [33]

Fadhil et a [34] O ] ] ]

Friederichs et a O O O O

[35]

Gardiner etal [36] O O O O O O

Kocielnick et a O

[37]

Kramer et al [38] g O O

Maher et al [39]

Olafsson et al [40] O g

Piao et al [41] O 0 O

Sillice et al [42] O ] ] O

Similaet al [43] O O O

Vainioeta [44] O 0 0 0 0 0

Watsonetal [45] O 0 O O

Zhou et a [46] g O

8 ntervention component present.

Challenges and Areasfor | mprovement

Conversational Agent Constraints

The most common challenges were related to the capabilities
of conversational agents. In 59% (10/17) of the conversational
agents, users were required to respond via multiple-choice
answers. This format limited user freedom [12,13] and lacked
the personalization necessary to address more complex issues
[14]. Although researchers acknowledged the need for more
sophisticated dialog systems, they were concerned about the
difficulty of implementing machine learning and the increased
chance of misunderstanding users’ intents[13].

Another area for improvement was communication modality.
None of the conversational agents were built to accept spoken
input. Participants were required to type out their answers or
select answers using amouse, touchpad, or touchscreen. In one
study, participants universaly stated that they would have
preferred speaking to the conversational agent [12].

Studies have presented mixed findings on the value of ECAs
with synthesized speech. According to qualitative data, talking
ECAs seemed more versatile than text-only chatbots [43] and
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provided a closer approximation of face-to-face conversations
with health care providers [32]. However, 45% (5/11) ECAs
were criticized by participants for their robotic voices, slow
pace, unnatura movements, and limited relational skills
[35,36,40,42,46].

Program Delivery

Parti cipants encountered more i ssueswith computer-based than
with phone-based conversational agents. Some participants had
limited access to computers, limited time to sit in front of
computers [36], or difficulties installing software and entering
information [12]. Internet accesswas also an issue, with network
breaks preventing participants from starting apps, synchronizing
devices and databases, and connecting fitness trackers [43].
Many participants across studies felt that having the
conversational agent on their phone would be more convenient
and accessible, allowing them to complete the program “ on the
go” [32,36,42].

Mobile interventions were well-liked, particularly those that
used familiar messaging apps, as they did not require
participantsto download and learn to use additional applications
[41]. However, some participants had minimal smartphone skills
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and did not know how to send text messages, thus limiting their
engagement with the intervention [39]. In addition, one maobile
app suffered from poor usahility because of dlow performance
on older smartphones [44].

Program Content

Of the 20 studies, 7 (35%) studies mentioned the repetitiveness
of program content as a key area for improvement
[12,13,30,31,37,42,43]. This included dialog flows that were
often repeated, leading to lower satisfaction [30] and increased
boredom [37,43]. Participants desired more personalized
responses and suggestions based on their health information,
preferences, and PA history [37,40]. Owing to repetitiveness,
participants felt that continued use would not lead to any
additional impact [42].

User engagement waned throughout time[45], and high attrition
rates limited the efficacy of the interventions. In one study,
participants responded to 50% of the self-monitoring prompts
and completed only afew exercise and coping plans, explaining
that weekly planning wastoo difficult and time-consuming [ 38].
In another study, participants found the conversational agent
engaging, but without external support, almost half of them
discontinued the use of the service[44]. Participantswho lapsed
for a short period were more likely to quit the program [41].

Ethical I1ssues

Many relational agentsrelied on social dialog, humor, empathic
statements, and persona stories to build rapport with users
[14,31,32,42,46]. The use of these techniques may have
increased the potential for misperceptions and false illusions,
as virtual agents do not have emotions or personal histories.
Humans tend to anthropomorphize advanced technology [13],
and conversational agents may have deceived some users into
thinking they wereinteracting with ahuman. One study pointed
out that patients with schizophrenia who are experiencing a
psychotic episode could be more likely to confuse relational
agents with real people, develop parasocial relationships with
relational agents, or become paranoid that relational agents or
their programmers are monitoring their behavior [14].
Researchers attempted to address this matter by having the
relational agent periodically remind users that it was “just a
computer character with limited capabilities’ [14].

Standards of Care

Of the 20 studies, only 1 (5%) compared the quality of care
between ahuman and a conversational agent. This study found
that a human agent was often more motivating, engaging, and
supportive than avirtual agent [34].

Most studies did not address privacy features or data storage
and access procedures despite partici pants expressing concerns
that conversational agents could collect and sharetheir personal
information [12,14]. One study discussed security measures,
such as requiring usernames and passwords and automatically
logging usersout after aperiod of inactivity [36]. Another study
described weekly backup procedures to mitigate the possibility
of dataloss due to system crashes or computer theft [12].

Finally, 10% (2/20) of studies discussed user safety issues. One
conversational agent provided videos demonstrating exercises
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that a participant with arthritis could not safely perform without
the help of an elastic band [43]. Another study discussed the
necessity of improving automated dialog flows because of
conversational agents' inadequate responsesto safety concerns
mentioned in users' free-text answers [40].

Discussion

Principal Findings

Thisliterature review charted datafrom 20 studiesthat evaluated
17 PA conversational agents. Overall, conversational agent
interventions were feasible and promising for increasing PA.
Of the 10 RCTs, 6 (60%) found that participants assigned to
the conversational agent group outperformed participantsin the
control group on PA measures, such as step counts and exercise
frequency and duration. Conversational agents had moderate
usability and acceptability, as measured by subjective datain
theform of questionnaires, interviews, activity logs, and diaries.
The interventions were generally found to be useful, easy to
use, and satisfactory to participants; however, they faced some
implementation challenges, including high attrition, technical
issues, limited options for user input, and privacy and security
risks. Methodological quality varied across studies, and few
studies adequately addressed i ssues of user engagement, safety,
and ethics.

Comparison With Prior Work

To the best of our knowledge, thisisthefirst systematic review
to evaluate PA conversational agents. Previous reviews have
reported on the effectiveness of digital interventions for
increasing PA [15-18]. Our results are consistent with their
findings that digital interventions have a modest effect on
activity levels, particularly in the short term; however, user
engagement tends to decline over time [16-18]. Our findings
are also in line with other reviews' evaluations of health care
conversational agents, which show that natural language
processing and machine learning are underused, high-quality
evidence and attention to patient safety are lacking, and study
methods and evaluation measures are often inconsistently
reported [8,20,21].

Recommendations

On the basis of the findings of this review, we propose several
recommendations for the future design and implementation of
PA conversational agents.

Program Content

Participant feedback indicated that many intervention programs
lost their novelty over time, resulting in decreased user
engagement. More diverse program content is required to
maintain long-term user satisfaction. A way to reduce
repetitiveness is through just-in-time adaptive interventions
(JTAIs), which provide dynamically tailored support when
users need it while minimizing user burden [10]. JITAIs can
inform participants when they have been sedentary for long
periods or when they are behind on their step goals. In addition,
JTAIs can offer exercise suggestions based on weather
conditions, time of day, and users physical surroundings. JTAIs
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for conversational agents are currently being explored and
developed through microrandomized trials[10].

Another way to improve the sustainability of interventions is
to base their programming on relevant behavior change theories
and evidence-based treatment approaches. Behavior change
theories may help identify intervention techniques that tap into
users motivations and result inincreased engagement. Similarly,
dialog flows based on treatment approaches, such as
motivational interviewing and cognitive behaviora therapy,
can help users explore and resolve barriersto PA. Owing to the
heterogeneity of the studies, we were unableto determineif the
inclusion of a theoretical framework or treatment approach
increased intervention effectivenessin this review. Future work
should assess this as the number of studies increases.

Programming conversational agents to send periodic tips and
exercise reminders may help decrease the high attrition rates
reported in a few studies [38,41,44,45]. In addition, as many
PA interventions are self-guided, encouraging users to share
goas and progress with their social circles may increase
accountability.

Conversational Agent Delivery

Computer-based ECAs were the most common agents used;
however, qualitativeinterviewsrevea ed that participantsdesired
mobile delivery platforms. Phone ownership rates are higher
than computer ownership rates [ 7]; thus, conversational agents
operating via SMS or MMS text messaging may increase
scalability. They are also appropriate for those with low digital
literacy. For computer-based agents, web-based platforms and
familiar messaging apps that do not need to be installed or
regularly updated may be more accessible than standalone
software.

ECAs have the potential to improve human-computer
interactions; however, they are commonly criticized as robotic
and unnatural. ECAscan beimproved by replacing synthesized
speech with human voice, giving users control over pacing of
messages, and designing higher-quality animation. Automatic
speech recognition is highly desirable, particularly among
populations with low vision or difficulty typing. In addition,
although artificially intelligent conversational agents may take
more time to develop, they afford users more freedom and
personalized content to sustain engagement and maximize
treatment efficacy.

Safety and Ethics

Most conversational agent programswere designed for healthy
and able-bodied adults;, however, programs should aso be
equipped with education and exercise tips for users of different
age groups and users with physical limitations. Conversational
agents should offer suggestions for exercise-related injuries or
pain, such as performing pre- and postworkout stretches,
modifying activities, and consulting with health care providers.
Usersmay mention mental health conditions such as depression
or anxiety that prevent them from exercising. Thus, researchers
should consider incorporating dialog flows that refer users to
mental health resources and crisis hotlines. If interventions are
designed specifically for clinical populations, additional safety
features may be necessary, such as periodic check-ins with a
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human advisor. Furthermore, for individual swith severe mental
illnesses, such as psychosis, additional consideration may be
warranted, including ensuring agents are not too
anthropomorphic.

Users often share sensitive headth information with
conversational agents. However, only a few studies have
discussed privacy and security issues. User privacy should be
protected through measures such as requiring logins and
passwords for apps and software, deidentifying user data, and
archiving past conversations.

Finally, efforts must be made to uphold the quality of digital
interventions. There are currently no regulations regarding the
standards of care for conversational agents. Similar to health
interventions provided by human coaches, conversational agent
programs should be based on a relevant theory and treatment
approach to ensure that they are grounded in evidence-based
practice.

Limitations

The findings of this review must be considered in the context
of afew limitations. First, we may have missed relevant studies
in additional databases despite our search strategy being fairly
broad. In particular, we lacked quantitative descriptive studies
and qualitative studies without comparison conditions, which
could suggest that our PICOS criteria were better suited for
effectiveness studies that included comparison conditions.
Although we aimed to include usability studies without
comparison conditions, we had to exclude many such studies
because of insufficient data on study participants’ experiences,
theintervention’simpact on activity levels, or theintervention’s
theoretical mechanisms of change.

Second, because of the heterogeneity of study designs and
outcome data, we could not conduct ameta-analysis or directly
compare different interventions. We synthesized the main
findings from the existing literature; however, without effect
sizes, it was difficult to draw definitive conclusions about
intervention effectiveness. Thisfield of research would benefit
from more longitudinal RCTs that evaluate the long-term
sustainability of conversational agents.

Third, we appraised the methodological quality of theincluded
studiesfollowing the appropriate method-rel ated standards using
the MMAT, one of thefew tools designed specifically for mixed
methodsreviews. However, the MMAT isnot designed to grade
thelevel of evidence or therisk of biasin effectiveness studies.
We chose not to apply an ad hoc tool to appraisetherisk of bias
of effectiveness studies because only half of theincluded studies
were RCTs that reported on treatment effectiveness. To date,
thereisno single, unified approach for assessing confidence in
findings generated from combined quantitative and qualitative
evidence [56]. More research is needed on best practices for
critically appraising included studiesin mixed methodsreviews.

Fourth, we refrained from analyzing the more technical aspects
of conversational agents (eg, programming and interfaces),
choosing instead to focus on intervention components and
guiding frameworks. Additional questions regarding technical
design should be studied in systematic reviewsto maximizethe
user-friendliness of conversational agents.
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Fifth, intervention techniques were difficult to identify, as some
studies embedded them within figures rather than discussing
them descriptively, and there was no uniform language across
studies regarding techniques.

Finaly, more than half of the included studies focused
exclusively on healthy adults, thuslimiting the generalizability
of their results. As conversational agents are often designed for
abroad audience, future studies should also consider sampling
fromyouth and clinical populations (eg, individualswith mental
illness or pre-existing health conditions).

Conclusions

On the basis of current evidence, conversational agents appear
to be a feasible and effective modality for delivering PA
interventions. However, more research comparing conversationa
agents with other forms of interventions, including
human-delivered interventions, isrequired. Most conversational

Luoet al

agents reviewed were computer-based and constrained usersto
written, predefined inputs. Future conversational agents should
consider accessibility and inclusive design and consider
supporting automatic speech recognition, natural language
processing, and mobile phone platforms. In addition, program
content should be further personalized and diversified by using
relevant evidence-based frameworks and their accompanying
behavior change methods. Researchers should provide a clear
overview of how they select intervention components and how
these components affect health behavior. This can lead to a
deeper understanding of the mechanisms of change in
interventions, and consequently, increase the effectiveness of
these interventions. Personalization of program content may
also lead to higher user satisfaction and engagement while
supporting user choice and agency. Finally, in addition to user
experiences, safety, privacy, and ethical concerns should be
prioritized in the design of PA conversational agents.
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Abstract

Background: Digital clinical measures collected via various digital sensing technologies such as smartphones, smartwatches,
wearables, ingestibles, and implantables areincreasingly used by individual s and cliniciansto capture health outcomes or behavioral
and physiological characteristics of individuals. Although academiaistaking an activerolein evaluating digital sensing products,
academic contributions to advancing the safe, effective, ethical, and equitable use of digital clinica measures are poorly
characterized.

Objective: We performed a systematic review to characterize the nature of academic research on digital clinical measures and
to compare and contrast the types of sensors used and the sources of funding support for specific subareas of this research.

Methods: We conducted a PubMed search using a range of search terms to retrieve peer-reviewed articles reporting US-led
academic research on digital clinical measures between January 2019 and February 2021. We screened each publication against
specific inclusion and exclusion criteria. We then identified and categorized research studies based on the types of academic
research, sensors used, and funding sources. Finally, we compared and contrasted the funding support for these specific subareas
of research and sensor types.

Results: The search retrieved 4240 articles of interest. Following the screening, 295 articles remained for data extraction and
categorization. Thetop five research subareas included operations research (research analysis; n=225, 76%), analytical validation
(n=173, 59%), usability and utility (data visualization; n=123, 42%), verification (n=93, 32%), and clinical validation (n=83,
28%). The three most underrepresented areas of research into digital clinical measures were ethics (n=0, 0%), security (n=1,
0.5%), and data rights and governance (n=1, 0.5%). Movement and activity trackers were the most commonly studied sensor
type, and physiological (mechanical) sensors were the least frequently studied. We found that government agencies are providing
the most funding for research on digital clinical measures (n=192, 65%), followed by independent foundations (n=109, 37%) and
industries (n=56, 19%), with the remaining 12% (n=36) of these studies completely unfunded.

Conclusions: Specific subareas of academic research related to digital clinical measures are not keeping pace with the rapid
expansion and adoption of digital sensing products. An integrated and coordinated effort is required across academia, academic
partners, and academic fundersto establish the field of digital clinical measures as an evidence-based field worthy of our trust.
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Introduction

Digital clinical measures are health outcomes or physiological
characteristics of an individual’s health, wellness, or condition
that are collected digitally with a sensor [1]. Digital sensing
products enabl e rapid assessment of health outcomes and support
remote and longitudina monitoring of patients with chronic
diseases under daily living conditions [2-5]. During the
COVID-19 pandemic, the utility of digital sensor technologies
inclinical research [6], clinical care[7], and public health [8,9]
have become even more apparent.

Inrecent years, digital clinical measures have drawn substantial
interest from industry, government agencies, academia, and
nonprofit institutions, as digital sensing tools, including
consumer products and medical devices, are becoming
increasingly popular. Consumer products such as smartwatches
and smartphones have become part of daily life for many
Americans. These have emerged as popular and multipurpose
real-time physiological monitoring products capable of
measuring sleep and stress in addition to the more traditional
actigraphy and heart rate monitoring. In 2020, 26% of
Americans owned a smartwatch [10] and 72% of Americans
owned a smartphone [11], with annual sales of over US $70
billion [12]. Apart from consumer products, digital sensing
products have demonstrated their efficacy as medical devices,
both in clinical and remote home monitoring settings to
continuously assess vital signs [13], pulmonary congestion in
patientswith heart failure[14,15], blood and interstitial glucose
in patients with diabetes [3], and more.

To support the devel opment and assessment of digital consumer
products and medical devices, the volume of academic research
hasincreased acrossthetota product life cycleof digital clinical
measures [ 16]. However, academic contributions to advancing
the safe, effective, ethical, and equitable use of digital clinical
measures are poorly characterized and, we hypothesize,

underfunded. Trust in digital clinical measuresis limited, and
engaging the academic community is essential to ensure that
the field evolves to be worthy of public trust.

For these reasons, a multi-stakeholder group of experts
collaborating on The Playbook [1], a precompetitive
collaborative of expertsin digital health convened by the Digital
Medicine Society (DiMe), set out to investigate the nature of
academic research related to digital clinical measures. DiMeis
anonprofit professional society dedicated to advancing digital
medicine to optimize health [17]. In this systematic review, we
explore the representation of subtypes of academic research on
digital clinical measures and compare and contrast the funding
support for these subareas of research. This systematic review
aims to describe the nature of academic research into digital
clinical measures, identify areas of focus and gaps, and explore
how and whether funding plays arole. With these findings, we
hope to establish an integrated and coordinated effort across
academia, academic partners, and academic funders to ensure
that the expertise within thefield is harnessed to ensure that the
rapidly expanding domain of digital clinical measures is
established as an evidence-based field worthy of our trust.

Methods

Screening

We conducted a systematic search of peer-reviewed literature
indexed in PubMed and published between January 1, 2019,
and February 24, 2021. For the purposes of this review, we did
not restrict the scope of our search to any single digital clinical
measure or areaof academic research. A multi-stakeholder team
of clinical, academic, technical, and operational experts
developed the search terms (Multimedia Appendix 1), inclusion
criteria (Textbox 1), and selection of data to be extracted from
thefinal publications (Table 1). A biomedical librarian supported
the development of the search terms.

Textbox 1. Inclusion criteria adopted to enable the identification of clearly defined academic research related to digital clinical measures.

Research lead
US-led research (ie, 250% US-based authors)

Academic research

Articletypes

were excluded)

Sensing modality

Publication date

Papers published between January 1, 2019, and February 24, 2021

Academic research with at least one US-based academic researcher (industry-only research articles were excluded)

Peer-reviewed journals and full-length conference articles (systematic reviews, meta-analyses, editorials, opinion pieces, case reports, and case studies

All portable biometric monitoring technologies (BioMeTs) that rely upon a biometric sensor, such as microphones and accelerometers[16]. BioMeTs
are connected digital medicine productsthat process data captured by mobile sensors using a gorithmsto generate measures of behavioral or physiological
function. (Note: smartphone apps are excluded if they do not rely upon a biometric sensor.)
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Table 1. Datafields extracted from identified academic research.

Shandhi et al

Field Definition Allowed values
Title N/A2 Free text
Authors Last name, first name Free text

Author ffiliation N/A Free text

Journal Name Free text

Year N/A 2019, 2020, 2021
DOI Digital object identifier: a unique alphanumeric stringusedto  Freetext

identify content and provide a persistent link to the manuscript’s

online location.
Nature of academic
research

stitute and society or nonprofit foundation.

Digital clinical mea-
sure
asensor [1]

Funding sources Funding information

Academic research measured here by the publication of peer-re-
viewed journals and full-length conference articles by study teams
that include researchers from either a university or academic in-

Health outcomes or physiological characteristics of an individu-
a’shealth, wellness, or condition that are collected digitally with

Verification, analytical validation, measure identification,
clinical validation, security, ethics, data rights and gover-
nance, usability and utility (human factors/behaviora eco-
nomics), standards, usability and utility (datavisualization),
economic feasibility, operations (care), operations (research
design), operations (research analysis), and operations (data)

Biochemical, movement and activity, physiological (electri-
cal, mechanical, optics and imaging)

Government, industry, independent foundation, and unfunded

3N/A: not applicable.

Following the PubMed search, we conducted amultistep review
process to screen articles for inclusion following the PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines[18]. First, we used natural language
processing (ie, a custom built Python script; provided in
Multimedia Appendix 2 and available on the digital biomarker
discovery pipeline[19]) to select papers based on the “ Research
Lead” and “Academic Research” criteria (Textbox 1). We also
excluded articleswith “Review” inthetitlein this step. Second,
two of our threetrained analysts (authorsMMHS, KR, and AB)
independently reviewed each publication title against the
inclusion criteria. Third, each remaining abstract was reviewed
by two of thethree analysts (MMHS, KR, and AB) to determine
whether the article met our inclusion criteria (Textbox 1). When
there was disagreement between two reviewers during either
the title or abstract review phase, the decision whether to
advance apublication was resolved by thethird analyst. Finaly,
two of three analysts (MMHS, KR, and AB) reviewed the full
text of each of the publicationsthat passed the abstract screening
stage, with theinvolvement of athird analyst to settle interrater
disagreements (approximately 15% of papers reviewed), to
establish the final list of publications for inclusion. The list of
articles excluded from the full-text screening process is given
in Multimedia Appendix 3.

https://www.jmir.org/2021/9/e29875

Data Extraction and Categorization

Following the screening phase, seven analysts (authorsMMHS,
KR, AB, AVK, AF, YJ, and WKW) extracted data from the
articles included in the data extraction phase and categorized
each publication as described in Table 1. The articles were
categorized according to the following three criteria: nature of
academic research, category of digital clinica measures, and
source of funding.

The categories to subgroup the “nature of academic research”
included verification, analytical validation, measure
identification, clinical validation, security, ethics, data rights
and governance, usability and utility (human factors and
behavioral economics), standards, usability and utility (data
visualization), economic feasibility, operations (care), operations
(research design), operations (research analysis), and operations
(data).

The categoriesto subgroup “digital clinical measures’ included
biochemical, movement and activity, and physiological
(electrical, mechanical, and optics and imaging).

“Funding sources’ were subgrouped by government, industry,
independent foundation, and unfunded. Articles with missing
funding information were categorized as unfunded. The details
of these categories are given in Table 2.
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Table 2. Categories for data extraction.
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Category Definitions Reference
Nature of academic research
Verification Eval uates and demonstrates the performance of asensor technology within aBioMeT2 and the sample-  [16]

level datait generates, against a prespecified set of criteria

Analytical validation Evaluates the performance of the algorithm, and the ability of this component of the BioMeT to measure, [16]
detect, or predict physiological or behavioral metrics

Clinical validation Evaluateswhether aBioM€eT acceptably identifies, measures, or predictsameaningful clinical, biolog- [16]
ical, physical, functiona state, or experience in the stated context of use (which includes a specified
population)

Measure identification Research studiesto identify key variablesfrom theinformation extracted from digital sensors, to support  [20]

decision-making

Security Research studies to assess the risks associated with digital clinical measures and taking necessary [21]

measures for information security

Datarights and governance  Research studiesto assessthe dataaccess, privacy, and sharing (following the FAIR? guiding principle)  [22]

Ethics Research studies to ensure equity and justice during every step of the development and deployment of  [23]
digital clinical measures (eg, reduce health disparities or racial injustice)

Usability and utility (human Research studiesto investigate human factors associated with digital clinical measures (eg, how usable, [24]

factors/behavioral eco- useful, or unobtrusive adigital clinical measure can be for an end user). It involves surveys from the
nomics) participants on user experience.

Standards Involves standardization of the data extracted from digital clinical measures for interoperability [25]
Usability and utility (data  Involves data visualization/result presentation for all end uses [24]
visualization)

Economic feasibility Research studies to investigate economic feasibility of adigital clinical measure [26]
Operations (care) Involves clinicians and economists to design clinical workflow and corresponding evaluation that is ~ [27]

typically donefor aclinical tria

Operations(research design)  Involvesclinicians and biostatisticiansto design aresearch study and execution plan, whichistypicaly [28]
donefor aclinical trial via power analysis and statistical analysis plan

Operations (research analy-  Involves analyzing data from digital clinical measures (eg, data analyst or data scientists) [29]
Sis)
Operations (data) Involves monitoring data and metadata from digital clinical measures (eg, bioinformatics) [30]

Digital clinical measures

Biochemical Senses biochemicals (eg, sweat sensor or continuous glucose monitors) [31]

Movement and activity Tracks movement and activity (eg, step count or actigraph) [31]

Physiological (electrical) Senseselectrical signalsrelated to physiological phenomena (eg, € ectrocardiography, electroencephalog-  [32-34]
raphy, electromyography, bioimpedance, electrodermal activity, or electrooocul ography)

Physiological (mechanical) Senses mechanical signals related to physiological phenomena (eg, phonocardiography, speech, lung  [35,36]
sounds, joint acoustic emission, seismocardiography, or ballistocardiography)

Physiological (opticsand Senses optical signals related to physiological phenomena (eg, photoplethysmography, camera for [37]

imaging) blood volume pulse, or bioradar)

Funding sources

Government US Government funding agencies [38]
Industry Pharma, tech, and medical device industry [38]
Independent foundation Universities, private nonprofits, societies, and independent associations [38]
Unfunded Investigator initiated with no funding sources explicitly stated

3BioMeT: biometric monitoring technology.
bFAIR: Findabl e, Accessible, Interoperable, and Reusable.

For the data extraction process, each publication was reviewed
by at least three of the seven analysts (MMHS, KR, AB, AVK,
AF, WKW, and Y J). Each publication was assigned to one or

https://www.jmir.org/2021/9/e29875
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individual analyst subjectivity at thisstage. Following theinitial
categorization, articles falling into the government funding
subgroup were further categorized by US government agency
(ie, National Institutes of Health [NIH], National Science
Foundation [NSF], Department of Defense [DOD], Veteran
Affairs[VA], National Aeronautics and Space Administration
[NASA], Department of Energy [DOE], and “Other”). The
“Other” category constitutes government funding sources that
were listed for just one article in our pool. Articles with NIH
funding were further subgrouped by NIH institutes and centers
[39]. Datawas standardized after extraction by the five analysts
(MMHS, KR, AVK, AF, and AB), and the detail s of this process
are presented in Multimedia Appendix 4.

Following the data extraction process, we performed Pearson
chi-square tests with one categorical variable to determine
whether the representation of academic research studies varies
significantly within thefollowing categories: academic research,
digital sensors, and funding sources. We assumed equal
representation for all categories as the null hypothesis. In this
work, we considered P values less than .05 to be statistically
significant. The statistical tests and data visualization were
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performed using Python 3.8.5 (Python Software Foundation)
on the Spyder-integrated development environment 4.1.5.

Results

Screening

Our initial search on PubMed retrieved 4240 articles (Figure
1). With our custom built Python script, we excluded 843 articles
from this initia list based on research lead, publication year,
and publication type. Of the 3397 identified articles for
subsequent screening, we excluded over 75% (n=2736) after
title screening and a further 30% (n=196) after abstract
screening, based on our inclusion criteria. The majority of the
excluded articles were not related to biosensing, were review
articles, or explored nonhealth applications. Following the
abstract screening, atotal of 465 articles were included in the
full-text review, during which we further excluded 170 (37%)
articles on the basis of our inclusion criteria. At this stage,
articleswere mainly excluded because the sensors being studied
were nonportable biosensors or because they covered topics
unrelated to biosensing; Multimedia Appendix 3 liststhe articles
excluded in this phase. Data for further analysis was extracted
from the remaining 295 articles.

Figurel. Articlescreening processand diagram following the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) review

methodol ogy.

Articles identified through PubMed
Search 1/1/2019 - 02/24/2021

(n=4240)

Titles Screened

(n=3397)
+

Abstracts Screened
(n=661)

IDENTIFICATION

SCREENING

Full-text articles assessed for
eligibility
(n=465)

ELIGIBILLITY

Articles included in data extraction
(n=295)

INCLUDED

https://www.jmir.org/2021/9/e29875

_bo

—p -

Out of scope articles excluded (n=843)
Non-US lead research articles

* Published in 2018

* Review papers

) Duplicates or irrelevant titles excluded

(n=2736)

N Abstracts excluded (n=196)

+ 52 were review articles

+ 1 was Case-study

« 27 were non-health applications

+ 104 were not related to biosensing
* 12 were smartphone app only

Full-text articles excluded (n=170)

5 were review articles

* 6 were non-health applications

* 64 were not related to biosensing
+ 95 were non-portable biosensors
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Data Categorization

The 295 articles used for analysis were categorized by research
study type, sensor type, and funding source, including broad
US government funding sources and specific NIH funding
sources (Figure 2). The list of the 295 articles included in the
data extraction process with their corresponding categories is
located in Multimedia Appendix 4. We observed statistically
significant differences (Pearson one-sample chi-sgquare test
P<.001), indicating unequal distribution of research studies
across subcategories for all three overarching categories:
academic research, digital sensors, and funding sources. Nearly
76% (n=225) of the studies evaluated were conducted in
operations research analysis (Figure 2a). Analytical validation
(n=173, 59%), usahility and utilities (data visualization; n=123,
42%), verification (n=93, 32%), and clinical validation (n=83,

Shandhi et al

28%) were other commonly represented study types. On the
contrary, ethics (n=0), security (n=1), and data rights and
governance (n=1) were uncommon study types. Research on
standards (n=6), economic feasibility (n=7), and operationscare
(n=8) were also uncommon in this pool of articles.

Categorization by sensor types (Figure 2b) revealed that
movement and activity werethe most commonly studied sensors
in the article pool (n=123, 42%), followed by physiological
(electrical) sensors (n=90, 31%), physiological (optics and
imaging) sensors (n=71, 24%), biochemica sensors (n=62,
21%), and physiological (mechanical) sensors (n=33, 11%).
For those studies evaluating movement and activity sensors,
actigraphy and activity monitors with wearabl e accel erometers
were the most commonly studied sensors.

Figure 2. Distribution of articles across (a) research study types, (b) different sensing modalities, (c) different funding sources, and (d) different
government funding agencies. The bars are showing the percentage of studies, with 100% equivalent to 295 papers included in the data extraction
process for (a-c) and 100% equivalent to 192 papers with government funding for (d). The text on top of the barsin al the plots showing the actual
number of articles per category. Othersin (d): state governments, National Institute of Justice, US Department of Agriculture, National Institute of Food
and Agriculture. One article can be grouped into multiple categories for (a-d). DOD: Department of Defense; DOE: Department of Energy; Gov:
governance; NASA: National Aeronautics and Space Administration; NIH: National Institutes of Health; NSF: National Science Foundation; Ops:

operations; Phys: physiological; U& U: usability and utility; Visual: visuaization; VA: Veteran Affairs.
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Studies categorized by funding source (Figure 2c) indicated
that government agencies are funding the majority (n=192, 65%)
of academic research on digital clinical measures, followed by
independent foundations (n=109, 37%) and industry (n=56,
19%). Interestingly, morethan 1in 10 digital clinical measures
studies (n=36, 12%) was unfunded. Of these unfunded studies,
22 articlesexplicitly stated that the research team did not receive
any external funding, and 14 did not include a statement on
funding.

For studies receiving government funding, the NIH was the
most frequent contributor in terms of the number of articles
funded—66% (N=126) of the studies with government funding
were funded by the NIH (Figure 2d). The NSF was the second
most frequent government funder of research on digital clinical
measures (n=55, 29%), followed by DOD (n=16, 8%), VA (n=6,
3%), NASA (n=3, 2%), DOE (n=3, 2%), and others (the 5
remaining studies were funded by state governments, National
Ingtitute of Justice, US Department of Agriculture, or National
Ingtitute of Food and Agriculture). Of the 27 institutes and
centers at the NIH [39], 24 ingtitutes funded studies on digital
clinical measures (Figure 3), indicating widespread interest and
applications in this field. The majority of studies were funded
by the National Institute of Neurological Disorders and Stroke
(n=18, 14% of the studies with NIH funding); the National
Ingtitute of Biomedical Imaging and Bioengineering (n=18,
14%); the National Heart, Lung, and Blood Institute (n=17,
13%); and the National Center for Advancing Trandational
Sciences (n=14, 11%).

Of the articlesthat reported receiving funding from independent
foundations (n=109), 75 (69%) studies received funding from
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ingtitutional funds at universities, 46 (42%) studies received
funding from private nonprofits (eg, Bill and Melinda Gates
Foundation or Chan Zuckerberg Initiative), and 6 (6%) received
funding from societies and associations (eg, American Heart
Association).

To understand whether specific funding types may be driving
specific sectorsof digital clinical measuresresearch, and where
alack of funding may be contributing to low research output,
we explored the distribution of funding across different research
study types (Figure 4). Subdividing the research topics by
funding type, we found that the proportion of research support
from each of the four funding categories was fairly consistent
across research areas. The most frequent research and funding
combination out of the 295 articles was operations research
analysis supported by government funding (n=148, 50%). The
second most common combination was analytical validation
studies supported by government funding (n=105, 36% of
overal studies). Operations research analysis and analytical
validation also represent the first- and second-largest sectors of
overal digital clinical measures research, respectively (Figure
2a). Interestingly, the third most frequent research and funding
combination was not another research category but rather an
operations research analysis funded by foundations (n=80, 27%
of overall studies), indicating the large overall footprint that
operations research analysis occupies in the academic digital
clinical measures research space. By contrast, even given the
large proportion of government funding, research categorized
asanalytical validation was also the most likely to be unfunded,
with 30 out of the 173 (17%) studies reported as unfunded.

Figure 3. Distribution of articles across different NIH institutes and centers. The bars are showing the percentage of studies, with 100% equivalent to
126 papers with NIH funding. The text on top of the bars showing the actual number of articles per category. One article can be grouped into multiple
categories. FIC: Fogarty International Center; NBIB: National Institute of Biomedical Imaging and Bioengineering; NCATS: National Center for
Advancing Translational Sciences; NCCIH: National Center for Complementary and I ntegrative Health; NEI: National Eye Institute; NHLBI: National
Heart, Lung, and Blood Institute; NIA: National Institute on Aging; NIAAA: Nationa Institute on Alcohol Abuse and Alcoholism; NICHD: National
Ingtitute of Child Health and Human Development; NIDA: National Institute on Drug Abuse; NIDCD: National Institute on Deafness and Other
Communication Disorders, NIDCR: National Institute of Dental and Craniofacial Research; NIDDK: National Institute of Diabetes and Digestive and
Kidney Diseases; NIEHS: National Institute of Environmental Health Sciences; NIGMS: National Institute of General Medical Sciences; NIH: National
Institutes of Health; NIMH: National Institute of Mental Health; NIMHD: National Institute on Minority Health and Health Disparities; NINDS: National
Institute of Neurological Disordersand Stroke; NLM: National Library of Medicine; OAR: Office of AIDS Research; OD: Office of Dietary Supplements.
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Figure 4. Distribution of funding sources across different research study types, with the heat map color showing the percentage of studies (100%
equivalent to 295 papers included in the data extraction process) and the text in each cell showing the actual number of articles per category. One article
can be grouped into multiple categories. Gov: governance; Ops. operations; U& U: usability and utility; Visual: visualization.
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Similar to the previous analysis subdividing research topics by
funding type, we sought to understand whether the volume of
literature surrounding particular types of digital sensorsisrelated
to funding. Therefore, we subdivided the articlesin the different
digital sensor categories from Figure 2b by funding type. We
found that the most frequent digital sensor and funding
combination was movement and activity sensors funded by
government agencies (n=67, 23% of overall studies; Figure 5).
Government funding also supported the majority of research
into physiological (electrical) sensors (n=61, 21%),
physiological (optics and imaging) sensors (n=50, 17%), and
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biochemical sensors (n=48, 16%). By contrast, even given the
large proportion of government funding, digital sensors
categorized as movement and activity were the second most
likely to be unfunded, with 15% (n=19) of the 123 studies on
movement and activity sensors being unfunded. Biochemical
sensorsweretheleast likely to be studied without funding (n=1,
1% of studies that used biochemical sensors), whereas studies
into physiological (mechanical) sensors were most the
commonly unfunded, with 8 of 33 (24%) studies reported as
unfunded.
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Figure 5. Distribution of funding sources across different digital sensor types, with the heat map color showing the percentage of studies (100%
equivalent to 295 papers included in the data extraction process) and the text in each cell showing the actual number of articles per category. One article

can be grouped into multiple categories. Phys: physiological.
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Discussion

Principal Findings

In this systematic review, we describe the nature of academic
research related to digital clinical measures and the distribution
of funding across different types of academic research and
sensing modalities.

Verification, analytical validation, and clinical validation studies
[16] are, together, the most frequently published study typesin
this review. As verification, analytical validation, and clinical
validation is foundational to establishing whether a digital
clinical measure isfit-for-purpose [16], these findings indicate
that academic research supporting the development and
evaluation of digital clinical measures is appropriate for a
nascent field. However, the paucity of published studies
examining the security, data rights and governance, ethics,
standards, and economic feasibility of digital sensing products
are alarming given the rapid growth and adoption of digital
clinical measures [40]. The risks of harm to individuals from
unauthorized access to data arising from inadequate security,
misuse of data due to poor data rights and governance, and
inequities arising from the development and deployment of
digital clinical measureswithout sufficient consideration of the
ethical implicationsare substantial [21,23,41,42]. It isimperative
that academic investigators skilled in these areas are motivated
and funded to pursue a systematic evaluation of the current state
of affairs and to propose best practices to ensure that digital
clinical measures fulfill their promise without causing harm to
individuals or populations.

Research studies examining the usability and utility of digital
sensing products are relatively common compared to
publications reporting research into security, data rights and
governance, and economic feasibility, which ought to trend
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together [24]. This is not to say that usability and utility of
digital clinical measuresisoverstudied, but rather suggeststhat
research into these other characteristics of digital sensing
products is lagging. Similarly, the number of publications
reporting measure identification is relatively low compared to
research into the development and deployment of these same
mesasures. Thismay be causefor concernif we cannot be certain
that digital clinical measuresbeing devel oped have already been
determined to be clinically relevant and grounded in aspects of
health that patients and clinicians care most about [20]. Aswe
striveto increase the patient focus and efficiency of health care,
it is critical that we are separating signals from noise and not
advancing digital clinical measures that offer little value to
individual patients and the health care system.

Research into the operational aspects of deploying digital
clinical measures is the largest single study type identified by
our review. Although digital clinical measures cannot add value
unless they are successfully operationalized during routine
clinical care and in clinical trials, focusing academic research
on deployment without first ensuring that the digital clinical
measures are fit-for-purpose and trustworthy leaves the entire
field of digital health at risk of collecting vast swaths of data
that, at best, are of no value and, at worst, could cause harm.
During the rapid acceleration of digital clinical measurements,
research into the selection and development of high-quality
measures and tools must be a primary focus of academic
research in this new field.

Research related to movement and activity sensors are most
common when we parse the article pool by sensor type. This
finding is consistent with other literature where digital measures
of activity have been found to be most commonly used to answer
clinical questions [43]. Movement and activity sensors also
inform the majority of digital end points used by the industry
in medical product development [40]. Physiological (electrical),
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physiological (optical and imaging), and biochemical sensors
arewell represented in thisreview, which is consistent with the
recent growth in the use of portable electrocardiograms,
photopl ethysmography, and continuous glucose monitoring,
respectively.

Our review indicatesthat government agencies and independent
foundations are funding most of the academic research studies
related to digital clinical measures. Industry funding was
relatively low, and this is likely due to our definition of
academic studies that excludes studies that only have
industry-affiliated authors without academic research
partnerships. Of the government agencies, the NIH is funding
most of the academic research studies, which is consistent with
previous research examining funding of US biomedical research
[38]. Thedistribution of funding across different NIH institutes
and centers demonstrates that certain therapeutic areas might
be getting more funds compared to others. However, we have
not extracted information on funding distribution across different
therapeutic areas, as it was out of scope for this systematic
review. Futurework should explore which therapeutic areasare
more likely to receive funding and which areas are least funded.
Of the independent foundation—-funded research studies,
institutional funds at universities are funding the majority on
digital clinical measures as compared with private nonprofits
and public charities, which is also consistent with the literature
[38].

After operational research, analytical validation is the most
common government-funded study type in digital clinical
measurement. Thisiscritically important asanalytical validation
includes examination of algorithmic bias [16], which must be
an area of focus given research findings that digital sensing
products may not perform equally well across different skin
tones, among other factors[44,45]. However, although the total
number of government-funded analytical validation publications
ishigh, analytical validation studies are also the most likely to
be unfunded (n=30, 17%), suggesting that academic researchers
are pursuing analytical validation studies even when funding
may not exist. This work is to be applauded but is not
sustainable. Additional funding for analytical validation must
be made available to ensure that digital clinical measures are
developed equitably.

Although movement and activity sensors are the most used
sensors in academic research, these sensors are still the second
most likely to be unfunded (n=19, 15%), suggesting that
academic researchers are pursuing research into movement and
activity sensors even when funding may not exist. Thisisagain
prai seworthy but not sustainable, considering the rapid adoption
of these sensors in our daily life [10,11] and clinical studies
[43]. Sufficient funding is required to ensure the development
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and deployment of these movement and activity sensorsreliably
and equitably.

Our review has several limitations. First, we have focused only
on academic research led by US-based academic researchers.
Future research should expand beyond the United States to
examine trends in academic research into digital clinical
measures globally. Second, we searched only one database
(PubMed) to retrieve articles for this review. PubMed only
indexes research related to life sciences and biomedicine [46].
As digital medicine is a highly interdisciplinary field, many
relevant studies may not have been captured in our review. For
example, sensor verification studies may be published in
traditional engineering journalsthat are not indexed by PubMed.
Future studieswill be enhanced by the use of multiple databases
across disciplines. In addition, as an emerging interdisciplinary
field, we must strive to reference the compl ete corpus of relevant
literature, not only those publications familiar to us in our
individual disciplines. Finally, the subjective nature of the
review and data extraction process may hinder repeatability,
and we attempted to mitigate thisrisk using innovative methods
such as using a majority voting system and using natural
language processing to automate the initial screening phase.

This review reports the current state of academic research on
the rapidly expanding and highly promising field of digital
clinical measures. Substantial work is being done in areas such
asvalidation and operations, with apaucity of research in other
areas like security and ethics. Future studies should investigate
why critical research into the safe, effective, ethical, and
equitable advancement of digital clinical measures is largely
absent from the published literature. Both academic researchers
and funding agencies should focus on the subareas of academic
research on digital clinical measures that are underrepresented
and relatively underfunded to ensure that funding priorities
adequately reflect the evidentiary needs of the field.

Conclusion

Academic research related to digital clinical measures is not
keeping pace with the rapid expansion and adoption of digital
sensing products. Although substantial foundational research
validating the performance of digital clinical measuresisbeing
conducted, academic studies of security, data rights and
governance, economic feasibility, ethics, and standards
necessary to advance thefield are lagging. These areas must be
bol stered to minimize the growing chasm between the promised
benefits of digital clinical measures and their potential risks.
As expected, research funding appears to be associated with
increased research publications. Anintegrated and coordinated
effort is required across academia, academic partners, and
academic funders to establish the field of digital clinical
measures as an evidence-based field worthy of our trust.
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Abstract

Background: With the increasing health care burden of cancer, public health organizations are increasingly emphasizing the
importance of calling people to engage in long-term prevention and periodical detection. How to best deliver behaviora
recommendations and health outcomes in messaging is an important issue.

Objective: This study aims to disaggregate the effects of gain-framed and loss-framed messages on cancer prevention and
detection behaviors and intentions and attitudes, which has the potential to inform cancer control programs.

Methods: A search of three electronic databases (Web of Science, Scopus, and PubMed) was conducted for studies published
between January 2000 and December 2020. After a good agreement achieved on a sample by two authors, the article selection
(k=0.8356), quality assessment (k=0.8137), and data extraction (k=0.9804) were mainly performed by one author. The standardized
mean difference (attitude and intention) and the odds ratio (behaviors) were calculated to evaluate the effectiveness of message
framing (gain-framed message and loss-framed message). Cal culations were conducted, and figures were produced by Review
Manager 5.3.

Results. Thetitle and abstract of 168 unique citations were scanned, of which 53 were included for a full-text review. A total
of 24 randomized controlled trials were included, predominantly examining message framing on cancer prevention and detection
behavior change interventions. There were 9 studies that used attitude to predict message framing effect and 16 studies that used
intention, whereas 6 studies used behavior to examine the message framing effect directly. The use of loss-framed messages
improved cancer detection behavior (OR 0.76, 95% CI 0.64-0.90; P=.001), and the results from subgroup analysisindicated that
the effect would be weak with time. No effect of framing was found when effectiveness was assessed by attitudes (prevention:
SMD=0.02, 95% CI —0.13 to 0.17; P=.79; detection: SMD=-0.05, 95% CI -0.15 to 0.05; P=.32) or intentions (prevention:
SMD=-0.05, 95% CI —0.19 to 0.09; P=.48; detection: SMD=0.02, 95% CI —0.26 to 0.29; P=.92) among studies encouraging
cancer prevention and cancer detection.

Conclusions: Research has shown that it is almost impossible to change peopl€'s attitudes or intentions about cancer prevention
and detection with a gain-framed or loss-framed message. However, loss-framed messages have achieved preliminary success
in persuading people to adopt cancer detection behaviors. Future studies could improve the intervention design to achieve better
intervention effectiveness.

(J Med I nternet Res 2021;23(9):€27634) doi:10.2196/27634
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gain framing; loss framing; attitude; intention; behaviors; cancer prevention; cancer detection
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Introduction

Background

Cancer accounts for 1 in 6 deaths globally. The number of
cancer cases worldwide may increase by 60%, especidly in
low-income and middle-income countries where the increase
may be as high as 81%, as estimated by the latest World Cancer
Report [1]. Thistrend will undoubtedly lead to socioeconomic
pressure and a shortage of medical resources. The current
clinical research on cancer medicine mainly focuses on finding
the cause of cancer and preventing the spread of cancer cellsin
the early stage [2,3]. However, these findings can be helpful
only if people are sufficiently aware of adopting healthy
behavior (ie, prevention and detection). Thisis a unique form
of ahealth crisisthat requires intensive communicative efforts.
Therefore, messages need to be carefully designed in cancer
communication to achieve positive health outcomes.

Message framing is an effective technique to change health
behavior [4-10]. Health messaging attempts to change people's
attitudes, intentions, or behaviors toward a specific health topic
by emphasizing the expected benefits of undergoing specific
health behaviors (ie, gain-framed messaging) or the possible
loss if specific health behaviors are not done (ie, loss-framed
messaging), to persuade people to follow healthy guidelines.
According to the theory of reasoned action, attitude (or
intention) is an essentia direct predictor of behavior [11-13].
Moreover, attitudes, intentions, and behaviors are the standard
measures of the effectiveness of health messages [4,14].

Health behaviors include disease prevention and detection
behavior [4,6]. Theformer aimsto avoid illness or deterioration,
while the latter aims to reflect the presence or absence of risk.
Gain-framed messaging fulfillsthe promise of asafer and more
certain disease prevention measure in terms of disease
prevention, so it is more effective than loss-framed messaging
[4,15]. O’ Keefe and Jensen [16] a so showed the advantage of
the gain-framed messaging in disease prevention, but they
indicate that it does not apply to skin cancer [17,18]. On the
other hand, in terms of disease detection, it was thought that
the loss-framed messaging showed a higher persuasive effect
[4,15]. However, the meta-analysis results show no significant
difference between gain and loss framing [6,16]. Thus, apart
from demonstrating the contribution of loss-framed messaging
to breast cancer detection [17], there has been no definitive
conclusion regarding cancer and message framing.

Objectives
The concept of message framing isan essential strategy in health
promotion, but research on how to optimally frame cancer
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prevention and detection messaging is scarce. Furthermore,
whilethe effectiveness of message framing in cancer prevention
and detection remains unclear, thereisstill anincreasing number
of related studies that combine message framing with other
variables (ie, color) to verify the strengthening or weakening
of the framing effect. Therefore, athorough examination of the
effectiveness of the message framing in the context of cancer
is needed.

This review mainly aims to systematically summarize the
characteristics of the relevant intervention studies and then pool
the effect sizes from the relevant studies to quantify the effects
of those interventions on attitude, intention, and behavior
change. The findings of this review can provide
recommendations for researchers and clinicians to design
effective messages in cancer communication.

Methods

Search Strategies

This review was conducted and is reported according to the
PRISMA (preferred reporting itemsfor systematic reviewsand
meta-analyses) guidelines. As mentioned in the initia
registration (registration ID CRD42021252658), a series of
structured electronic searches were performed in three English
databases, including Web of Science, Scopus, and PubMed,
focusing on the effectiveness of message framing related to a
cancer topic and dated from January 1, 2000, to December 31,
2020. The procedures guiding articleinclusion are presented in
theflow chart in Figure 1. Example search termsare asfollows:
goa fram*, loss fram*, message fram*, goal fram*, heath
message, hedlth infor* AND attitude, intention, behavio*,
behavio*intention, behavio* chang®* AND cancer, screen*,
prevention, detection, AND specific validated database filters
for randomized controlled trials

All articlesidentified in the search strategy were exported into
reference management software (version 2.48.0; Mendeley) for
duplicate checking and further screening. The reference lists of
eligible articleswerefurther reviewed to identify other relevant
studies. Relevant reviewsthat emerged from the search strategy
were checked for any additional studies. Grey literature (ie,
working papers, unpublished studies, conference proceedings
or abstracts, and dissertations) was not considered eligible. The
preliminary retrieval process was taken as the total literature
volume combining the reviews independently completed by
two authors. The authors selected a sample of eligible studies
after achieving good agreement (k=0.8356), with the remai nder
being selected by one author.
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Figure 1. Preferred reporting items for systematic reviews and meta-analysis flowchart.
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Study Inclusion and Exclusion Criteria

Studies were included if they met the following criteria: (1)
participants (not cancer patient or survivors) of both genders
and any age range exposed to either the loss-framed or the
gain-framed cancer prevention or detection (not treatment)
message in experimental research; (2) interventions that have
been delivered via either emphasizing the expected benefits of
taking specific health behaviors (gain-framed message) or the

https://www.jmir.org/2021/9/e27634
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possibleloss of not taking specific health behaviors (loss-framed
message); (3) the gain-framed and loss-framed message must
comein pairs as a comparison and related to a specific cancer
topic, not cancer in genera; (4) the effectiveness of
cancer-related messages was measured in terms of change in
attitude (by scale), intention (by scale), and behavior (by yesor
no), and the analysis of primary datawas reported, and sufficient
guantitative data was provided for estimating the total effect
size. In addition, only randomized controlled trials (RCTs) were
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included. Finally, published studies that repeatedly used the
same data were excluded, leaving only one study that reported
the most complete results.

Data Extraction

Data from a sample of eligible studies was extracted by two
authors, and after they achieved good agreement (k=0.9804),
the remainder was extracted by one author. The main framework
of the extraction criteria was drawn by the authors altogether.
The following information was extracted: (1) basic study
characteristics including the first author, publication date,
country, and funding of the study; (2) participant characteristics
including sample size, age, ethnic, and gender ratio (female);
(3) intervention characteristics including cancer type, research
setting (lab or not), message contents, message resources,
message delivery channel, intervention duration, and
underpinning theories; (4) outcome measures including
measurement of the outcomes; and (5) main results including
intervention completion ratio and converted effect size
(standardized mean difference [SMD] and odds ratio [OR]).

Bias Assessments

Therisk of bias for RCTs was independently assessed by two
authors (k=0.8137) using the Cochrane Collaboration tool for
assessing bias [19]. Differences of opinion were discussed and
agreed upon by the two authors.

Strategy for Data Synthesisand Meta-Analysis

All meta-analyses were performed with Review Manager 5.3
(version 5.3; The Cochrane Collaboration) [20]. This study
performed meta-analyses on the three message effectiveness
indicators (attitude, intention, and behavior). Among them, for
the two continuous variables (attitude and intention), the SMD
of the gain-frame (astheintervention group) and theloss-frame
(asthe control group) are cal culated to represent an effect size.
Moreover, two subgroups of cancer prevention and cancer
detection were designed separately and analyzed under each
indicator. For the two-category variable (behavior), the OR of
the gain-frame (as the intervention group) and the loss-frame
(asthe control group) are cal culated to represent an effect size.
In addition, two subgroups of cancer detection within 6 months
(<6 months) or more than 6 months (>6 months) after the
experiment were designed for comparison and analysis of the
impact of the timing of the framing effect on cancer detection

behavior. All meta-analyses used random-effects models. 12
statistics are used to determine heterogeneity and measure the

degree of inconsistency. 12 values are 25%, 50%, and 75%,
corresponding to low, medium, and high levels of heterogeneity,
respectively. For high heterogeneity, the source of heterogeneity
was investigated by conducting a subgroup analysisto explore
potential moderators and demonstrate why heterogeneity existed.
We used the funnel plot to observe whether thereis publication
bias and used the Egger regression line to confirm possible
publication bias further.
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Results

Study Characteristics

The literature search identified a total of 319 studies extracted
by two authors. After deduplication, atotal of 168 studies' titles
and abstracts were screened, with 53 remaining for full-text
screening. Among those, 24 articles met the inclusion criteria,
and 4 studies met the inclusion criteria but did not meet the
exclusion criteria. The authors attempted to obtain the research
data of 8 studies that met the first two inclusion criteria but
failed to provide usable data by contacting their corresponding
authors via email and received 2 replies [21,22]. Due to the
oversize issue, the main content of each study is summarized
in Multimedia Appendix 1. Of the 24 studies used in the final
analysis, 13 were conducted by the United States[21,23-34], 2
by the United Kingdom [35,36], South Korea[22,37], and China
[38,39], and 1 by Australia [40], Ireland [41], Italy [42],
Singapore[43], and South Africa[44]. Among the studies used,
5 were funded by the government or ingtitute grant
[22,23,25,26,38], 2 by the institute and the center [24,29], 2 by
the ingtitute and universities [30,34], 2 by universities [28,37],
and 1 by the health charity and behavioral insights project [35].
The remaining 12 studies did not report receiving any funding
[21,27,31-33,36,39-44].

The tota sample size was 11,637, ranging from n=85
(intervention group) to n=752 (control group). The participants
average age ranged from 12 to 91 years. Because some cancers
are associated with a particular sex, 2 studies notably recruited
all-male participants[32,42], while another 10 studies recruited
all-female participants [21,23,24,26,30,34,35,37,39,44]. Also,
there was arange of different cancer topics targeted during the
study interventions, including 9 studies for skin cancer
[22,25,27,31,33,36,40,41,45], 2 for colorectal cancer [28,38],
and 1 for lung cancer [29].

Most of the experiments were conducted online, through email
[27-29,40,43,44], a phone call [23] or text message [35], and
other methods like webpage URLs [31,37]. There are dso a
small number of experiments that were done in a laboratory
setting using traditional printed materials
[21,22,25,32,33,41,42,45]. Messageswere delivered in avariety
of ways, including text only [27,28,36,44], text plusimages or
graphics[26,29,38,40], and video [24,30,34,39,43]. The mgjority
of studies were based on prospect theory
[21,22,24,27,29,32,34,37,41,43-45], and some of them used
theory of planned (or reasoned) behavior [28,31,38,39],
self-affirmation theory [36], and the health belief model [30,42].
There are also some studies that did not use theories or models
[23,25,35]. The majority of studies focused on attitude
[28,31,32,37-40,42,43] and intention
[21,22,25-29,33,36,37,39-43,45], whereas 6 studies used
behavior to examine the message framing effect directly
[23,24,30,34,35,44].

Bias and Heterogeneity Assessments

As shown in Figures 2 and 3, the risk of bias assessment
indicated that the included articles were relatively high in
quality. For the publication bias examination, the funnel plot
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was used for preliminary identification and the Egger regression

Figure 2. Risk of bias summary of the individual studies (k=24).
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line to confirm the possible publication bias further.
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Figure 3. Risk of bias graph.
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I ntervention Effectiveness

In the following sections, the synthesized results regarding
attitude-rel ated, intention-rel ated, and behavior-related outcomes
are introduced individually. The main results are visualized in
the forest plot.

Attitude-Related Outcomes

Attitudes are commonly defined as “a psychological tendency
that is expressed by evaluating a particular entity with some
degree of favor or disfavor.” In this study, an attitude refers to
the tendency towards engaging in aparticular behavior or object
targeted by a study'sintervention.

The attitude was used to indicate the persuasiveness of
cancer-related messagesin 9 studies. Therelevant datainvolved
atotal of 3277 participants, including 1647 in the gain group
and 1630 in the loss group. As seen in Figure 4, no significant
difference was found between the two groups in either cancer
prevention attitude (SMD=0.02, 95% CI -0.13t0 0.17; P=.79)
or cancer detection attitude (SMD=-0.05, 95% CI —0.15t0 0.05;
P=.32). There was medium heterogeneity (1=68%; P<.001)
acrossthetrias.

https://www.jmir.org/2021/9/e27634

XSL-FO

RenderX

The medium heterogeneity can be attributed to the study by
Kim [43] and Shen [31]. Participants of both genders were
involved in Kim [43], which focused on breast cancer, while
the other studies all invited gender-specific participants who
were more likely to be affected by the cancer of interest. In
addition, Shen [31] invited students to participate in the
experiment, and women accounted for 69% of participants. As
undergraduates may be more sensitive to information about skin
cancer because they are more focused on appearance rather than
because they perceive headlth risks, excluding these 2 studies
did decrease the heterogeneity (12=0%, P=.11), but no significant
difference till existed between the gain and lossgroupsin either
cancer prevention intention (SMD=-0.05, 95% CI —0.17 t0 0.06;
P=.37) or cancer detection intention (SMD=-0.05, 95% ClI
-0.15t0 0.04; P=.26).

Thefunnel plot (MultimediaAppendix 2) demonstratesrelative
symmetry for the studies of cancer detection or prevention
attitude, which suggests no publication bias existed and the
above analysiswasreliable.
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Figure 4. Forest plots of cancer detection attitude and cancer prevention attitude.

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean _SD Total Mean SD _ Total Weight IV, Random, 95% CI 1V, Random, 95% CI
1.1.1 New Subgroup
Lin 2017 514 0.76 111 5.21 0.76 90 8.0% -0.07 [-0.28,0.14] —_—
Shao 2012 346 0.68 43 3.56 0.74 47 5.5% -0.10 [-0.39,0.19] —_—
Shen 2015 444 0.61 225 4.25 0.78 225 11.4% 0.19 [0.06, 0.32] —_—
Tu 2018 516 0.73 163 5.19 0.81 179 9.9% -0.03[-0.19,0.13]
Subtotal (95% CI) 542 541 34.7% 0.02 [-0.13, 0.17] B
Heterogeneity: Tau? = 0.01; Chi? = 7,64, df=3 (P=.05); 2= 61%
Test for overall effect: Z=0.27 (P=.79)
1.1.2 New Subgroup
Cherubini 2005 39 038 60 4.15 0.67 60 8.6% -0.25 [-0.44, -0.06]
Han 2012 B8 0.59 477 B82 06 478 13.7% -0.02[-0.10,0.06] — s
Kim 2014 634 063 85 6.16 0.62 69 8.4% 0.18[-0.02,0.38] =
Lucas 2016 0.04 1.14 91 0.11 112 91 4.7% -0.07 [-0.40,0.26] T
Shao 2012 385 0.54 103 3.91 0.56 102 10.4% -0.06 [-0.21,0.09] = =
Shen 2015 422 051 225 44 057 225 12.7% -0.18 [-0.28, -0.08] -5
Umphrey 2003 438 057 64 4.26 08B 64 6.8% 0.12[-0.13,0.37] -
Subtotal (95% CI) 1105 1089 65.3% -0.05 [-0.15, 0.05] e =
Heterogeneity: Tau? = 0.01; Chi? = 17.93,df = 6 (P =.006); I* = 67% >
Test for overall effect: Z= 1.00 (P = .32)
Total (95% CI) 1647 1630 100.0% -0.03 [-0.11, 0.06]

Heterogeneity: Tau? = 0.01; Chi? = 31.00, df = 10 (P =.0006); I? = 68%
Test for overall effect: Z = 0.58 (P = .56)
Test for subgroup differences: Chi? = 0.62, df =1 (P=.43),12=0%

I ntention-Related Outcomes

Intention refers to a state of wanting, planning, or expecting to
act in a given way. It can be general (ie, intending to
mammogram) or specific (i.e., intending to mammogram in 3
months). In this study, the difference between intentions and
other related cognitions such as expectations or willingness was
not distinguished.

The intention was used to indicate the persuasiveness of
cancer-related messages in 16 studies. The relevant data
involved atotal of 5289 participants, including 2763 inthegain
group and 2526 in the loss group. As shown in Figure 5, no
significant difference was found between the 2 groupsin either
cancer prevention intention (SMD=-0.05, 95% CI —-0.19t0 0.09;
P=.48) or cancer detection intention (SMD=0.02, 95% CI —0.26
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t00.29; P=.92). Therewas|arge heterogeneity (12=78%; P<.001)
acrossthetrias.

Because the large heterogeneity can also be attributed to the
study by Kim [43], excluding this study did decrease the
heterogeneity (12=34%, P=.09). In addition, the heterogeneity
is due to the gender characteristics of the participants, as
mentioned above. However, there is till no significant
difference between the gain and loss groups in either cancer
prevention intention (SMD=-0.05, 95% CI —0.19t0 0.09; P=.48)
or cancer detection intention (SMD=-0.08, 95% CI —0.17 to
0.01; P=.08).

Thefunnel plot (MultimediaAppendix 3) demonstratesrelative
symmetry for the studies of cancer detection or prevention
intention except for Kim [43], which suggeststhat there existed
no publication bias after excluding this study.
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Figure5. Forest plots of cancer detection intention and cancer prevention intention.

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean SD__Total Mean SD _Total Weight IV, Random,9, 5% Cl IV, Random, 95% CI
1.1.1 New Subgroup
Shao 2012 3.72 0.76 103 3.77 0.68 102 7.2% -0.05 [-0.25, 0.15] —_—
Lucas 2016 -0.05 162 91 013 1.79 91 4.2% -0.18 [-0.68, 0.32]
Kim 2014 6.68 0.2 85 6.09 068 69 7.5% 0.59 [0.42, 0.76] —_—
Keller (Exp2) 2003 411 085 62 B96 137 62  5.0% 0.15 [-0.25, 0.55] _—
Keller (Expl) 2003 5.22 2.65 42 55 2.49 42 1.4% -0.28 [-1.B8, 0.82] +
Han 2012 3.57 08 477 363 0.77 478 8.1% -0.06 [-0.16, 0.04] —
Cherubini 2005 B3 058 60 B.65 0.95 60 6.3% -0.35 [-0.6B, -0.07]
Subtotal (95% CI) 920 904 39.7% 0.02 [-0.26, 0.29] e
Heterogeneity: Tau2 = 0.11; Chi2 = 55.49,df =6 (P<.00001); 12 = 89%
Test for overall effect: Z= 0.11 (P=.92)
1.1.2 New Subgroup
Voss 2018 4.B6 1.66 140 4.26 1.6B 140 5.2% 0.10 [-0.29, 0.49]
Tu 2018 428 1466 163 4315 1.494 179 6.0% -0.04 [-0.BS, 0.28]
Thomas 2011 08 321 195 155 3.25 195 3.1% -0.75 [-1.39,-0.11]
Shao 2012 335 081 43 371 0.81 47 5.7% -0.36 [-0.70,-0.02]
Mays 2015 5.29 1.92 486 4.99 2.05 254 6.1% 0.30 [-0.00, 0.60]
Lin 2017 5.27 0.71 111 531 0.73 90 7.2% -0.04 [-0.24, 0.16] [ I—
Lee 2018 4.81 1.33 203 4.84 1.36 194 6.5% -0.03 [-0.29,0.2B]
Jasper 2014 3.03 1.39 78 29 0.39 78 5.9% 0.13 [-0.19, 0.45] S
Hwang 2012 251 1.25 115 2.78 1.21 100 5.8% -0.27 [-0.60, 0.06] |
Hevey 2014 6.16 2.43 249 5.96 2.57 284 4.8% 0.20 [-0.22,0.62] 1
Gerend 2007 4.24 1.48 60 4.51 1.4 61 4.0% -0.27 [-0.78, 0.24]
Subtotal (95% CI) 1843 1622 60.3% -0.05 [-0.19, 0.09] ’
Heterogeneity: Tau2 = 0.02; Chi2 = 18.47,df =10 (P = .05); 12 = 46%
Test for overall effect: Z= 0,70 (P = .48)
Total (95% CI) 2763 2526 100.0% -0.03 [-0.17, 0.12]

Heterogeneity: Tau? = 0.06; Chi2 = 76.05,df =17 (P <.00001); 2= 78%
Test for overall effect: Z= 0.37 (P =.71)
Test for subgroup differences: Chiz= 0.17,df=1 (P =.68),12= 0%

Behavior-Related Outcomes

In most cases, behavioral measures are obtained by researchers
using self-reported data from participants through follow-up
surveys. However, it does not rule out the existence of special
access to behavioral data (eg, a health insurance database
record).

Behavior was used to indicate the persuasiveness of messages
about cancer detection in 6 studies. The relevant data involved
atotal of 3071 participants, including 1543 in the gain group
and 1528 in the loss group. It should be mentioned that cancer
detection behavior was measured twice in Schneider et al [30]
and Consedine et al [23]. According to Figure 6, loss-framed
messages were significantly morelikely than gain-framed ones
to persuade people into engaging in both cervical cancer
detection behavior (OR 0.79, 95% CI 0.64-0.98; P=.03) and
breast cancer detection behavior (OR 0.69, 95% CI 0.50-0.96;

P=.03), with no heterogeneity (1>=13%; P=.33).
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There was often a time interval between cancer detection
behavior and the experiment in which the participants read the
framed messages. For the five measurements of cancer detection
behavior that were performed within 6 months after the
experiments, loss-framed messageswere still significantly more
persuasive than gain-framed ones (OR 0.76, 95% CI 0.61-0.95;
P=.01), with no heterogeneity (1>=0%; P=.82). However, the
intervention of lossframing becameineffective beyond 6 months
(OR 073, 95% ClI 0.49-1.11; P=.14), with medium

heterogeneity (1=59%; P=.09).

The funnel plot (Multimedia Appendix 4) demonstrates
asymmetry for the studies of cancer detection behavior, from
which one cannot tell whether publication bias existed.
However, the Egger linear regression analysis suggests there
was no publication bias (P=.09).
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Figure 6. Forest plots of cervical cancer detection behavior and breast cancer detection behavior.
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Rivers 2005 1] 156 72 156 12.5% 0.86 [0.55, 1.34] —=
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Total events 283 318
Heterogeneity: Tauz = 0.00; Chiz = 0.31, df= 2 (P = .86); [2= 0%
Test for overall effect: Z = 2.17 (P =.03)
2.1.2 New Subgroup
Consedine(beyond 6 months) 2007 8 39 17 35 2.7% 0.27 [0.10, 0.76]
Consedine{within 6 months) 2007 18 47 19 42 3.9% 0.75[0.32, 1.75] I
Gallagher 2011 41 174 67 181 11.8% 0.52 [0.3B, 0.83] S
Schneider(beyond 6 months) 2001 106 190 109 190 14.8% 0.94 [0.62, 1.41] i
Schneider{within 6 months) 2001 102 264 114 264 19.1% 0.83 [0.59,1.17] =T
Subtotal (95% CI) 714 712 52.4% 0.69 [0.50, 0.96] &5
Total events 275 326
Heterogeneity: Tau? = 0.06; Chi2 = 7.50, df= 4 (P= .11); [2=47%
Test for overall effect: Z = 2.21 (P =.03)
Total (95% CI) 1543 1528 100.0% 0.76 [0.64, 0.90] L )
Total events 558 644 . - - -
Heterogeneity: Tau? = 0.01; Chi? = 8.04, df = 7 (P = 33); 2= 13% 0.01 0.1 1 10 100

Test for overall effect: Z = 3.23 (P =.001)
Test for subgroup differences: Chiz = 0.44, df=1 (P= 51),12=0%

Relationships Between Behavior and Attitude or
I ntention

Given that significant resultswere obtained for cervical or breast
cancer detection behavior, 4 studies of detection attitude or
intention focusing on either of thesetwo cancerswere extracted
to examine the relationships between behavior and attitude or
intention. Excluding Kim [43] as a source of heterogeneity, the
relevant data involved a total of 1284 participants, including
641 in the gain group and 643 in the loss group. No significant
difference wasfound between the two groupsin cancer detection
attitude or intention (SMD=-0.05, 95% CI -0.14 t0 0.03; P=.20),
with no heterogeneity (1°=0.0%; P=.76). That is, as far as
cervical and breast cancers are concerned, cancer detection
behavior was not necessarily preceded by cancer detection
attitude or intention. The funnel plot demonstrates relative
symmetry for the studies of cancer detection attitude or
intention, which suggests no publication bias existed, and the
above analysiswasreliable.

Discussion

Principal Findings

Thisstudy meta-analyzed 24 empirical studies on the persuasive
effect of message framing in cancer prevention and detection.
By subdividing the convincing effect into three dimensions,
atitude, intention, and behavior, the results show that
gain-framed and loss-framed messages have no significant
differences in peoplé€'s attitudes and intentions to change their
cancer prevention or detection behavior. However, for cancer
detection behavior, especially breast and cervical cancer
detection, loss-framed messaging is more persuasive than
gain-framed messaging, and this effect gradually weakens over
time.

This meta-analysis did not identify any advantages of
gain-framed messaging. Previous studies have proposed that
gain-framed messaging is more persuasive than loss-framed in
disease prevention, especially preventative behavior [6,16].

https://www.jmir.org/2021/9/e27634
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Since no relevant data on prevention behavior in the
cancer-related literature are included in this meta-anaysis, it
cannot further verify whether the predecessors benefits in
disease prevention behavior can be equally applicable to the
cancer topic. Theresults al so negated the comparative advantage
of loss framing in disease detection. There are several possible
reasons for this contradictory conclusion. First, the previous
meta-analysis did not di stingui sh between the three measurement
indicators, so the results were affected by a large number of
measurement indicators [16]. Second, the amount of
cancer-related literature included in the previous meta-analysis
is small, so the conclusions drawn do not apply to all cancer
topics [6]. Therefore, it is necessary to verify whether these
existing conclusions can be applied to al health topics based
on previous studies. Moreover, because of different health
topics, the focus also varies. Some emphasize daily prevention
(such asusing sunscreen), while some require regular detection
(such as a colonoscopy).

This meta-analysis al so supports some of the results of previous
studies. Neither gain-framed nor loss-framed messaging can
exert the framing effect of changing people's attitudes or
intentions [6]. Our meta-analysis includes multiple cancer
themes, and it also expands the positive impact of the loss
framing found in breast cancer detection [46].

Oneinteresting finding of thismeta-analysisisthat the message
framing effect is time-limited. Others have questioned the
duration of the framing effect in explaining the declining return
rate[34]. On the other hand, thismeta-analysis evaluatesalarger
scale of data and finds that the framing effect diminishes over
time. Therefore, future research could further investigate how
often health information stimulation can exert the framing effect
and determine the effect of repeating the same framing.

Another notable result of this study is the disconnect between
people's attitudes, intentions, and behavior. When reorganizing
data related to attitudes and intention for breast and cervical
cancer prevention and detection, these results also show that
attitudes and intentions cannot effectively predict behavior,
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indicating that there may indeed be a disconnect between
peopl €'s attitudes, intentions, and behavior. This conclusion has
also been confirmed by previous studies [6,47]. The ultimate
purpose of any framed message, but especially ahealth message,
isto promote a specific behavior. In the research process, paying
too much attention to the influence of other variables besides
behavior may outweigh the gains. Further verification is
worthwhile to measure whether subjective attitudes and
intentions to target behaviors can replace or predict the
subsequent behavior after reading the framed message. The
exploration in this area cannot stop at testing latent variables
such as attitude and intention, and it should return its focus to
“behavior” itself [48].

Limitations

Aswith all meta-analyses, this study waslimited by theincluded
literature measurement indicators and provided data. For
example, the measurement data of attitude and intentionincluded
in the literature far exceed behavior-related data. Cancer

Ainiwaer et a

detection behavior data were obtained only due to the lack of
actual behavioral data related to cancer prevention. Also, the
data are limited to two types of cancer (breast cancer and
cervical cancer). Its generalizability also needs to be further
verified based on more relevant research. Due to the low email
response rate (2 out of 8), this meta-analysis excluded some
studies meeting the inclusion criteria.

Conclusions

This meta-analysis shows that gain framing and loss framing
have no significant difference in attitudes and intentions about
cancer prevention and detection. On the other hand, lossframing
can promote breast cancer and cervical cancer detection better
than gain framing. However, the effect of the loss framing
gradually weakens over time. Therefore, when constructing a
message to promote cancer detection, more considerations can
be given to loss framing's promised short-term effects. People
can be screened for related cancers quickly by emphasizing the
possible risk of not performing cancer detection.
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Abstract

Background: Theincreasing use of smartphones by providersand patients alike demonstratesthat digital health utilizing mobile
applications has the potential to transform perioperative care and education in anesthesia.

Objective: Thisliterature review describes the current scope of the use of mobile applications in anesthesiology.

Methods: Literature was searched using PubMed, Scopus, and clinicaltrials.gov for articles published from January 1, 2010,
through April 1, 2020. Only English language studieswere included. Articleswereincluded if they examined the use of amobile
health application in the setting of anesthesia or the perioperative (immediate preoperative, intraoperative, and postoperative)
period. Studies were excluded if they explored video interventions or did not examine the feasibility or efficacy of the mobile
app.

Results: Weincluded 29 articles, and three areas of clinical functionality were identified: patient-centered care (preoperative,
intraoperative, and postoperative), systems-based improvement, and medical education. Several studies demonstrate the feasibility
and reliability of mobile appsin these areas, but many are only tested for efficacy in simulated environments or with small patient
samples

Conclusions: Mobile health applications show promise in improving communication between anesthesiologists, improving
workflow efficiency, enhancing medical education, and reducing hospital costs. However, there is a need for validation and
improvement before full implementation by the provider, patients, and hospital systems. Future studies are needed to demonstrate
meaningful health outcomes to create guidelines and recommendations specific to the application of mobile technology to health
care.

(J Med I nternet Res 2021;23(9):625115) doi:10.2196/25115

KEYWORDS
mobile applications; mHealth; perioperative medicine; anesthesia

: population, with 45,028 mHealth related applications available
Introduction for download in Apple’'s App Storein 2019, up from 28,343 in

Mobile health (mHealth)—digital health technologies using 2015 [2]. New advances in mobile apps provide opportunities
mobile phones, tablets, and wearables to improve hedth fOr innovaive patient care, real-time data delivery, and
outcomes—have the potential to rapidly change the face of Patient-provider engagement in anesthesiology.

medicine, health care, and medical education. By 2019, 81% Previous reviews in anesthesia have discussed Commercia”y
of Americans owned asmartphone, asignificant increase from  ayailable digital health apps provided in the Apple App Store
35%in 2011 [1] Addltlonally, there hasbeen an increased level or Goog|e P|ay market [3] This ra/ieN, howe/er, describes
of interest in using mobile apps to monitor health in the US  recent clinically tested digital health apps found in scientific
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literature and how these tools may be integrated into
anesthesiologists' clinical practice.

This review aimed to describe the current scope of mobile
application use within anesthesiol ogy. We classified appsfound
in recent scientific literature into areas of clinical functionality
that were deduced from the analysis of theincluded studies. We
also described the limitations of mobile application studies and
suggested future directions.

Methods

Overview

A review was conducted to answer the following research
question: What mHealth applications in anesthesiology have
been described in the published literature, and what are their
utility and future potential in clinical practice?

Database Search

A complete literature search was conducted with the librarian’s
assistance using PubMed, Scopus, and clinicaltrials.gov for
articles published from January 1, 2010, through April 1, 2020.
The search terms were “mobile applications” OR “mobile
health” OR “digital health” OR “mobile app” OR “iOS app”
OR “mHealth” OR “smartphone” AND *“anesthesiology” OR
“anesthesid’ OR “anesthetic’ OR “anesthesiology” OR
“anesthesia’ OR “anesthetic. The search included titles,
abstracts, and keywords for all databases.

Article Selection

Title, abstract, and full text of studieswere reviewed by thefirst
author (SP), and the senior author (LR) resolved any
ambiguities. Only English language studies were included.
Articleswereincluded if they examined the use of an mHealth

https://www.jmir.org/2021/9/e25115
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application in the setting of anesthesia or perioperative
evaluation. Studies were excluded if they explored video
interventions or did not examine the feasibility or utility of the
mobile app.

Data Collection and Summary

Each article was assessed by design, population characteristics,
methods, area of clinical functionality, and outcomes. A
gualitative analysiswas then conducted to summarize the depth
and breadth of mHealth apps that have been utilized within
anesthesiology. Major clinical functionalities were deduced
fromthisqualitative analysis, and each study wasthen classified
into one of these categories. We then described the limitations
of the datafrom these studies and provided abasisfor the future
direction of mHealth in the field.

Results

Our search returned 80 studies on PubMed, 141 on Scopus, and
5 studies on clinicaltrials.gov, yielding a total of 226 studies,
of which 49 were duplicate studies. The titles and abstracts of
theremaining 177 articles were screened. We identified 66 that
meet the criteria, and their full text was reviewed, after which
29 articles were selected for a qualitative review.

Within the literature, we identified three areas of clinical
functionality: patient-centered care, systems-based improvement,
and medical education. Patient-centered care was further
subdivided into preoperative, intraoperative, and postoperative
monitoring. Certain mobile applications within systems-based
improvement were also subcategorized into medication safety
or adverse event reporting or guideline compliance. An overview
of each study's characteristics, methods, and outcomes can be
found in Table 1.
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Table 1. Characteristics and outcomes of included studies.
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Study Design Sample, N Sample characteriss Category Methods Results
tics
Cumino et a RCT2 84 Pediatric (4-8 years) Peatient-centered Four groups: control The OR anxiety in the control
2017 [4] undergoing elective  care: Preopera-  (verbal anesthesia), in-  group was higher
surgeries tive formed (parent givenan  (76.2%; P=.001) than in the
information leaflet other groups: informed group
about the anesthetic (38.1%), smartphone group
procedure), smartphone  (23.3%), and combined
(withachildinholding (19.0%).
ared), and combined
(smartphone or in-
formed). Primary end-
point: m-YPAS? in
holding area and OR®
Leeeta 2013 RCT 120 Pediatric (1-10 Patient-centered Midazolam (M group), Group Sscorewassignificantly
[5] years) surgical pa=  care: Preoperas smartphone app (S), or  lower than group M (P=.01,
tients tive midazolam & smart- group SM was significantly
phone (SM). Primary  lower than group M (P<.01),
outcome: m-YPASbe-  and group SM wassignificantly
fore and after theinter-  lower than group S (P<.01).
vention.
Rubinet a Prospective 86 Adult surgical pa- Patient-centered Anappwasdesignedto Steps measured by app and re-
2019 [6] tients care: Preopera-  administer the Duke search-grade pedometer

Barrachinaeta Cross-sectional 20
2017 [7]

Carvalhoetal  Prospective 22
2019 [8]

Desebbe et a Prospective 2100
2016 [9]

Intensive care unit
patients

Patientswith surgery
requiring NMB?

N/AT

tive

Peatient-centered
care: Intraopera-
tive

Petient-centered
care: Intraopera-
tive

Petient-centered
care: Intraopera-
tive

Activity Status Index
and the 6-minute walk
test. Linear regression
was performed to esti-
mate the distance
walked during the
6MWT from the num-
ber of steps measured
by the app.

Analysis of snapshots
from patient monitor
and photos using Cap-
stesia app were as-
sessed for concordance

of PPvY, CO® and
dPrdif

NMB grade assessed
intraoperative carewith

TOF" ratios obtained by
a Stimpod accelerome-
ter versus the new app

Thesimulator isused to
display arterial wave-
forms on a computer
screen. Data was ob-
tained with different
sweep speeds (6 and 12
mm/s) and randomly
generated PPV values,
pulse pressures, and vi-
tals. Each metric was
recorded 5 times at an
arterial height scale X1
and 5 times at an arteri-
al height scale X3. Pri-
mary outcome: Repro-
ducibility of PPV appj

and PPV e

demonstrated intraclass correl a-
tion of 0.87 (0.79-0.92;
P<.001). Overall model fit was

r?=.72 for the distance estima-
tion algorithm.

Intraclass correlation coeffi-
cient or PPV, CO and max
dP/dt were 0.991 (95% Cl 0.98-
0.99), 0.966 (0.96-0.97) and
0.96 (0.95-0.97), respectively.

For 142 time points, there was
no significant difference be-
tween the two methods
(P=.78). However, insufficient
data that the app can diagnose
aTOF higher than 0.

The precision error of PPV gy,
and PPV qan Was 10% (7%-
14%) and 6% (3%-10%), re-
spectively. PPV g shows ac-
ceptable accuracy with PPV
when at |east three pictures are
taken to average PPV g, at
scale X1 (upper limit of the
95% CI of the measurement er-
ror<12%).

https://www.jmir.org/2021/9/e25115

RenderX

JMed Internet Res 2021 | vol. 23 | iss. 9| e25115 | p.108

(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH Pan & Rong
Study Design Sample, N Sample characteris-  Category Methods Results
tics
Joosten et al Cross-sectional 40 Abdominal surgery  Patient-centered  ppy/, o} compared 549 pairs of PPV-SVV data
2019 [10] patients care Intreoperas m were obtained. The overall
tive with SVVpc™ at agreement of PPV cap with
posti nduc_ti 0r_1,_prei nci- gyyv pc Was 79% ( k=0.55),
sion, postincision, the demonstrating moderate agree-
gnd of surger)r/], an(tj ~ mentwith only 1% of all mear
uring every ypoten- - o - ements resulti ng in opposite
2\\;?/82:203;)1%?2?0 clinical decisionsregarding
X fluid administration.
no fluids, gray zone,
and fluid administra-
tion. Primary outcome:
the overall agreement
between PPV and SVV
and agreement in the
fluid administration
category
Joosten et a Prospective 57 Elective coronary Petient-centered  The ability of PPVcap  No differencein the ability of
2019 [11] artt_ery bypass graft care: Intraopera- or PPVpc" to predict PPV cap and PPV pc to predict
patients tive

fluid responsiveness af -
ter infusion of 5 ml/kg
of colloid. Primary out-
come: overall agree-
ment of PPV cap and
PPV pc aswell as

fluid responsiveness (AUROCH
0.74, 95% CI 0.60-0.84 vs AU-
ROC 0.68, 95% CI 0.54-

0.80; P =.30). COcap did not

correlate well with COrp.

COcap’ and CO from
COrp”
Chiueta 2019 RCT 156 Procedural patients, Patient-centered  completed VAS-100"  PandaVAS-100 and original
[12] age 19-75 years, care: Preopera- s ) tool correlated strongly at
tive an_d NRS-117for pain emergence (r =.93) and upon
us ngt pr;ao er \\//izsloo discharge (r =.94); PandaNRS-
sm;rN;;;nlel Pri 11 correlated strongly with the
an " S eI;tmary a original at emergence (r =.93)
outcome: correration and upon discharge (r =.96)
various time points
Dahlbergetal RCT 1027 >17 y/oundergoing Patient-centered Patients answered Net savings of €4.77 (approxi-
2017 [13] day surgery care: Postopera SWQoR! daily for 14 mately US $5.65) per patient
tive days: smartphoneapp W/ intervention. No difference
versus standard care in SwQoR between the two
(control). Primary out-  9rOUps.
come: cost-effective-
ness.
Dahlbergetal  RCT 494 >17 yearsundergo-  Patient-centered  Patientsrandomizedto  62% of contacts made by pa-
2019 [14] ing day surgery care: Postopera- pa ppt daily for 14 tients were on postoperative
tive days viaapp versus days 1 to 7 and 38% on postop-
standard care (no fol- erative days 8 to 14. Demon-
low-up). strated follow-up should be
more long-term.
Highlandetal RCT 50 Military surgery pa- Petient-centered Mobile app (mCare) No difference ininitial re-
2019 [15] tients care: Postopera-  group vscontrol tele-  sponse rates between app and
tive phone group to com- control. On day 8, 64% of
plete Defenseand Veter-  mCare group completed follow-
ans Pain Rating Scale,  up versus 48% of the control

nerve block questions,
satisfaction surveys,
and system usability
survey after surgery.

group (P=.29).
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Study Design Sample, N Sample characteris-  Category Methods Results
tics
Jaensson et a RCT 997 Adult day surgery Petient-centered SwQoR daily for 14 Globa SwQoR score was sig-
2017 [16] patients care: Postopera  daysviaapp interven-  nificantly lower (better recov-
tive tion (RAPP) or standard  ery) in the RAPP group com-
care (control). Primary  pared to the control group on
outcome: SwWQoRon  day 7(28.23 vs 34.87; P<.001)
postoperative days 7 and day 14
and 14 (20.12 vs 21.90; P=.002).
Keet al 2019 Qualitative 15 Obstetricanesthesiol-  Patient-centered  Structured phone or in-  App focusing on patient educa-
[17] study ogists(9) and cesare- care: Postopera-  person interviews with  tion and self-monitoring. 80%
an section patients  tive patientsand anesthesiol-  of patients interacted with the
(25) ogiststo assesscare af-  app >2x. Most accessed re-
ter acesarean section  sources were controlling pain,
and to solicit feedback  an overview about days after
on a prototype mobile  surgery, and key contacts.
app for postoperative
cesarean section care
Soheta 2019 RCT 42 Gastric cancer surgi-  Petient-centered  Alarm onthe app every  1S| washigher in thetest group
[18] cal patients care: Postopera= 60 min for 2 dayswith  versus control but not signifi-
tive nurse dashboard versus cant (113.5vs 93.2; P=.22).
app without alarmsor  Active coughing showed signif-
dashboard. Primary icantly higher performancein
outcome: 1S to assess  thetest group (107.8) compared
the frequency of ISI with the control (94.8).
use.
Suneta 2014  Prospective 62 Pediatric patients (4- Patient-centered Assessed painwithboth  Panda FPS-R scores correlated
[19] 18 years) care: Postopera paper FPS-R" and strongly with the original tool
tive CASS S (r >.93). Panda CAS_scores
ol asses_sb ased (Pan- co_rrgl ated strongly with the
weil asapp ( original CAS scores at both
da) versions post- time points (r>0.87); mean pain
wrgqy. Pri mary out- scores were higher (up to plus
come gggi""“"” be () 47) with Panda than with the
" original.
Warren- Mixed 83 Adult surgica pa- Patient-centered  Part |: paper-based 42.2% prefer to respond by the
Stomburg et a tients care: Postopera=  questionnaire to identi- mobileappin part I, but in part
2016 [20] tive fy patients' attitudesto- 11, adherence to answering
wards follow-up tech-  questions in the app was only
niques. Part 11: feasibili-  27.2%. Patients > 60 yrs prefer
ty test of amobileapp  paper follow-up while patients
for follow-up. <40 prefer telemedicine
(P=.001).
Baumannetal  Randomized 74 Resident and attend- Systems-based: Compared simulations  The probability of “accurate”
2019 [21] crossover ing anesthesiologists Medication with and without the rated dosage was 77.7 (70.9-
safety app. Primary outcome:  84.5%) in control versus 94
the probability of admin-  (90-97.8%) with the app.
istering the accurate
dosage.
Gorges et a Feasibility N/A N/A Systems-based  telePORT app designed telePORT isused morefor help
2019 [22] study withinput fromanesthe-  requests (approximately 4.5 per
siology assistants for day) than team messaging (ap-
design features and proximately 1 per day). OR

work-domain analysis.
Primary outcome: Us-
age patterns quantified.

monitoring was frequently uti-
lized (34%). Loss of wireless
connectivity was a barrier.
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Study Design Sample, N Sample characteris-  Category Methods Results
tics
Haffey et d Retrospective 23 Opioid conversion  Systems-based: Appswith opioid dose  Of 23 apps, 52% had no stated
2013 [23] apps Medication conversion abilities medical professional involve-
safety identified. Dosecalculaa  ment. Thereisasignificant
tionsof sevencommon-  difference in mean conversion
ly used opioid switches output for hydromorphone be-
werecompared between  tween apps with and without
apps. medical professiona involve-
ment (0.2256 vs 0.2536;
P=.038).
Jabaley et a Cross-sectional 13,846 Anesthesiologists Systems-based: A free mobile app About 50% of anesthesia
2018 [24] Medication (Anesthesiologist) de-  providers had accessto sugam-
safety ployed a 10-question madex and were given a sur-
survey about sugam- vey. Anaphylaxisratesare esti-
madex useand related  mated to be between 0.005%-
adverse events. 0.098%. 22.7% reported ad-
verse drug reactions.
Laneeta 2012 Feasihility 40 Anesthesiologists Systems-based Development of Vi- VigiVU push notifications to
[25] giVU, amobile app for iPhone were faster than pager
OR awareness and (mean 18 sec, SD 8.2). All beta
communication, at users continued to use the app
Vanderbilt University  for the benefits of situational
Medical Center fol- awarenessin up to 4 ORs.
lowed by beta testing
done with agroup of
40.
Lelaidieretad  RCT 52 Anesthesiaresidents Systems-based: Two simulated crises,  Mean technical performance
2017 [26] Guidelinecom-  with and without MAX  was higher in the MAX group
pliance app. Primary outcome:  vs. control group: 81.6%, SD
technical performance  11.9) versus 58.6%, SD 10.8;
during crisisdefinedby P<.001 and nontechnical
the ESCY. Secondary ~ 33.7%, SD 4.4 versus 30.9%,
outcome: nontechnical  SP 4.9 points; P<.001.
performance
McEvoy et d RCT 259 Anesthesiologists Systems-based: A 20-questiontestre-  App group (92.4%, SD 6.6)
2016 [27] Guidelinecom- garding clinical scenar- scored higher than control
pliance iosrelated to ASRAZ  (68.0%, SD 15.8; P<.001). App
guidelinesusing ASRA useincreased the odds of select-
Coag app versusany ~ INg correct answers (7.8, 95%
resource except the app Cl 5.7-10.7).
(contral). Primary out-
come: test score
Rothmaneta  Cross-sectional N/A N/A Systems-based Message sent with Vi-  Mean latencies <1 sec for iPad
2013 [28] giVu versus paging and iPod devicesand <4 sec for
system. Primary out- iPhone. Service performed bet-
come: transmissionand  ter than third party paging sys-
receipttimescaculated tems(Aquispaging system had
astheir differences. 0.6% incidence of prolonged
message delivery, >100 sec)
Rubin et a Retrospective  N/A Clinical anesthesia  Systems-based: Two years beforeinter- Median reported 12 events for
2017 [29] personnel Medication vention used asthe thefirst year, 14 for the second
Safety baseline rates of ad- year, and 20 after the introduc-
verse event reporting.  tion of the mobile app (P=.01).
Primary outcome: The rate of same-day reporting
monthly reporting and  increased by 10% after theintro-
same-day adverseevent  duction of the app (P=.048).
reporting compared be-
foreand after appimple-
mentation.
Burstein et al Feasibility N/A N/A Medical educa- An app that to teaches It wasimplemented in 2015
2018 [30] tion Bier block. with datacollection until 2021.
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Study Design Sample, N Sample characteris-  Category Methods Results
tics
DeOliveiraet RCT 20 Medical students Medical educa- Students wererandom-  80% of the control group failed
a 2013 [31] tion ized to intervention versus 20% in the intervention
(iLarynx app for 30 group (P=.01). 24 failed at-
min) versus control (no temptsin the control group and
iLarynx access). Prima- 4 in theiLarynx group
ry outcome: the time (P<.005).
required to advance
fiberscope from the
mouth up to the carina
onamannequin. Failed
if carinanot seenin
<120 sec.
Lingannaetal RCT 18 Anesthesiology resi- Medica educa- Traditiona intraopera-  Intervention group demonstrat-
2020[32] dents tion tiveteaching of trans-  ed a greater increase in score;

esophaged echocardio-
graphy (control) vs ac-
cess to EchoEducator
app. Primary outcome:
score increase from
preintervention to
postintervention assess-
ment.

(plus 19.19%, 95% CI 4.14%-
34.24%; P=.02) compared to
control.

8RCT: randomized controlled trial.

bm-YPAS: modified Yale Perioperative Anxiety Scale.

COR: operating room.

dppy: pulse pressure variation.

€CO: cardiac output.

fdPrdt: max slope of pressure curve.

INMB: neuromuscular black.

PTOF: train of four.

IN/A: not applicable.

J'PP\/app: pulse pressure variation by app.

kPF"\/man: pulse pressure variation by manual calculation.
'PP'\/CAP: pulse pressure variation using Capstesia.

MSVV pe: stroke volume variation using pulse contour analysis.
"PPV pc: pulse pressure variation using pulse contour analysis.
9COap: cardiac output using Capstesia.

PCOTp: cardiac output using thermal dilution.

9AUROC: area under the receive operating characteristic
"VAS-100: visual analog scale-100.

SNRS-11: numeric rating scale-11.

tS/\/QOR: Swedish Quality of Recovery.

URAPP: recovery assessment by phone points.

VISI: incentive spirometer index.

WEPS-R: faces pain scale-revised.

XCAS: color analog scale.

YESC: European Society for Cardiology.

ZASRA: American Society of Regional Anesthesiaand Pain Medicine.

Discussion

Patient-Centered Care

Within anesthesia, the perioperative surgical home has arisen
asamodel that encompasses the goals of patient-centered care
[33]. Mobile appswill play alargerole in this areaasthey can

https://www.jmir.org/2021/9/e25115
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directly engage patients before they arrive at the hospital and
after their procedures. By providing on-the-go education,
monitoring, and behavioral interventions, the anesthesia team
can reduce patient anxiety preoperatively, increase
communication through rea-time mobile interactions
perioperatively, and improve compliance with perioperative
instructions.
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Preoperative | nterventions

M obile apps provide an opportunity to decrease anxiety without
additional sedatives in the pediatric population. Preoperative
anxiety in pediatric populations is estimated to be as high as
50% [34]. Lee et a randomized 120 children between ages 1
and 10 (ASA 1, 1) who were undergoing €elective surgery to
receive intravenous midazolam (M), behaviora intervention
through smartphone applications (eg, Soundtouch interactive,
Pororo Sticker Book, Angry Bird) tailored to the child's
developmental status and preferences (S), or both (SM). While
they found that anxiety using the modified Yale Preoperative
Anxiety Scale (m-YPAS) was lower post-intervention for all
three groups (M group: mean 52.8, SD 11.8 vs mean 41.0, SD
7.0; S group: mean 59.2, SD 17.6 vs mean 36.4, SD 7.3; SM
group: mean 58.3, SD 17.5 vs mean 26.0, SD 3.4), the S group
had lower anxiety levels relative to the M group (P<.01), and
the SM group had the lowest level of anxiety (P<.01) [5].

In another randomized controlled trial (RCT) of 84 pediatric
patients ages 4 to 8, the children’s median anxiety levels were
lower for patients in the smartphone group (parents verbally
informed of the anesthetic procedure and child received
smartphone app) versus the control group (parent verbally
informed about the anesthetic procedure only). The smartphone
group had significantly lower m-Y PAS scores compared to the
control group, measured in the operating room (OR) before
anesthesiainduction (55.0 vs 23.4; P<.001) [4]. The ahility to
tailor mobile app choices to a child’'s developmental stage
demonstrates how mobile technology can be customizable for
individual patients.

Another novel usefor smartphone appsin the preoperative area
is to improve dynamic communications using a centralized
platform such asListeo+. The Listeo+ app provides personalized
infformation to patients, reminders for preoperative
recommendations, and a channel for various provider
communications. Listeo+ is currently being tested in a
multicenter RCT to evaluate the percentage of compliance to
preoperative recommendations, thereby decreasing the rate of
surgery cancellations [35].

Mobile apps, such as a preoperative functional capacity app,
can assist with preoperative risk assessment, even before the
patient enters the health care facility. At the University of
Chicago, the Step Test app integrates the Duke Activity Status
Index (DASI) with the 6-minute walk test (6BMWT) [6]. Step
Test uses voice prompts and Apple’'s CMPedometer to derive
calculated step countsfor the BMWT. Rubin et al demonstrated
that Step Test’s estimated steps exhibited good agreement with
aresearch-grade pedometer in acohort of 78 patients (intraclass
correlation coefficient of 0.87; P<.001). The app facilitates
efficient administration of DASI and 6MWT and provides
immediate data to providers without occupying clinic staff.
Future applications may include improving functional capacity
through patient optimization before procedures. In summary,
emerging mHealth apps demonstrate their potential to transform
preoperative care by decreasing anxiety and providing
coordinated, efficient care. Hopefully, in the future, providing
an interface to optimize patient health status before surgery to
improve outcomes.
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Pan & Rong

I ntraoperative Monitoring

Digital mHealth apps have al so been tested astools to enhance
intraoperative monitoring. Anideal mobileapp for intraoperative
monitoring should be easy-to-use, accurate, noninvasive,
cost-effective, and reliable. Capstesia (version 1.1.6; Galenic
App SL) isan inexpensive and attractive smartphone app used
to calculate pul se pressure variations (PPV) and cardiac output
(CO) from apicture taken of the arterial waveform on amonitor
screen. Inasimulated environment comparing 408 pairs of PPV
readings, Capstesia’'s PPV demonstrated acceptable accuracy
compared with the manual PPV if at least 3 photos of the
waveform were taken (measurement error <12%). Accuracy
was improved if it was averaged across 5 photos [9] but isless
practical inthe OR setting. Additional validation studies showed
that Capstesia had a percentage of error of 20% for PPV and
13.8% for CO among 20 patients in the intensive care unit [7].
However, when the app was studied in 57 patients undergoing
elective cardiac surgeries, its calculated PPV only weakly
predicted fluid responsiveness (sensitivity of 73%, 95% ClI
0.54-0.92, and a specificity of 74%, 95% CI 0.48-0.90) [11].
When comparing Capstesia’s PPV to stroke volume variation
from an uncalibrated pulse wave analysis monitor, Joosten et
al found that there was 79% overall agreement between thetwo,
with akappacoefficient of 0.55[10]. Theseresults demonstrate
the promise and difficulties of creating a mobile app for
real-world clinical intraoperative settings.

Digital mHealth apps have also shown promiseinintraoperative
neuromuscular blockade (NMB) assessment. Often, recovery
of NMB is done subjectively due to the lack of accelerators
[36,37] and can result in residual weakness and respiratory
complications [38]. In a sample of 22 patients, Carvalho et al
demonstrated a strong correlation between train-of-four ratios
obtained by a standard accelerometer against an Android app
used with the phone attached to the patient’s hand (R=0.98).
The app aso had a small mean difference (0.0004, 95% limits
of agreement +/ 0.12) against standard accelerometry [8]. Thus,
the digital app is a feasible way to assess NMB. However,
further studies are needed to demonstrate efficacy before the
widespread application of mobile apps as monitoring devices
inthe OR.

Postoperative Monitoring

There is an increasing focus on patient-reported outcome
measures (PROM), alongside traditional biomarkers, in
evaluating clinical care [39]. Mobile apps have emerged as an
exciting new tool to track PROM s such as symptoms, pain, and
satisfaction with health care delivery beyond the inpatient stay.
Apps have been tested in clinical trials demonstrating initial
feasibility and cost-effectiveness compared to the standard of
care[13,15,16].

One important measure that mobile apps help track is poorly
managed acute postoperative pain, which can be related to
increased risk of psychological morbidity, decreased quality of
life (QoL ), and chronic postsurgical pain [40]. The application
Pain Assessment using a Novel Digital Application (Panda)
contains electronic versions of the faces pain scale revised
(FPS-R) and color analog scale (CAS). Figure 1 demonstrates
both the origina FPS-R and the electronic version seen on the
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app. In a prospective study of 62 patients, the app version
correlated strongly with original scoresat various postoperative
time points (FPS-R: r>0.93; CAS: r>0.87) [19] and was
preferableto the paper version (81% of FPS-R and 76% of CAS
participants). Therefore, digital apps may improve adherence
to self-reported pain. Additionally, in a study of 156 adult
patients undergoing procedures commonly associated with

Pan & Rong

postsurgical pain, Chiu et al found that the app version of the
numeric rating scale 11 pain scores were equivalent to that of
the paper version when used in adult patients following
emergence from anesthesia and at discharge from the
postanesthesia care unit [12]. The use of Panda in both adults
and pediatric patients demonstrates the app's potentia to be
used in avariety of patient populations.

Figure 1. Original faces pain scale-revised (top) and adapted electronic faces pain scale-revised for Panda app (bottom) (reproduced with permission

from John Wiley and Sons) [19].
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Another postoperative mobile app was built for patient-initiated
inquiry to identify complications earlier and improve patients
QoL after surgery. An RCT of 1027 day-surgery patients
examined postoperative foll ow-up with asmartphone app known
as recovery assessment by phone points (RAPP). The authors
found that there were lower health care costs associated with
smartphone app follow-up compared to standard of care
follow-up (€60.69 vs €37.29; P=.008 with a mean difference
of €23.66). However, after theintervention costswereincluded,
net savingswere only €4.77 per patient [13]. Patients using the
RAPP also reported better global Swedish Quality of Recovery
compared to patients using paper assessments on postoperative
day 7 (28.23, SD 29.97vs 34.87, SD 30.68; P<.001) and
postoperative day 14 (20.12, SD 26.19vs21.90, SD
22.40; P=.002) [16]. The study also hel ped determine that most
patient inquiries (62%) occurred 1 to 7 days postsurgery, most
commonly related to the surgical wound (43/119, 36%) and
pain (33/119, 28%) [14].

mHealth apps can also incentivize patients to improve
respiratory mechanics postoperatively. The Go-breath app was
tested in 42 patientswho received general anesthesiaundergoing
a robotic or laparoscopic surgery or laparotomy to encourage
the improved use of incentive spirometry (1S). Although itisa
nice concept, patientswho used the Go-bresth app did not score
statistically higher on theincentive spirometer index (frequency
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of IS use over two days) compared to patients who did not
(113.5vs93.2; P=.22) [18].

Mobile apps can also provide a platform for multidisciplinary
care in the postcesarean section period. For example, in a
feasibility study including 15 patients of an app designed with
obstetric anesthesiologists, 80% of patients used the app at |east
twice to self-monitor for complications and access pain control
resources, thusincreasing the amount of patient monitoring for
common postcesarean complications and pain [17].

Systems-Based | mprovement

For anesthesiologists, smartphone apps are a convenient and
accessible way to improve patient safety and quality of care
[41,42] through medication safety, adverse event rates, guideline
adherence, and responsiveness to emergencies.

For example, immediate response to OR emergencies is of
utmost importance, with patient safety and outcomes on the
line. Anesthesiologists at Vanderbilt have built an extensive
iOS platform known as VigiVu to improve responsiveness
through real-time OR videos, vita signs, anesthetic
interventions, voice and text communication, and electronic
medical record access [25]. Rothman et a demonstrated the
superior reliability of the app’s push natifications compared to
traditional paging systems—only 0.03% of iPhone notification
latencies were over 100 seconds compared to 0.6% for
third-party paging latencies [28]. Similarly, anesthesiologists
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at the University of British Columbiadevel oped aniPhone app,
telePORT, to support team-based communication and real-time
OR monitoring. Initial results showed that telePORT was
successfully integrated for OR help requests (4.5 requests per
day) and OR monitoring, representing 34% of app visits [22].
The use of smartphone appsin these situationsincreases patient
safety by prioritizing emergency situationsand proper resource
allocation. Additionally, data collection from patient monitoring
and outcomesin mobile apps can a so be utilized for both quality
improvement and clinical research in the future.

Medication Safety and Adverse Event Reporting

Mobile apps have also been used to increase adverse event
reporting through transparent and convenient processes that
help further aculture of safety and quality. AniOSand Android
adverse event—reporting app was developed at the University
of Chicago (seefigure 1 in Rubin et a [29] for an example of
the iOS interface used to report events). After implementation,
median monthly reporting ratesfor all providersincreased from
12 to 20 (P<.001), with same-day reporting increasing by 10%
during the intervention period (P=.048) [29]. Similarly, apps
have shown efficacy in monitoring global adverse events
regarding the administration of newer drugs. Jabaley et al
repurposed a calculator app (Anesthesiologist) to distribute a
survey regarding adverse drug reactions associated with
sugammadex administration. Using the mobile app, the
investigators gathered datafrom 2770 anesthesia providers that
had experience administering the drug across 119 countries
[24], demonstrating that an app may be used for crowdsourcing
and surveilling new drugs. The app survey found that
anaphylaxisrateswere estimated to be between 0.005%-0.098%,
and 22.7% of survey responders reported witnessing any
sugammadex-related adverse drug reactions such as bradycardia
and incomplete reversal of NMB [24].

Finally, anesthesiologists have historically used smartphones
to calculate drug dosages. Baumann et a compared the
probability of administering accurate medication dosages in
emergency simulations with a dosage calculator app versus
without it [21]. The probability of an accurate dose
administration was higher in the app group compared to the
control group (94%, SD 90-97.8vs 77.7%, SD 70.9-84.5) [21].
Appsare often used for medication conversion in the outpatient
pain management setting as well. For example, there are many
opioid conversion applications designed to reduce medication
errors. However, these apps should be used cautioudly. In a
study examining 23 opioid apps, only 50% provided direct
references to sources for their conversion ratios, and over 50%
had no documented medical professional involvement [23]. The
conversion from 1 mg of oral morphineto oral hydromorphone
was dtatistically different between apps with medical
professional involvement versus those without (0.24 vs. 0.25;
P=.04), demonstrating that there may be varying degrees of
reliability for these mobile apps.

Guideline Compliance

Built-in smartphone-based decision support tools can similarly
improve adherence to anesthesia guidelines to reduce technical
errors. Numerous reports have found that poor application of
guideline standards results in worse patient safety outcomes

https://www.jmir.org/2021/9/e25115
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[43-45]. However, guidelines are numerous, lengthy, and
cumbersometo follow. In an RCT across eight institutions, 259
anesthesiol ogists completed a test requiring the application of
the American Society of Regional Anesthesiaand Pain Medicine
(ASRA) guidelinesto clinical situations. Theintervention group
used an electronic decision support tool, ASRA Coags, which
was programmed with the latest guidelines and decision logic,
and the control group used any other resource. The authors
found that the intervention group had a significantly higher
score on a clinical scenario knowledge test (92.4 vs 68.0;
P<.001) compared to the control group [27], irrespective of
training. Together, these studies show the potential for mobile
apps to act as a platform for the rapid application of complex
guidelines in clinical situations, potentially reducing adverse
events, preventing errors, and improving the quality of care.

Mobile apps have also been devel oped to improve performance
in high-stress situations in lieu of posters, flow charts, and
checklists. For example, MAX, a handheld cognitive aid app,
was used asan intervention in aRCT of 52 anesthesiaresidents.
Results demonstrated that residents performed better technically,
asrated by independent observerswhen using MAX insmulated
crises compared to without MAX use (81.6%, SD 11.9 vs 58.6%,
10.8; P<.001). The app also improved leadership (P=.003),
problem-solving (P<.001), and resource-using (P=.006) as
assessed by the Ottawa Global Rating scale [26].

M edical Education

The landscape of medical education is changing from the
traditional model of classroom teaching to models such as the
flipped classroom and asynchronous learning. Mobile
technology enables asynchronous learning—a time and
location-independent learning model—with greater access to
online modul es, podcasts, and videos. For example, smartphone
apps have now been developed for point-of-care learning of
regional anesthetic procedures such as the Bier Block [30].
These apps may provide an al-in-one learning center with
videos, cognitive aids, dose calculators, self-timers, and
evidence-based references readily available at the learner's
convenience[30]. Additionally, education apps use gamification
or game-design elementsto increase user mativation. Linganna
et a developed EchoEducator, a mobile app with
transesophageal echocardiography image-based content, and
tested it against traditional intraoperative teaching amongst 18
anesthesiol ogy residents over two weeks (please seefigure 2in
Lingannaet a [32] for examples of questionstesting pathology
and structures as well as the feedback the resident receives).
The app group had agreater knowledge increase than the control
group (+19.19%, 95% Cl 4.14-34.24; P=.02) in an assessment
based on the perioperative transesophageal echocardiography
exam [32]. Residents al so reported that they would recommend
the app to others because of its content customizability and
convenience.

Another application of mobile apps in medica education is
through simulation. For example, iLarynx utilizesthe iPhone's
built-in accelerometer to mimic hand movementsfor fiberoptic
intubation. When tested in 20 novice medical students, 80% of
students in the standard training group had at least one failed
attempt (>120 seconds) of visualizing the carina compared to
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20% of studentsin theiLarynx group (P=.01). There was also
continued group improvement in the iLarynx group but not in
the standard training group [31].

Current Obstacles and Future Directions

Despite the many functionsthat mobile technology could fulfill
in anesthesia, various obstacles, including low patient
participation, privacy and security, provider responsibility, and
shifting workplace norms, ultimately impede their
comprehensive integration into the clinical environment. For
example, preoperative and postoperative monitoring
interventions depend on patient interaction and moativation.
While there are some reports of high adherence to mobile app
interventions [15], other studies show a poorer response rate,
especially among the el derly—alarge hurdlein app devel opment
[20]. Intraoperative apps need to be assessed for ease of use,
reliability, and accuracy in the OR and not distract
anesthesiologists. Monitoring apps, although promising, need
more clinical validation across arange of populations.

More evidence is needed to demonstrate mobile apps can
meaningfully improve clinical outcomes moving forward.
Large-scale, prospective studies with outcomes data are
necessary to provide sufficient evidence for widespread
implementation. Investigators should also consider using the
mHealth evidence reporting and assessment guidelines, which
addressthe complex nature of mobiletechnology research [46].

Limitations

Similar to all narrative reviews, this review is limited by the
lack of appraisal criteriafor included studies. Additionally, only
mobile apps derived from the scientific literature have been
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included. Thus, there are likely mobile applications apps not
studied in the literature that were omitted. We have performed
aqualitative review of the search and included only studiesthat
fit into the categories we created, thus excluding other studies.

There are additional limitationsto the mHealth apps described.
Many are often inadequately tested clinically, lack efficacy data,
and do not adhere to standard guidelines. Similarly, there are
limited guidelines and protocol s on how to use the data collected
by these apps, despite their potential for engaging a wide
population. Future research should exploreif patient engagement
through smartphone apps may increase efficiency, patient
satisfaction, and outcomes during the perioperative period.

Conclusion

With the rapid uptake of smartphones amongst patients and
clinicians alike, mobile applications will likely play a larger
role within anesthesiology in the future. mHealth apps have
novel roles in improving patient care, efficiency, and
intraoperative monitoring during surgery. Mobile apps have
also been shown to facilitate systems-wide change by creating
a culture of improving patient quality and safety. However, as
thefield of anesthesiology movesforward into the digital health
space, demonstrating feasibility is not sufficient; clinicians must
critically evaluate mobile app study protocolsand rigor. Despite
studies with smaller populations and simulated environments,
this review dill finds emerging evidence that mHealth
applications have the potential to significantly improve
communication between anesthesiol ogists, improve workflow
efficiency, enhance medical education, and reduce hospitals
costs in the perioperative arena.
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DASI: Duke Activity Status Index

FPS-R: faces pain scale-revised

I S: incentive spirometry

I CC: intraclass correlation coefficients
mHealth: mobile health

mY PAS: modified Yale Preoperative Anxiety Scale
NM B: neuromuscular blockade

OR: operating room

PPV: pulse pressure variation

PROM : patient-reported outcome measures
QoL : quality of life

RAPP: recovery assessment by phone points
RCT: randomized controlled trial
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Abstract

Background: Self-tracking technologiesarewidely used in people'sdaily livesand health care. Academic research on self-tracking
and the quantified self has also accumulated rapidly in recent years. Surprisingly, there is a paucity of research that reviews,
classifies, and synthesizes the state of the art with respect to self-tracking and the quantified self.

Objective: Our objective was to identify the state of the art of self-tracking and the quantified self in terms of health and
well-being.

Methods: We have undertaken a systematic literature review on self-tracking and the quantified self in promoting health and
well-being. After arigorousliterature search, followed by inclusions, exclusions, and the application of article quality assessment
protocols, 67 empirical studies qualified for the review.

Results: Our resultsdemonstrate that prior research hasfocused on 3 stakehol ders with respect to self-tracking and the quantified
self, namely end users, patients and people with illnesses, and health care professionals and caregivers. We used these stakehol der
groups to cluster the research themes of the reviewed studies. We identified 11 research themes. There are 6 themes under the
end-user cluster: user motivation and goal setting, usage and effects of self-tracking, continuance intention and long-term usage,
management of personal data, rejection and discontinuance, and user characteristics. The patient and people with illnesses cluster
contains three themes: usage experience of patients and people with illnesses, management of patient-generated data, and advantages
and disadvantages in the clinical context. The health care professional and caregiver cluster contains two themes: collaboration
among patients, health care professionals, and caregivers, and changes in the roles of patients and professionals. Moreover, we
classified the future research suggestions given in the literature into 5 directions in terms of research designs and research topics.
Finally, based on our reflections on the observations from the review, we suggest four future research directions. (1) users
cognitions and emotions related to processing and interpreting the information produced by tracking devices and apps; (2) the
dark side of self-tracking (eg, its adverse psychosocial consequences); (3) self-tracking asasocietal phenomenon; and (4) systemic
impacts of self-tracking on health care and the actors involved.

Conclusions: This systematic literature review contributes to research and practice by assisting future research activities and
providing practitioners with a concise overview of the state of the art of self-tracking and the quantified self.

(J Med I nternet Res 2021;23(9):625171) doi:10.2196/25171
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Introduction

Self-tracking—also referred to as the quantified self,
self-monitoring, lifelogging, persona analytics, and personal
informatics [ 1]—has become pervasive in people’s daily lives
and increasingly common in health care. For example, health
and fitness ranked ninth out of 34 categories on the App Store,
accounting for 3.41% of al the available apps[2,3]. In Google
Play, health and fitness apps ranked 13th out of 33, accounting
for 3.53% of all the available apps[4]. Moreover, the App Store
hosted 48,608 apps for health care purposes, and Google Play
47,140 in the third quarter during 2020 [5,6]. Although global
smartwatch shipments have been estimated to exceed 100
million units in 2020 and continue to grow in 2021 [7],
self-tracking tool s have become available for increasing numbers
of people across the glabe.

Research on self-tracking and the quantified self has proliferated
rapidly in recent years [8-14]. This growth calls for review
studies that help enrich the knowledge base by classifying and
synthesizing prior research and providing directions for future
research activities [15,16]. However, dedicated review studies
are scant in the most recent literature on self-tracking and the
guantified self. Altogether, the extant literature features 8 review
studies [17-24], of which 5 have been published in journals
[17-19,22,24] and 3 in conference proceedings [20,21,23].

Moreover, some of the prior review studies have not focused
exclusively on self-tracking or the quantified self. For example,
Paton et a [18] focused on wearable self-tracking devices, social
media platforms used by the self-tracking community, and
personal health records. West et al [19] conducted a review of
self-tracking in the context of patient-generated data, whereas
Lentferink et a [24] identified the key components of
self-tracking and persuasive eCoaching in automated healthy
lifestyle interventions to improve the design of these
interventions. Therefore, a review focusing only on the
quantified self and self-tracking is needed.

Third, with respect to the scope, prior review studies have
typically focused on a certain subset of the literature. For
example, Moyaet al [20] focused on the adoption and utilization
of self-tracking technologies. Almalki et al [17] limited their
scope to studies that applied activity theory for health
self-quantification. Jiang and Cameron [22] only focused on
self-monitoring in the context of chronic disease. Furthermore,
most of the extant reviews covered a relatively small number
of studies. The number of studies covered by the prior reviews
are43[21], 32[24], 28[23], 26 [17], and 23 [19] respectively,
and one of the prior reviews did not clearly mention the number
of reviewed studies. Considering these limitations in terms of
the scope of prior reviews and the increasing research volume
on self-tracking and the quantified self, there is a need for an
up-to-date and comprehensive literature review.

To address this gap in the literature, we undertook a systematic
literature review (SLR) of the research on self-tracking and the
quantified self in terms of health and well-being. The purpose
of this study can be summarized as follows: (1) to identify
high-quality contributions in the area, (2) to classify the
literature based on publication channels, research methods,
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theoretical backgrounds, and variables used, (3) to synthesize
the main research areas and research themes, and (4) to identify
future research directions. Thefinal pool of thereviewed articles
comprised 67 empirical studies.

We mapped the research subjects of the reviewed articles and
identified three main stakeholder groups: end users, patients
and people with illnesses, and health care professionals and
caregivers. For the end users, the primary usage of self-tracking
isfor tracking exercise, daily activity levels, and sleep. For the
two other stakeholder groups (ie, patients and people with
illnesses as well as health care professionals and caregivers),
the primary usage of self-tracking is to support the treatment
of anillness or other medical conditions. We further used these
stakeholder groups for clustering the research themes of the
reviewed studies. By mapping the research themes, examining
thefocal constructs of the prior studies, synthesizing the future
research directions, and finally reflecting on the findings and
suggesting new research areas, this study aidsin building future
research efforts [15,16].

The remainder of the paper is structured as follows. The
background and related works are discussed next followed by
the research methodology and details of the article selection
procedure. Then, we report the results of the analysis. Finally,
the implications, limitations, and some directions for future
research are discussed. Multimedia Appendix 1 presents the
article search strategy. Multimedia Appendix 2 contains the
quality assessment criteria used for selecting the articles to be
included in the review. Multimedia Appendices 3, 4, and 5
contain detailed information about the reviewed articles.
Multimedia Appendix 6 presents a summary of the reviewed
studies based on their foci and research theme matrices.

Background and Related Works

Sdf-tracking and the Quantified Self

Self-tracking and the quantified self are not new labels. Asearly
as the 1970s, wearable computers for self-tracking were used
asformsof personal surveillance[25]. In 2001, asmall number
of media practitioners began to use newly available digital
technology to track their daily life for designing web 1.0
interfaces[26]. According to Lupton [1], self-tracking “involves
practices in which people knowingly and purposively collect
information about themselves, which they then review and
consider applying in their lives.”

Asfurther pointed out by Lupton[1], in addition to self-tracking,
there are severa other terms—such as lifelogging, personal
informatics, and the quantified self—used to describe the
practices by which people may seek to monitor their everyday
life. Lifelogging can be viewed as the practice of recording
information about one's life using digital tools. Personal
informatics is a term used mostly in the academic
human-computer interaction community [1]. The concept of
the “quantified self,” originally coined by Wolf and Kelly in
2007, refers to “self-knowledge through numbers’ [1]. They
used quantitative data as a means or an embodiment of
monitoring the elements of everyday life. The term can be
further viewed as a collaboration between users and toolmakers
[27], a cultural phenomenon involving technology [8], and an
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outcome of self-tracking [28]. In fact, the original intention of
Wolf and Kelly was to use the term “the quantified self” to
describe this digital self-tracking phenomenon [1].

Health and Well-being

According to the World Health Organization, health isexplicitly
linked with well-being, which is“a state of complete physical,
mental, and socia well-being and not merely the absence of
disease or infirmity” [29]. With the development and diffusion
of wearable, wireless communication, and cloud computing
technologies, self-tracking devices can not only provide data,
but a so refinethem into key performanceindicators and produce
visualizations of these data. People use sef-tracking
technologies to self-collect personal data including biological,
physical, behavioral, or environmental information [30,31].
Moreover, according to Lupton (2016), the domain of
self-tracking today also includes relationships and work
productivity. In the scope of self-tracking or the quantified self,
health and well-being are the main tracking domains. People
who knowingly and purposively track their health and
well-being information (such as heart rate, sleep, physical
activity, calories, clinical symptoms, stress, and recovery) to
review and modify their lives widely use self-tracking devices.

Related Works

Self-tracking and the quantified self have been examined in
various disciplines and from various theoretical and
methodological premises. For example, the computer science
research field has examined wearable augmented reality systems
based on walking locomotion analysis [32] and developed
algorithms for monitoring sleep [33]. The relevant literature
also indicates certain design considerations, such as presenting
negative data in a way that does not demotivate users [34].

Table 1. Research questions.

Feng et d

Communication research has discussed topics such as
self-tracking as a communicative phenomenon with socia
media, the self, and social networks of peers[35]. Furthermore,
sociological studies have discussed ways of attributing meaning
to data-gathering practices in terms of the quantified self [36].
Prior literature also includes research focusing on the societal
and ethical concernsregarding self-tracking [37], including the
value of personalized health care. In medicine, prior studies
have explored the clinical experience of self-tracking
technologiesin the context of chronic diseases [38,39] and use
of self-tracking devices in rehabilitation [40,41]. Finally,
research on information systems has examined themes such as
user acceptance of self-tracking, user motivation, and goal
attainment related to self-tracking and the quantified self
[42-44].

To keep the scope of the study manageable, we deliberately
focused on self-tracking and the quantified self, executed via
devices, apps, and platforms, and excluded digital diaries and
video recordings to focus solely on the role of self-tracking in
health and well-being. Moreover, we focused on empirical
research where the primary research subjects are humans. Thus,
purely technical papers and articles focusing on products,
services, and markets were excluded.

Methods

Research Questions

The purpose of the SLR is to determine the current state of
research on self-tracking and the quantified self in the domain
of health and well-being. To this end, we address 6 specific
research questions (RQs) that are presented in Table 1.

Number Research question

RQ12 How has the volume of publications on self-tracking and the quantified self in the domain of health and well-being evolved?
RQ2 What are the most important publication channels?

RQ3 What research methods have been used?

RQ4 What theoretical backgrounds and variables have been employed?

RQ5 What recurring research themes can be identified from the literature?

RQ6 What future research directions can be synthesized from the literature?

3RQ: research question.

Resear ch Design

SLRs have been devel oped as a specific method for identifying
and synthesizing research findings [45]. They are considered
particularly useful to disseminate the key findings of large and
complex bodies of research. SLRs employ a transparent and
rigorous approach (review protocol) to identify and synthesize
all available research findings of sufficient quality concerning
aspecific research question or subject [46]. According to Victor
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[47], an SLR differs from atraditional literature review owing
to its specific emphasis on the following features: (1)
comprehensive coverage of the literature as far as possible; (2)
paying careful attention to the quality of theincluded evidence;
(3) taking a clear, systematic approach to data synthesis, and
(4) generally following transparent and rigorous processes. In
this research, we followed a well-established 8-step review
protocol [48]. Figure 1 summarizes the review process.
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Figurel. Review process.
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1. Purpose of the literature review

2. Protocol and training

Planning the review

/

4. Practical screening
5. Quality assessment
6. Data extraction

7. Synthesis of studies
-

3. Searching for the literature

N

Conducting the review

8. Writing the review

Reporting the review

Database and Search Syntax

Articles were obtained from five academic databases: Scopus,
Web of Science, PubMed, Taylor & Francis, and the Association
for Information SystemseL ibrary. The search strategy included
keywords such as “self-track*,” “self track*,” “ quantified self,’
“quantified-self,” “self quantif*,” and “self-quantif*.” We
limited the search to journal and conference papers published
in English. After conducting the literature search in the 5

Textbox 1. Inclusion and exclusion criteria.

databases, we eliminated duplicates. The details of the search
strategy are shown in Multimedia Appendix 1.

Inclusion and Exclusion Criteria

Two authors (SF and MM) conducted the inclusion/exclusion
procedure, prepared notes, and exchanged information
throughout the process. Citation chaining was conducted to
further reinforce the comprehensiveness of the article search.
Textbox 1 presents the inclusion and exclusion criteria.

Inclusion criteria (1C)

IC1: Studies with the main topic (title/abstract/keywords) containing self-tracking or the quantified self

|C2: Studies published in a peer-reviewed journal or scientific conference

IC3: Studies published in English

|C4: Studies with title/lkeywords/abstract-based screening

IC5: Studies with full-text—based screening

|C6: Studies with humans as primary empirical research subjects
IC7: Studies based on citation chaining

Exclusion criteria (EC)

EC1: Studies with matching title and digital object identifiers

EC2: Studies whose main topic is not self-tracking or the quantified self (digitized self-tracking and self-quantification via mobile devices, apps, and

platforms; ignore diary and video recordings)

EC3: Studies where the purpose of the paper is not improving health and well-being
EC4: Studies that are not empirical studies (literature reviews, conceptual papers, technical papers, or editorials)

EC5: Studies in which the primary empirical subjects are not human, such as products, services, or markets

EC6: Studies based on quality assessment

https://www.jmir.org/2021/9/e25171

RenderX

JMed Internet Res 2021 | vol. 23 | iss. 9| €25171 | p.123
(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH

Quality Assessment

Quality assessment is a step in the SLR process conducted to
ensure that the results of the review are suitable and impartial
by identifying the articles that are not of sufficient quality to be
included in the sample pool in an objective and replicable
manner [48]. The quality assessment protocol incorporates the
research method, structuring, implications (contributions or
implications), and limitations, and ranking of the publication
channel. The maximum total score from the assessment was

Table 2. Quality assessment criteria.

Feng et d

8.5. The criteria for quality assessment are presented in Table
2. To further ensure the high quality of the articlesincluded in
the review, we followed the approach proposed by Idri et a
[49] and Beheraet al [50] and set 50% of the maximum quality
score asthe threshold for a paper to be included in the in-depth
review. Hence, 17 articlesthat received atotal score of lessthan
half of the maximum score (ie, 4.25) were omitted from the
review. The quality score of each article can be found in
Multimedia Appendix 2.

Criterion Description References

QA12 The empirical study adopts a qualitative, quantitative, or mixed method approach. The possible answersare [50]
mixed method (+2), and quantitative or qualitative research (+1).

QA2 The study isafully structured article divided into four basic sections: introduction, methods, results, and [51]
discussion. The answers are Yes (+1) and No (+0).

QA3 The study unequivocally describes the research process in sufficient detail. A quantitative study showsthe [17]
guestionnaire items, a qualitative one the coding and categorization process, and an experimenta one the
details of the experiment. The answers are Yes (+2), Partially (+1), and No (+0).

QA4 The study clearly documents the research implications (contributions or implications) and limitations. The  [50]
answers are Yes (+2), Partialy (+1), and No (+0).

QA5 The study was published in areliable and recognized publication journal. [49,52]

Based on Journa Citation Reports (JCR: an annual publication that provides information about academic
journals with impact factor data): journal in the top 25% (Q1 +1.5), in the 25%-50% group (Q2 +1), in the
50%—-100% group (Q3 or Q4 +0.5), and no JCR ranking (+0).

Conference ranking based on CORE (conference ranking portal): CORE A* or A (+1.5), CORE B (+1),

CORE C (+0.5), and no CORE ranking (+0).

8QA: quality assessment.

Pool of ArticlesIncluded in the Review

Finally, 67 articles were selected as the final sample, of which
42 were journa articles and 25 articles were published in

https://www.jmir.org/2021/9/e25171
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conference proceedings. Figure 2 presents the pool of articles
in each stage of the inclusion and exclusion procedure.
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Figure 2. Inclusion and exclusion procedure. AlS: Association for Information Systems; IC: inclusion criterion; EC: exclusion criterion; WoS: Web

of Science.

Results

(" Literature linear search (IC1+1C2+IC3): )
Results: Scopus: 1210, WoS: 545, PubMed: 120, Taylor &
Francis: 19, AIS eLibrary: 30

\_In total: 1924 . Y,

/Delete duplicate papers (EC1): ( A
Results: Scopus: 1210, WoS: 143, PubMed: 20, Taylor & || 544 excluded (511 duplicates, 32
Francis: 1, AIS eLibrary: 6 book chapters, 1 editorial)

\In total: 1380 . J U )

/" Choose relevant papers based on title/keywords/abstract N N
(IC4+IC6+EC2+EC3+EC4+ECS):

Results: Scopus: 245, WoS:24, PubMed: 4, Taylor & —* 1104 excluded
Francis:0, AIS eLibrary: 3

\_In total: 276 . RN J

[Chnose relevant papers based on full-text N [ N
(IC5+IC6+EC2+EC3+EC4+ECS):

Results: Scopus: 73, WoS:5, PubMed: 2, Taylor & Francis: 0, [ 193 excluded
AIS eLibrary: 3

\_In total: 83 . N J

rAdd papers in citation chaining (IC7): N ([ )
Results; Scopus: 7_3, WDS:S. PubMed: 2, Taylor & Francis: 0, |, | One article found in citation chaining
AIS eLibrary: 3 Citation:1

\_In total: 84 : J Y,

4 N ™
Quality assessment (EC6): ) 17 articles excluded based on quality
Results; Scopus: 59, WoS:4. PubMed: 0, Taylor & Francis: 0, | | assessment (quality score less than
AlIS eLibrary: 3 Citation:1 425)

\_In total: 67 7 Y,

- Y ~
Final sample pool: 67 papers in total
(Journal papers: 42, conference papers: 25)

. vy

published per year increased from 2013 until 2019. Table 3

RQs 1 and 2: Publications by Year and Channel
In the pool of articles included in the review, the first was

published in 2013. As shown in Figure 3, the number of papers
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presentsthe most popular publication channels. A considerable
proportion of the conference papers appeared in information
systems conferences, whereasthe journal articleswere published
mostly in outlets focusing on health.

JMed Internet Res 2021 | vol. 23 | iss. 9| €25171 | p.125
(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH

Figure 3. Articlesincluded in the review by year.
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Table 3. Most common publication channels (number of publications greater than 1).

Conference/journal

Number of papers, n (%) (N=67)

Conference
Conference on Human Factors in Computing Systems
Americas Conference on Information Systems
Pacific Asia Conference on Information Systems
International Conference on Information Systems
Other conferences
Total

Journal
Computersin Human Behavior
JMIR mHealth and uHealth
Journal of Medical Internet Research
Digital Health
Health Sociology Review
International Journal of Human-Computer Studies
Sociology of Health and IlIness
Telemedicine and e-Health
Other journals

Total

6 (8.96)
3(4.48)
2(2.99)
2(2.99)
12 (17.91)
25(37.31)

5 (7.46)
5 (7.46)
4 (5.97)
2(2.99)
2(2.99)
2(2.99)
2(2.99)
2(2.99)
18 (26.87)
42 (62.69)

RQ 3: Distribution of Articles by Study Method

We categorized the pool of studies based on the research
methods (see Figure 4). For this purpose, we examined how the
empirical data were collected. The 2 most commonly used
methodol ogies were mixed-methods research and interviews.
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RenderX

In the mixed-methods research category, combining surveys
with interviews was the most frequently used investigative
approach. Most of the experimental research was conducted in
a longitudinal fashion. Multimedia Appendices 3, 4, and 5
provide moreinformation about the reviewed studies, including
theories, methods, and focal constructs.
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Figure 4. Pooal of articles reviewed by research methods (total number of articles=67).
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RQ 4. Theoretical Backgrounds and Variables on
Sdf-tracking and the Quantified Self

In our pool of 67 studies, 39 articles explicitly stated the
theoretical foundation on which their studies were based. The
remaining articles typically discussed prior literature but did
not explicitly build on any theoretical foundation. Thisincludes
articles using the grounded theory methodology to build or
contribute to theory [38,53-55]. In the aforementioned 39
articles, 18 studies used theories to develop hypotheses and
research modelsto be tested with quantitative methods, whereas

https://www.jmir.org/2021/9/e25171
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“—Interview, 19

in 21 studies, the primary role of the theory was to support
qualitative research.

Among the 18 quantitative studies with explicitly stated
theoretical backgrounds, the most widely used theoretical lenses
were the technology acceptance model (TAM) and
self-determination theory. Understandably, these theoretical
backgrounds were common among studies focusing on
self-tracking behaviors, motivations, goal's, and use continuance.
Table 4 providesinformation about the theoretical backgrounds
and dependent variables of the studies where the theoretical
foundation was explicitly stated. Multimedia Appendices 3, 4,
and 5 provide more detail s about the reviewed articles [56-68].

JMed Internet Res 2021 | vol. 23 | iss. 9| €25171 | p.127
(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH Feng et a
Table 4. Theoretical backgrounds and dependent variables.
Dependent variable categories Theory/theories References
Self-tracking behavior/technology usage
Habitual web-based fithess community use Self-determination theory, technology acceptance model  [68]
Number of activities Socia cognitive theory [56]
Behavior (activity index + sleep index + food index) Health information technology acceptance model [57]
Behavior (compliance of self-tracking behavior) Health information technology acceptance model [58]
Behavioral intention to use (wearable devicesin the workplace) Self-determination theory, technology acceptance model  [59]
M otivation/goal to use self-tracking technologies
Classes of motivational designs (gamification, social networking, and ~ Self-determination theory, social comparison theory, goal-  [60]
self-quantification) setting theory
Self-tracking motivation fulfillment Gimpel five-factor framework of self-tracking motivations  [11]
Continuance intention of self-tracking
Continuance intention (of using smartwatches) Net valence framework [61]
Continuance intention (of using quantified-self technology) Motivational affordance theory, technology continuance [62]
theory
Continuance intention (of the quantified self) Trans-theoretical model, expectation-confirmationtheory  [63]
Cognitive dissonance when using self-tracking technologies
Awareness of two inconsistent cognitions, self-tracking usage, and ~ Cogpnitive dissonance theory [64-66]
cognitive dissonance
Self-disclosure of personal information
Self-disclosure (personal information in self-tracking apps) Stage-based model, five-factor model [28]
Dependency effect on wearing activity trackers
Dependency effect (on wearing activity trackers) Self-determination theory [10]
Health consciousness, physical and psychological well-being
Health consciousness, physical health, and psychological well-being  PERMA (positive emotion, engagement, relationships,  [67]
meaning, accomplishment) model
Sharing health-tracking records
Sharing health-tracking records Health belief model [27]

In addition to the dependent variables presented in Table 4, we
also investigated the independent, mediating, and moderating
variables employed in the reviewed studies. Multimedia
Appendices 3, 4, and 5 provide more details about the reviewed
studies. As depicted in Table 4, the most common dependent
variableswere self-tracking behavior and device usage, followed
by motivation and goa for using self-tracking technologies,
and continuance intention of self-tracking. Independent variables
in the reviewed studies were normally extracted from theories,
for example, perceived ease of use and usefulnesswere extracted
from TAM [57,59,68], 3 strategies for reducing cognitive
dissonance from the cognitive dissonance theory [64-66], 5
personality traits from the big-five personality domains [28],
and 5-factor motivation (self-entertainment, self-association,
self-design, self-discipline, and self-healing) from the Gimpel
five-factor framework of self-tracking motivations [11]. Some
studies combined theory with self-tracking practices and
classified independent variables into more specific categories;
for example, Chuah [61] divided perceived benefits into four
perspectives, including utilitarian, hedonic, social, and symbolic,
and divided perceived risks into privacy-related risks and

https://www.jmir.org/2021/9/e25171

physical risks. Suh [62] specifically subdivided motivation into
hedonic, utilitarian, and eudaemonic (refers to self-fulfillment
and self-improvement) motivations. In addition, Hamari [60]
specifically described three independent variables: goal focus
(outcome and process), goal orientation (proving, avoidance,
and mastery), and goal attributes (difficulty and specificity).

In addition to the aforementioned dependent variables, the
reviewed literature has covered various other variables. For
example, perceived empowerment and personalization had
mediating effects between self-tracking technology and advice
compliance[69]. Intrinsic motivation was identified amediator
between need for cognitive closure and the dependency effect
on self-tracking technologies [10]. When using smartwatches,
inspiration and well-being played a mediating role between the
perceived benefits and risks, and continuance intention [61].
Perceived threat, perceived usefulness, perceived ease of use
mediated consumers health statuses, beliefs and concerns,
subjective norms, and self-efficacy to attitude [57]. Finally,
prior research has also explored the moderating effects of
demographics such as gender, education, income[70], and BMI
[69].
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RQ 5: Themesin the Existing Literature

To structurethe literature analysis, we devel oped aclassification
scheme. To this end, we applied the concept matrix approach
presented by Webster and Watson [71]. A concept matrix
represents a logical method of defining a set of “concepts”
according to which the reviewed articles can be classified.

We first identified the focus of each reviewed article based on
its title, abstract, research question/objective, and results.
Thereafter, we classified the articles based on the subjects of
the empirical research. This led to the formation of three
stakeholder groups, namely end users, patients and peoplewith
illnesses, and health care professionals and caregivers. The
studies adopting the end-user perspective focused on
self-tracking related to personal health, well-being, fitness, or
sleep. The second, (ie, the patients' perspectives) focused on
self-tracking use usage cases related to treatment of illnesses.
The third, (ie, the health care professional and caregiver
perspectives) focused on treatment of illnesses and medical
conditions, but the primary users are the patients' doctors,
nurses, or family members. Consequently, we used the
perspectives of these stakeholder groups to establish a concept
matrix. Finaly, we classified the studies into 11 themes that
will be discussed in the foll owing section. Multimedia A ppendix
6 presents a summary of the reviewed studies based on their
foci and research theme matrices.

Stakeholder Group 1: End Users

(1) User Motivation and Goal Setting

With respect to the studies that adopted the end users
perspectives, user motivation constitutes an important stream
of research. Most of the research examined the motivation for
self-tracking usage [10-12,62,72]. In their research, Attig and
Franke[10] divided the motivation for tracking physical activity
into intrinsic and extrinsic motivations. The results revealed
that people with strong extrinsic motivation may be highly
dependent on the use of the tracking devices. Suh [62] classified
motivation into hedonic, utilitarian, and eudaemonic. Theresults
illustrated that unlike hedonic motivation, utilitarian and
eudaemonic motivations positively impact continuance intention
use of self-tracking technologies. Further, Pingo and Narayan
[12] suggested that users may experience gratification when
they can use tracking devices to control their health status. To
clarify the reason for the usage of tracking devices, Gimpel et
al [44] employed a survey to develop a five-factor framework
of self-tracking motivations. Thefactorswere self-entertainment,
self-association, self-design, self-discipline, and self-healing.
Gimpel et a [11] also illustrated that only the motivation for
self-entertainment increases the wearable self-tracking device
usage, which in turn influences the fulfillment of the
self-entertainment motivation. Baudier et al [59] aso
emphasized that self-entertainment and self-design have a
positive effect on the behaviora intention to use the health care
Internet of Thingsin the workplace.

In prior research, goal setting and motivation always appeared
at the same time. Gordon et al [13] found that users of weight
loss—tracking apps preferred to choose achieving goals astheir
motivation. Self-monitoring motivation and attitude toward
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weight lossgoals are vital for predicting goal achievement. For
fitness tracking apps and exercise encouragement apps,
Rockmann and Gewald [14], and Hamari et a [60] noted
individual differences and found that different motivational
affordances, such as self-quantification, gamification, and social
networking capabilities, help users achieve their goals.

(2) Usage and Effects of Self-tracking

The second cluster under the end users’ perspective focused on
the different uses of self-tracking and the outcomes of usage.
With respect to the different uses and use cases, prior research
has explored the use of self-tracking for physical activities
[8,9,35,57,58,73-77], deep [57,58,74,78], diet [57,58], fertility
[55], caloric intake [79], and alcohol-harm reduction [80].

Prior literature also provides classifications of users and
self-tracking tools. Makkonen et al [81] identified 4 distinct
consumer segments of self-tracking based on their technology
adoption patterns: pro-trackers, semitrackers, interested trackers,
and nontrackers. In the context of app usage for alcohol
consumption reduction, Milward et a [80] identified three types
of users: the trackers, cut-downers, and non-committers.
Spotswood et a [9] explored the role of self-tracking in
supporting healthy behavior and found three mechanisms for
teleoaffective shaping: labeling, rewarding, and materializing
effort. Lyall and Robards [82] identified three roles of
self-tracking devices for the user, namely as a tool, toy, and
tutor.

Moreover, previous research has explored the outcomes of
self-tracking. Shin and Biocca [63] noted that health
consciousnessis the most significant factor for staying healthy.
Stiglbauer, Weber, and Batinic [67] proved that wearing afitness
tracking device can make users more conscious regarding their
physical health but did not have a significant effect on their
mental health. Furthermore, according to Ravichandran [78],
sleep-tracking devices can help users better understand and
improve their overall sleep habits. Ronkko [74] proposed that
certain design features such as graphical feedback, information
sharing, and social communities in self-tracking devices may
be particularly important in contributing toward positive lifestyle
changes, with the most important factor being the presence of
personal long-term goals.

(3) Continuance I ntention and Long-term Usage

The third cluster of studies from the end users’ perspectives
focused on sustained usage of self-tracking and the quantified
self. For example, Chuah [61] found that the perceived benefits
(utilitarian, hedonic, social, and symbolic) indirectly affect
users’ continuanceintentions regarding smartwatch use through
inspiration and well-being. Shin and Biocca [63] investigated
the relative effects of hedonic and utilitarian motives as
determinants of confirmation, satisfaction, and continuance
intention regarding wearable devices. In contrast, Suh [62]
observed that hedonic motivation has a negative influence on
the continuance intention when using self-tracking devices, but
utilitarian and eudaemonic motivations have a positive effect.
As for web-based fitness community usage, Stragier et al [68]
proposed that self-regulatory and socia motives directly predict
sustai ned web-based fitness community usage. Rockmann et al
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[83] also theorized an emotional “carry-over effect” in activity
continuance decisions on activity tracking.

With respect to the long-term use of self-tracking and the
quantified self, Hardey [84] employed a mixed-methods
approach and found that visualization and along-term healthy
state motivate and support long-term tracking. In addition,
Meyer et a [85] built 5 use cases for personal health devices
that can be used as along- and short-term comparison list. The
five use cases are supporting health behavior, improved
self-understanding, identification of trends and relations,
decision-making, and data collection for future use.

(4) Management of Personal Data

The fourth cluster of studies from the end users' perspectives
emphasized managing personal data. This comprises two
subtopics. coping with personal dataand privacy concerns. Feng
et a [86] showed that people preferred to use health or fitness
apps as their personal health information management tools,
and the most popular app was Fithit. When reflecting on the
personal datastored on self-tracking devices, Maltsevaand Lutz
[28] proposed that individuals who habitually use self-tracking
apps and devices are more likely to self-disclose their personal
data. When self-tracking devices are to socia networks, the
proportion of lower-performing friends may positively influence
users physical activities [56]. Moreover, Yli-Kauhaluoma and
Pantzar [87] examined the gap between individual experiences
and sdlf-tracking data. They found that individuals always feel
upset and confused when comparing invisible or inaccurate
personal health data with their daily experiences and may
eventually refuseto use self-tracking devices. In another words,
individuals may experience an emotional reaction, which can
then stop changing their behavior [43].

Literature has also documented problems related to tracking,
managing, visualizing, and using personal data [88]. Privacy
issues are obviously a central concern related to sharing
self-tracking data. Chen et al [89] examined the sharing of health
data among college students. Their results implied that users
are generally willing to share personal health data for research
purposes, and the reasons for not sharing are related to privacy
concerns. Gui et a [53] pointed out that when fitness devices
are connected to social networks, users are encouraged to share
fitness data. However, the challenges of balancing awareness
and privacy issues were still prevalent. To solve this problem,
Zimmer [90] employed the communi cation privacy management
theory to better understand the privacy boundaries related to
personal fitness information and found that the advantages
outweigh the disadvantages.

(5) Rejection and Discontinuance

The fifth cluster of studies from the end users perspectives
relates to regjection and discontinuance. In their study of
experiences during the implementation of self-tracking
technology, Kari et a [42] found that the experience during the
initial phase of implementation will influence the decision on
adoption or rejection. Moreover, previous studies have found
that the abandonment of wearable fitness tracking devices can
be owing to aloss of motivation, low acceptance levelsfor such
devices, or inaccuracy and uselessness [91]. Harrison et al [92]
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cited tracking accuracy and device aesthetics as barriers to
activity tracking. Esmonde [93] identified the following 4
strategies of resistance used by people to datafication in fitness
tracking practices: excessive labeling of some forms of data
rather than tracking everything, choosing not to track every day,
acknowledging that they cannot be perfect and track without
interruption like amachine, and accepting that people’sfeelings
are more important than data.

(6) User Characteristics

The sixth subset of studies under the end users' perspectives
focused on user characteristics. McKinney et a [94] showed
that in self-tracking of food and activity levels, high health
literacy supports health goals, which comprises proper
understanding of arecord and how to use datato support ahealth
goal and the awareness of privacy and ownership. The digital
divide may a so influence the adoption of self-tracking and the
quantified self [95]. According to Régnier and Chauvel,
better-off individuals use self-tracking more than the socially
disadvantaged [95]. In addition, Baumgart conducted a series
of studies to investigate the interaction of self-tracking with
users’ cognitions, behaviors, and emotions [64-66].

Stakeholder Group 2: Patients and People With
[lInesses

(1) Usage Experience of Patients and People With
[lInesses

Intheclinical context, patients, and doctors need to track health
records for symptoms or contemporary sensor data. The
feasibility and acceptability of using tracking technology may
differ from that of healthy individuals. Beukenhorst et a [96]
focused on the feasibility and acceptability of smartwatchesin
patients with knee osteoarthritis; people expressed enthusiasm
for self-tracking of health data, but there were barriers to full
engagement, such aslimited battery lives, technical issues, and
unfulfilled expectations. Kim et al [54] conducted afood logger
applicability test on patients, and their results demonstrated a
high adherence rate. However, wrong and unreasonable usage
of weight loss apps may contribute to and exacerbate eating
disorders [97]. Self-tracking also demonstrated potential in
managing chronic diseases and rehabilitation. Goal-directed
self-tracking can help people be well prepared in all stages and
support chronic condition management [98]. Mishra et al [99]
researched how tracking apps and technol ogies helped patients
cope with Parkinson disease. Furthermore, Vogel et a [40]
provided evidence for the positive effects of self-tracking
technology on a patient’s cardiovascul ar system.

(2) Management of Patient-Generated Data

Patient-generated data for clinical purposes have also attracted
research attention. Ancker et a [39] examined personal data
tracking for people with multiple chronic conditions, revealing
that health-tracking data may come at an emotional cost, such
as depression and anxiety, which could ultimately lead to low
adoption levels for consumer health information technology.
Ivanov et al [27] provided insights into the influencing factors
for sharing hedth-tracking data. They found that health
motivation, the severity of the health problem or condition, and
age positively influenced patientsto share datawith professors.
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People who had a certain perceived health status preferred to
share data with an acquaintance.

(3) Advantages and Disadvantages of Self-trackingin
the Clinical Context

Literature contains specialized research on the advantages and
disadvantages of self-tracking in the clinical context. With the
development of tracking technology, the clinical context now
provides more agency, control, and information for patients,
which can help them establish arelationship with professionals
[100]. Piras and Miele [38] supported this idea, stating that
self-tracking mediates the patient—doctor relationship.

Asfor the disadvantages of self-tracking, collaborations between
patients and professionals involving persona data can easily
cause misunderstandings regarding the patient-generated data
usage, duration, and type of tracked data. There are al so patient
privacy issues to address [101]. In terms of special disorders,
such as Parkinson disease, Riggare et a [102] indicated that
sdlf-tracking gives people adeeper understanding of their motor
or nonmotor symptoms and contributes to decision-making
regarding their self-care. However, the tracking workload is
heavy. It is difficult to know what and how to track, and it is
also difficult toignoretherisks of obsessivetracking. Therefore,
it is necessary to find a proper balance between burdens and
benefits [102].

Stakeholder Group 3: Health Care Professionals and
Caregivers

(1) Collaboration Among Patients, Health Care
Professionals, and Caregivers

Self-tracking technology provides an easier way to collect
patients health information. Health care professionals are al'so
willing to accept self-tracking data to assess the health status
of patients[39]. Therefore, patient-provider collaborationswith
respect to patient-generated data became one of the research
topics for self-tracking usage in clinical setting. In a previous
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study, Chung et al [101] used a stage-based model of personal
informatics and the theory of boundary negotiating artifacts to
explain misunderstandings and privacy concerns in the
collaboration stage. Prior research has also demonstrated that
tracking apps and technologies helped patients cope with
Parkinson disease. Based on the tracking data, health care
partnerswho are friends and family members can significantly
help Parkinson patients adopt positive strategies [99].

(2) Changesin the Roles of Patients and Professionals

Tracking technology has aso shifted the roles of patients and
doctors. Owing to these technol ogical changes, patients become
health managers, and doctors are health organizers [103].
Schroeder et al [98] showed that goal -directed self-tracking can
help people in setting goals, preparing knowledge, and
contributing to the patient-doctor collaboration. Pirasand Miele
[38] supported this idea, stating that patients can negotiate a
satisfactory relationship with their health care providers when
using self-tracking. However, thereis still agap between users,
experts, and self-tracking technologies [78]. To gain a
professional view of self-tracking in clinical usage, prior
research has collected data from doctors, such as in the study
by Gabrielsand Moerenhout [ 103]. They conducted aninterview
study to explore how medical doctors evaluate self-tracking
methods and the changes after using those methods. Gabriels
and Moerenhout found that regarding self-care, it isimportant
to emphasize the contextua facets of self-tracking and the
involvement of the health care professionals [103].

RQ 6: Directionsfor Future Research I dentified From
theLiterature

Following our analysis of the themesin the extant literature on
self-tracking and the quantified self, we move on to describing
future research directions presented in the reviewed literature.
Based on the analyses and conclusions, we propose 2
perspectives with 5 main future research directions from the
reviewed literature: 2 from the perspective of research design,
and 3 from the perspective of research topics (see Table 5).
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Table 5. Directions for future research.
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Perspective Future research direction

Description

Research design

User modalities: regular users, intermittent
users, nonusers, and former users

Research design

Research topics I ssues related to data sharing and privacy

Research topics
tracking

Research topics Self-tracking in clinical use

Employment of longitudinal research designs

Psychological and behavioral aspects of self-

Investigate the influence variables corresponding to different usage
stages; changesin the evolution of anindividual’s acceptance level and
self-disclosure over time [28,59,91,99].

Nonuser group: nonusers and their goal orientations and perceptions
about the affordances [14,102]

Former users: comparative studieswith short-term and long-term users
toidentify barriers; people who effectively quit using web-based fitness
communities and wearables [53,68]

Intermittent users, nonusers, and former users [95]

Data sharing: active sharing and comparing of digital activity data;
employees’ attitudes about sharing data; browsing others' tracking data
and sharing one's own tracking data; means of sharing health-tracking
records [8,27,56,104]

Privacy and security: personal data privacy and security challenges;
privacy awareness; perceived risks around data privacy for employees
[27,59,105]

Dependent variables: willingness to make in-app purchases; personal
health information management; underlying motivations; decisions of
consumers to adopt a self - tracking technology [61,81,86]

Independent variables: intrinsic and extrinsic motivation, health literacy,
duration of self-tracking, number of devices, level of anaysis, and de-
mographic characteristics [10,43,55]

Moderator variables: individual characteristics and personality types
[60]

Health-tracking data and patient—doctor relationship: whether and how
the data are integrated into the patient—doctor relationship; pa-
tient—provider interactions with self-tracking data [101,103]

Patients' and doctors' attitudestoward self-tracking: exploring doctors’

communication needs and perspectives and patients' experiences
[99,103]

Resear ch Designs Suggested in the Literature

(1) Employment of Longitudinal Research Designs

Changing habits typically takes time, and changes in people's
health often occur over time. Moreover, in different stages of
usage, people may have different feelings or intentions, and
engagement with their health datamay change over time[106].
Prior research has extensively underscored the importance of
this evolution over time and that of longitudinal research
[28,59,91,99]. A longitudinal research design may also provide
a better understanding of the causalities by observing and
explaining changes over time[28,91]. Therefore, future studies
should pay close attention to the evol ution of the af orementioned
aspectsover time. A seriesof interesting topics were mentioned
in prior research. First, the evolution of consumers' acceptance
level could be used to discover users' attitudes and identify the
barriers for continued usage [59]. Second, in clinical settings,
changesin theroles of caregivers (friends and family members
who manage the patients diseases) in helping patients
self-tracking should beidentified vialongitudinal research [99].

(2) User Modalities: Regular Users, | ntermittent Users,
Nonusers, and Former Users

Asasecond research direction, prior research hasidentified the
need to shift focus from the mainstream users of self-tracking
toward an increased emphasis on the modalities of use, namely
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intermittent users, nonusers, or prior users of self-tracking
[14,53,68,95,102]. In extant literature, intermittent users
comprise those who use self-tracking and self-quantification
but not on aregular basis[95,99]. On the other hand, nonusers
are those who are reluctant to adopt self-tracking technologies
inall social milieus[95]. Former users are those who have used
self-tracking or self-quantification in the past but have quit
[68,95]. Focusing on the non-mainstream groupsto identify and
reduce the burden of self-tracking [102] as well as discovering
ways to attract new users [14] are topics worthy of future
research.

Resear ch Topics Suggested in the Literature

(1) I'ssues Related to Data Sharing and Privacy

Issues related to sharing data generated by self-tracking, data
privacy, and security have frequently been proposed as areas
for futureresearch [8,27,56,59,104,105]. Different experiences
and concerns may promote different attitudes toward sharing
personal data[104]. For example, Zhou et al [56] indicated that
sharing self-tracking data may enable social comparisons.
Furthermore, multiplatform and cross-platform data sharing has
become a common phenomenon, which has consequently
created challengesin terms of data privacy and security [27,105].
The tracking process of data collection, analysis, and storage
also raises ethical issues[59].
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(2) Psychological and Behavioral Aspects of
Sdf-tracking

Psychological and behavioral research encompasses themes
such as users behaviors, attitudes, intentions, acceptance of
technologies, and their respective motivations. The literature
on motivation for personal health information management can
provide new ideas to improve research design [86]. Existing
research shows that future research will benefit from exploring
the antecedents of the adoption decisions from a microlevel
perspective [81]. Moreover, as the freemium business model is
extremely popular among various web-based services and
softwarefirms[107,108], existing research highlightsthat future
research could examine consumers’ willingnessto makein-app
purchases in the context of self-tracking and the quantified self
[61].

In terms of independent variables, the subdivisions of intrinsic
and extrinsic motivations should be considered in the research
on usage[10]. In addition, the demographic characteristics, such
as the educational level, socioeconomic status, and cultural
background, could be examined as predictors of self-tracking
usage [55]. Hamari et a [60] recommend that individual
characteristics and personality types can be regarded as
moderating variables of goal setting and the perception of
motivational design.

(3) Self-tracking in Clinical Use

With respect to the clinical apps of self-tracking, prior research
has highlighted 2 specific areas for future research. The first
direction involves health-tracking data and the patient-doctor
relationship [38,100,101]. For example, future studies could
explore the patient-doctor interaction with self-tracking in
different clinical settings[101] and integrate the health-tracking
data in the patient-doctor relationship [103]. Second, patients
and doctors’ attitudes toward self-tracking also play important
roles in clinical research. Patient usage experiments and the
feasibility and acceptability of self-tracking should be
investigated in the future [103]. As pointed out by Mishra et al
[99], sdlf-tracking can help patients communicate with
clinicians. Thus, understanding clinicians' communication needs
and attitudes toward self-tracking represents another viable
future research area.

Discussion

Key Findings

The purpose of this study was to identify the state of the art in
self-tracking and the quantified self in health and well-being.
To this end, we conducted an SLR of 67 articles, comprising
42 journal articlesand 25 conference papers. We have presented
the development of the number of publications over time. We
alsoidentified the key academic outlets that published research
on self-tracking and the quantified self, and the most prevalent
research methods and theoretical foundations.

Our results demonstrate that the outputs provided by
self-tracking can be used by various stakeholders. By classifying
the stakeholders into end users, patients and people with
illnesses, and health care professionals and caregivers, and
investigating the focal themes of prior research across these 3
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groups, our review provides astructured view of the extant body
of knowledge. Moreover, we have classified the future research
directions provided in the reviewed studiesinto two categories:
suggestions focusing on research designs and suggestions
focusing on research topics. Against thisbackdrop, we highlight
three main findings related to the research subjects, research
designs, and the role of theory stemming from the reviewed
literature.

First, with respect to the stakeholders being considered as the
research subjects, our results demonstrate that of the 67 studies
that qualified for the review, the majority (54) focused on end
users who use self-tracking to obtain feedback on their sport
and fitness activities, daily activity levels, and sleep. Although
self-tracking technologies are increasingly invading various
clinical settings, we claim that adopting a multi-stakeholder
perspective to a greater extent could be a beneficial avenue to
advance research in this area.

Second, with respect to research design, considering that in
many use cases reaping the potential benefits of the self-tracking
requires sustained engagement in the process and use of these
technologies, it is not surprising that self-tracking continuance
is a key focal area of the reviewed literature. The temporal
perspective has also been incorporated in the research design
as 21 of the 67 reviewed studies feature longitudinal research.
This observation also echoes the notion that employment of
longitudinal research methods is one of the key future research
directions suggested in the reviewed literature.

Third, with respect to the role of theory, 28 out of the 67
reviewed studies did not explicate or build on any theoretical
foundation. In light of this observation, there is still scope for
more theory-oriented research to reinforce the theoretical and
conceptual foundations and enrich the knowledge base on
self-tracking and the quantified self.

Limitations

Theresults and implications of this review should be evaluated
in the light of its limitations. There are 2 main limitations to
this review that must be acknowledged. First, the scope of the
review is limited by the keywords used in the article search.
We specifically employed only “self-tracking” and “ quantified
self” as the search terms. Consequently, superordinate and
subordinate words were not included in the literature search.
Second, to keep the scope of the review manageable, we focused
solely on empirical articles. Therefore, future research could
cover nonempirical research and the superordinate and
subordinate keywords of self-tracking and the quantified self.

Future Research Directions

By presenting and summarizing the key studies in the existing
body of literaturein a systematic fashion, thisreview will assist
future research activities and thus accelerate the devel opment
of the relevant research areas. To this end, our review has
outlined the theories and methods used in the extant literature.
Moreover, we constructed a research theme matrix from three
stakeholders' perspectives and identified 5 main future research
directions provided in the reviewed literature. Beyond these
contributions to research and practice, we delineate 4 primary
future research directions based on our observations and

JMed Internet Res 2021 | vol. 23 | iss. 9| €25171 | p.133
(page number not for citation purposes)


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

JOURNAL OF MEDICAL INTERNET RESEARCH

reflections of the current review and provide our views on the
shortcomings and limitations of the extant literature that future
studies could address.

First, surprisingly few studies in our review have focused on
investigating how people perceive and interpret theinformation
produced by tracking devices [9,13,56,83]. Although studies
have examined the behavioral outcomes of self-tracking, the
human information processing aspects seem to have received
less attention. There are two groups of factors that largely
determine how users perceive information from self-tracking,
namely their cognitive processes and the information along with
the way the information is being provided to the users. Thus,
we suggest that future research should determine how people
make sense of the information produced by self-tracking to
ensure that this information fits the cognitive style and
knowledge structure of the users.

Second, our review revealed a significant paucity of empirical
research examining the potentially adverse psychological
consequences of self-tracking. Thisis notable considering that
there is a waell-established body of literature discussing
self-tracking and the quantified self from a critical standpoint
[109] and a stream of literature scrutinizing the so-called dark
side of information technology (IT) [110,111]. Prior research
inthisarea has classified the dark side of I T into five categories:
| T-usage-rel ated stress, work overload, interruptions, addiction,
and misuse[112]. It isplausible to assume that these phenomena
may also occur in relation to self-tracking and self-quantification
devices. Thus, future research could, for example, examine
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whether the use of self-tracking and quantified-self technologies
may induce health-related obsessive-compulsive thoughts and
behaviors, particularly over time. Moreover, future research
could examinetherole of technology addiction in the continued
use of self-tracking technologies.

Third, pertaining to the level of analysis, most of the reviewed
studies have examined self-tracking and the quantified self
essentially asindividual-level phenomena. However, as argued
by Lupton [113] and Sharon [37], the rise of self-tracking and
the emergence of a market for health-related products and
services can be related to a societal shift toward neoliberal
thinking. Neoliberalism is generally associated with policies of
economic liberalization. Lupton claims that individuals who
use self-tracking technology “have readily adopted the subject
of the responsible, entrepreneuria citizen asit is privileged in
neoliberal governmentality in seeking to take action to achieve
healthy and fit embodiments and engaging in self-governance”
[113]. Therefore, the individual is increasingly emphasized in
the societal discourse. Against this backdrop, future studies
could investigate the group- and community-level implications
of self-tracking and quantified self.

Fourth, related to the stakeholder perspective adopted in this
study, self-tracking hasthe potential to reinforce people's sense
of agency in terms of understanding their health. Thisin turn
can dter the roles of various actors and the power balance
among these actors in the health care system. Hence, future
studies could focus on the systemic effects of self-tracking from
asocietal perspective.
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Abstract

Background: Glaucoma leads to irreversible blindness. Globally, it is the second most common retinal disease that leads to
blindness, dightly less common than cataracts. Therefore, there is a great need to avoid the silent growth of this disease using
recently devel oped generative adversarial networks (GANS).

Objective: Thispaper aimsto introduce a GAN technology for the diagnosis of eye disorders, particularly glaucoma. This paper
illustrates deep adversarial learning as a potentia diagnostic tool and the challenges involved in its implementation. This study
describes and analyzes many of the pitfalls and problems that researchers will need to overcome to implement this kind of
technol ogy.

Methods: To organize this review comprehensively, articles and reviews were collected using the following keywords:
(“Glaucoma,” “optic disc,” “blood vessels’) and (“receptive field,” “loss function,” “GAN,” “Generative Adversarial Network,”
“Deep learning,” “CNN,” “convolutional neural network” OR encoder). The records were identified from 5 highly reputed
databases: IEEE Xplore, Web of Science, Scopus, ScienceDirect, and PubMed. These libraries broadly cover the technical and
medical literature. Publications within the last 5 years, specifically 2015-2020, were included because the target GAN technique
was invented only in 2014 and the publishing date of the collected papers was not earlier than 2016. Duplicate records were
removed, and irrelevant titles and abstracts were excluded. In addition, we excluded papersthat used optical coherencetomography
and visual field images, except for those with 2D images. A large-scale systematic analysis was performed, and then asummarized
taxonomy was generated. Furthermore, the results of the collected articles were summarized and a visual representation of the
results was presented on a T-shaped matrix diagram. This study was conducted between March 2020 and November 2020.

Results:  We found 59 articles after conducting a comprehensive survey of the literature. Among the 59 articles, 30 present
actual attempts to synthesize images and provide accurate segmentation/classification using single/multiple landmarks or share
certain experiences. The other 29 articles discuss the recent advancesin GANSs, do practical experiments, and contain analytical
studies of retinal disease.

Conclusions: Recent deep |earning techniques, namely GANS, have shown encouraging performancein retinal disease detection.
Although this methodology involves an extensive computing budget and optimization process, it saturates the greedy nature of
deep learning techniques by synthesizing images and solves major medical issues. This paper contributes to this research field
by offering a thorough analysis of existing works, highlighting current limitations, and suggesting alternatives to support other
researchers and participants in further improving and strengthening future work. Finally, new directions for this research have
been identified.
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Introduction

Medical and Statistical Overview

Blindness and visual impairments often result from cataracts,
age-related macular degeneration, and glaucoma [1,2].
Glaucomaisaneurodegenerative disease that damagesthe optic
nerve and causes visual field loss[3]. Asit isan asymptomatic
disease, it is known as the silent thief of sight [4], and patients
are unaware of the infection until their vision is irreversibly
impaired. Among affected individuals, 50% are ignorant of the
disorder [5-7]. Early phases of glaucoma have no symptoms or
visual field changes [8]. As the disease progresses, a slow
narrowing of the visual field can occur. If left untreated,
glaucoma may contribute to total blindness [9]. Loss of vision
usually begins on the eye’s side and then approachesthe middle.

Statistically, glaucoma affects millions of people globally, with
more than 64 million cases recorded in 2013, and other studies
have estimated that 76 million people will be affected by 2020
and 111.5 million by 2040 [9,10]. Glaucoma is the second

Figure 1. Fundusimage structure.
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leading cause of blindness worldwide, preceded by cataracts
[11], and it impacts 4.5 million individuals [9,12], more than
10% of the gross population [10]. Owing to the asymptotic
function of glaucoma, approximately 70% of individuals with
glaucoma are unaware of the illness's existence [13,14] in the
early stage. Thus, we need to provide an early detection and
evaluation method [15]. Once glaucoma is detected, a more
effective follow-up takes place as a cure can slow down the
transmission of the disease [8].

Cataracts may be reversed by surgery, while glaucoma causes
lifelong blindness. Elevated intraocular pressure (IOP) is the
most common cause of glaucoma. Thetonometer measures | OP.
However, IOP isnot always an accurate and adequate indicator
of glaucoma, because glaucoma does not always cause arisein
IOP [16] but rather a deterioration of the optic nerve head
(ONH). Visua information flowsthrough the ONH to the brain.
The ONH consists of a bright spherical area called the optic
disc (OD) and awider circle-like areacalled the optic cup (OC).
Figure 1 shows these structuresin ocular images.

Optic nerve

Optic disk

Peripheral Retina

ONH assessment isawidely used glaucoma screening tool that

utilizes differentia division to distinguish between glaucomatous

and normal images[17]. Manual cal culations of ONH geometric
structures, such asthe cup-to-disc ratio (CDR); inferior, superior,
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nasal, and temporal (ISNT) rule; disc diameter; and rim area,
arerecommended as diagnostic featuresfor glaucoma screening
[18-20]. Among them, the CDR isareliable therapeutic feature
for early glaucoma screening and diagnosis [21,22]. Each of
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the derived CDR parameters (diameter or ared) is the ratio
between the OC and the OD. CDR values rise when the illness
progresses and become higher than approximately 0.6-0.7 when
the patient has a stronger chance of devel oping glaucoma[23].
Based on an earlier study [24], aCDR of at least 0.65 is deemed
glaucomatous in clinical practice. The CDR score tracks the
development of glaucoma over time, effectively screening the
condition early [25]. Currently, to check for retinal diseases,
specialiststend to manually extract the blood vessel (BV), OD,
or OC from retinal images. Accurate segmentation of theretinal
structure is very important during the diagnostic process.
However, doing this process manually is very labor intensive,
time consuming, and risky in terms of human mistakes.
Furthermore, the analysis results may lack objectivity, as
different experts may produce different results. Therefore, it is
important to automate retinal image segmentation/classification
while minimizing expert interference.

Resear ch Background

The development of medical imaging technology has helped to
accel erate the detection of diseases. Additionally, several studies
have been conducted using image processing techniques to
automatically process medical images without the intervention
of experts [26]. Several studies [22,27,28] have examined
vascular tracking and OD and OC segmentation using
fundoscopic images. The main segmentation techniques depend
on visual features such as color and contrast thresholding, region
segmentation, and boundary recognition. Such methods use a
learned classifier to classify pixels as foreground pixels (eg,
OD, OC, or BV) or as background pixels (regions out of the
area of interest) [29,30]. However, most of these methods are
based on hand-crafted features (eg, texture, red green blue
[RGB] color, gradient and Gabor filter), which are susceptible
to low image contrast, pathological regions, and have alack of
deep feature extraction.

In recent years, automatic learning has been significantly
improved with the assistance of machine learning (ML)
techniques [31]. According to several studies[32,33], ML and
deep learning (DL) agorithms have evolved to the point that
they can compete with and sometimes even outperform humans
on certain tasks, such as object detection [34] and image
classification on ImageNet [35]. Currently, deep learning
methods (DLMs) are an active research field because they can
automatically generate and learn extremely complex features
from input data. In particular, DLMs with deeper and
complicated perceptron layers [eg, convolutional neural
networks (CNNs)] have shown better performance in object
detection than other methods [ 33]. Researchers have attempted
to use various types of architectures, such as GooglL eNet [36],
AlexNet [33], and DenseNet [37], for glaucomadiagnosiswith
theintroduction of deep neural networks. Such research mainly
focuses on 2 aspects. using DL for complex and deep feature
extraction and utilizing medical features and spatial domain
knowledge in the detection process. However, the use of deep
fully connected networksis susceptible to imbalanced learning
problems such as high false-negative or false-positive rates,
leading to more fake or skinny branches than those of the ground
truth [38,39]. In other words, retinal BV segmentation still has

https://www.jmir.org/2021/9/e27414

Saeed et al

issues such as fal se pathol ogical information segmentation and
low microvascular segmentation [40].

For addressing complex learning issues, deep architectures often
have advantages over shallow architectures; for example, deep
CNNs have demonstrated significant efficiency improvements
over conventional vision-based models[41]. A fully connected
convolutional network has been used to address insufficient
public data. Such methods, however, create very fuzzy vessels
with false positives along with tiny and weak roots. This error
primarily occurs because the CNNs used in current methods
depend solely on pixel-level objective feature to equate the
standard image to the image created by the model and are
incapable of adapting actively to the fundusimage of the natural
vascular structure[42]. Empirical studies have proven that deep
CNNscanlearn invariant representations and attain human-level
success if sufficient training data are provided. However, one
of the leading shortfalls of DLMs is the lack of available data.
Medical dataannotation often requires specific domain experts.
This shortage leads to the need for CNN training approaches
with a limited number of annotated data. However, this can
easily lead to underfitting, and as a result, high error rates on
both training and testing data are recorded. Lahiri et al [43]
demonstrated the effectiveness of using generative adversarial
networks (GANS) [44] to perform some discriminative task with
only 0.8%-1.6% of the amount of annotation data used by other
methods.

GANSsbelong to the family of unsupervised learning algorithms
that have proven their merits in generating synthetic images
close to real images and solving image-to-image trandation
problems in the natural domain [45,46]. GANSs have gradually
shown their extraordinary ability and have started to shine
brilliantly in various application fields [45,47,48]. Inspired by
the prevailing learning capability of GANs, Wu et al [49]
proposed the generative adversarial network with U-net, referred
as (U-GAN), which includes an attention gate model in the
generator and a densely connected convolutional network to
segment the BV sautomatically. Lahiri et al [50] proposed deep
convolutional GANs (DCGANS) for retina segmentation to
segment the region of interest (ROI) from a given image. In
addition to segmentation tasks, the synthesis of retinal images
isalarge part of the literature. Haoqi and Ogawara[51] trained
a GAN model to learn the mappings of vessels from retinal
images to segmented images for training a model to generate a
synthesized image close to a given real image.

To date, several review articles summarizing the technology of
DL in ophthamology have been published [20,52-55].
Nevertheless, none of them have particularly focused on the
emerging breakthrough GAN techniques using fundus
photographs. Moreover, despite the rapid development of
telecommunication technology, only a few study groups have
examined the possibility of integrating artificial intelligence
(A1) technologies with teleophthalmology [56]. To the best of
our knowledge, no researchers have adopted telescreening for
glaucomausing DL techniques, particularly the GAN.

Shedding light on the importance of telecommunication
technology in DL techniquesisacurrent and very urgent need.
Alongside the emergence of newer low-cost handheld devices,
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glaucoma screening will become more avail able, evento distant
and poor communities. In addition, maintaining social distance
is very important for mitigating the spread of the coronavirus
pandemic. This paper summarizes the work in the literature on
glaucoma diagnosis and highlights the challenges and gaps of
current studies to uncover the possibilities of filling these gaps
with the recommended suggestions. We aim to elucidate all
research efforts, such as the GAN architectures mentioned
earlier, that have been developed in response to the new and
disruptive technology, mapping the research landscape from
the literature onto a coherent taxonomy of the key features that
characterize such an emerging line of research. Findly, the
future work of this research will be proposed and described in
detail.

Figure2. GAN architecture. GAN: generative adversarial network.
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Mathematically, let G be parameterized by 6, which takes
random noise z as input and produces synthetic images G(z) as
output. The generated G(z) is mapped from a distribution G(z;
8) U py Additionally, the training data set x is sampled from
thereal data distribution py.,, and the objective function of the
generator network is used to train G to approximate py, Using
pg- By contrast, the discriminator (D) takes either the original
image x or G(z) asinput and indicates whether theinput isfrom
atrue data distribution (x) or a synthetic data distribution G(z)
by outputting aprobability of D(x) or D(G[Zz]). Thiscan be seen
in the followig equation, where pys(X) is the true data
distribution and p,(z) is the noise distribution.

]

However, the training mechanism of such a model is critical.
Unbalanced training between the G and D networks leads to
model collapse. This happens when D is trained much better
than G. In this case, D is able to easily discriminate between
the real and synthetic images generated by G and regject al its
outputs; thus, thelosslog{ 1 - D(G[z])} saturates, and G learns
nothing from the zero gradient. To avoid the model collapse
issue, the loss function of G should be trained to maximize
logD(G[z]) instead of minimizing log{ 1 — D(G[z])}. This can
avoid the saturation of the gradient and provides the same
gradient direction as that yielded by the old loss function.

https://www.jmir.org/2021/9/e27414
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Methods

Basic Theory of GANs

We start by reviewing the concept of GANs[44]. GANsconsist
of 2 separate neural networks, a generation network (G) and a
discriminator network (D), plus anoise vector (z) sampled from
aknown distribution (eg, aGaussian distribution), whichisused
to generate data points (fake samples; see Figure 2). A 2-player
min-max game inspires the basic idea of this technique. The
goal isto train the generator G to learn to capture the potential
distribution in the real data sample and generate a new sample
close to the read data to deceive the discriminator. The
discriminator D is a binary classifier that attempts to
discriminate whether theinput dataarereal or fake[44]. Towin
the game, both G and D need to continuously improve their
generation and discrimination capabilities, respectively. The
training process lasts until both G and D reach a convergence
point (Nash equilibrium), where G generates an output
distribution very close to the real data distribution [42,57,58].

True/

—p»  Discriminator D
False

B

A

Extension Models of GANs

The first GAN [44] was composed of fully connected layers.
Later, the DCGAN [59] introduced the use of fully CNNs to
increase training stability and improve efficiency. Since then,
many GAN models have followed this set up as the main
components of GAN architecture. Unlike the DCGAN, the
Wasserstein GAN (WGAN) [60] increases the permutation in
thefully connected layer. In thismodel, the Wasserstein distance
metric is used instead of the Jensen—-Shannon divergence to
measure the distance between the generated data distribution
and thereal datadistribution. Therefore, the problems of model
collapse and training instability were partially solved in this
model. Subsequently, animproved version of the WGAN called
the WGAN-GP (gradient penalty) [61] was proposed. The
WGAN-GP depends on gradient penalty replacement so that it
can solve slow training problems encountered by the WGAN.
Moreover, inspired by the WGAN, Mao et a [62] proposed the
least-squares GAN (LSGAN) to improve the quality of the
generated images. The main idea of the LSGAN isto useanew
loss function in the D network for smooth and unsaturated
gradients.

The original GAN randomly generated a date distribution that
is beyond our control, as the output depends on random noise.
Therefore, a conditional GAN (cGAN) was invented to add a
vector ¢ as a conditional input to the noise vector z so that the
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generator could generate the required data. Hence, the generator
output of the cGAN was defined by G(c,2).

Since the cGAN was proposed, many articles have used the
cGAN applications, for example, Pix2Pix [45], a cGAN-based
technique proposed by PatchGAN to map a set of images to
another imageusing N x N pixels. It classifieseach N x N path
of theimage and averages all the scores of patchesto obtain the
final scorefor theimage. Themain limitation of Pix2Pix isthat
it requires images x1 and y1 that are paired with each other in
the training stage. By contrast, CycleGAN [47], which is also
a cGAN-based technique, utilizes an image translation method
that does not need paired data, even though Pix2Pix till
outperforms CycleGAN's remarkable margin.

Another variation of the GAN combines a variational
autoencoder (VAE) and a GAN in a single model named
VAE-GAN [63]. The idea behind this technique is to exploit
the strength of both the GAN and VAE, as the GAN can
generate sharp images but misses some modes while the VAE
produces blurry images but with a large variety. Studies have
demonstrated that VAE-GAN images are better than those
produced by the VAE or GAN aone