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Abstract

Background: The decline of cognitive processing speed (CPS) is a common dysfunction in persons with multiple sclerosis
(MS). The Symbol Digit Modalities Test (SDMT) is widely used to formally quantify CPS. We implemented a variant of the
SDMT in MS sherpa, a smartphone app for persons with MS.

Objective: The aim of this study was to investigate the construct validity and test-retest reliability of the MS sherpa smartphone
variant of the SDMT (sSDMT).

Methods: We performed a validation study with 25 persons with relapsing-remitting MS and 79 healthy control (HC) subjects.
In the HC group, 21 subjects were matched to the persons with MS with regard to age, gender, and education and they followed
the same assessment schedule as the persons with MS (the “HC matched” group) and 58 subjects had a less intense assessment
schedule to determine reference values (the “HC normative” group). Intraclass correlation coefficients (ICCs) were determined
between the paper-and-pencil SDMT and its smartphone variant (sSDMT) on 2 occasions, 4 weeks apart. Other ICCs were
determined for test-retest reliability, which were derived from 10 smartphone tests per study participant, with 3 days in between
each test. Seven study participants with MS were interviewed regarding their experiences with the sSDMT.

Results: The SDMT scores were on average 12.06% higher than the sSDMT scores, with a standard deviation of 10.68%. An
ICC of 0.838 was found for the construct validity of the sSDMT in the combined analysis of persons with MS and HC subjects.
Average ICCs for test-retest reliability of the sSDMT for persons with MS, the HC matched group, and the HC normative group
were 0.874, 0.857, and 0.867, respectively. The practice effect was significant between the first and the second test of the persons
with MS and the HC matched group and trivial for all other test-retests. The interviewed study participants expressed a positive
attitude toward the sSDMT, but they also discussed the importance of adapting a smartphone cognition test in accordance with
the needs of the individual persons with MS.

Conclusions: The high correlation between sSDMT and the conventional SDMT scores indicates a very good construct validity.
Similarly, high correlations underpin a very good test-retest reliability of the sSDMT. We conclude that the sSDMT has the
potential to be used as a tool to monitor CPS in persons with MS, both in clinical studies and in clinical practice.

(JMIR Mhealth Uhealth 2020;8(10):e18160)   doi:10.2196/18160
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Introduction

Background
Multiple sclerosis (MS) is a chronic disease in which the body’s
immune system mistakenly attacks the isolating sheath (myelin)
that surrounds the nerve fibers in the central nervous system.
MS may affect the brain, the spinal cord, and the optic nerves,
and disrupt the information flow across the affected nerves.
This may cause a variety of symptoms, including loss of vision
(optic neuritis), muscle weakness, sensory symptoms, cognitive
dysfunction, altered coordination, and fatigue. For most persons
with MS, sudden relapses contribute to the unpredictability of
the disease, which makes it difficult to devise a treatment plan
specific to an individual patient.

The prevalence of cognitive dysfunction in persons with MS is
estimated to be between 40% and 70%, depending on the
research setting [1-4]. This can include dysfunction in
visuospatial processing, cognitive processing speed (CPS),
working memory, executive functioning, verbal and visual
learning, as well as episodic memory. CPS decline is among
the first cognitive signs and the most commonly observed
cognitive deficit in persons with MS. Importantly, CPS decline
has a significant impact on the quality of life [3,5]. CPS is
usually assessed by measuring the amount of information
processed in a unit of time or the time needed to process a given
amount of information.

The Paced Auditory Serial Addition Test (PASAT) [6] and the
Symbol Digit Modalities Test (SDMT) [7] are the most widely
used tests to formally quantify CPS in MS, and they focus on
auditory CPS and visuospatial CPS, respectively [8-10]. Both
are included in the Rao Brief Repeatable Battery of
Neuropsychological tests, amongst tests for learning and
executive function. Sometimes, the Brief Repeatable Battery
of Neuropsychological tests is administered by clinicians during
check-ups [2,11]. Both tests are part of the Minimal Assessment
of Cognitive Function [12]. Notably, the more compact Brief
International Cognitive Assessment for MS (BICAMS) test
battery prefers SDMT over PASAT [13]. The SDMT score has
a strong correlation with the Expanded Disability Status Scale
(EDSS) score [14]—a stronger correlation than the PASAT
scores [15,16]—as well as with abnormalities seen in magnetic
resonance images such as in brain lesion volume, cerebral
atrophy, diffusion tensor indices of normal appearing brain
tissue, and retinal nerve fiber layer thickness [17]. Although
both the PASAT and SDMT are highly sensitive in detecting
cognitive impairment, the SDMT has higher acceptability among
patients, is easier to administer, and has slightly higher
sensitivity than PASAT [13,15]. Moreover, findings suggest
that the SDMT more accurately reflects the qualitative nature
of self-reported cognitive impairment and should perhaps replace
the PASAT as part of the MS Functional Composite (MSFC)
[18]. Finally, the SDMT has been found to be relatively resistant
to practice effects and is therefore useful for serial testing and
screening [19].

Although the SDMT has been proven to be clinically relevant,
it is not regularly used in standard care. This is partly because
patients often do not complain about cognitive changes during
consultation with a health care professional. It is also because
of the time factor and administrative burden, despite the
relatively short duration of one assessment, that is, 90 seconds.
Paper-and-pencil variants of the SDMT have been existing for
quite some time [20,21], but digital variants have been
developed only in recent years for computers [18], tablets
[22,23], or smartphones [24,25]. It is believed that e-versions
will make it easier to monitor CPS. However, to our knowledge,
no scientific papers about the validity of the smartphone variants
of the SMDT have been published to date.

MS sherpa (Orikami Digital Health Products) is a smartphone
app intended to support the monitoring of persons with MS, in
order to give patients and their health care professionals
personalized insight into the presence and progress of
MS-related symptoms and signs. MS sherpa contains a
smartphone variant of the SDMT (sSDMT). This sSDMT works
as follows: a large black symbol present in the middle of the
screen has to be matched to the correct digit. Matching can be
done at the bottom of the screen. Once an answer is given, a
new symbol appears. The sSDMT score is the number of correct
answers in this 90-second test. A small stopwatch counting
down is shown above the numbers at the bottom of the screen.
The key is shown at the top of the screen. The same key is used
during 1 assessment, but it varies between assessments; the
symbols are randomly matched to digits in the key each time a
test is done. These symbols are different from those in the
original SDMT since these are protected by copyrights.

Note that contrary to the original SDMT, in sSDMT, one cannot
look ahead as to which symbol is to be matched next. However,
also in the original SDMT, skipping a symbol in the presented
sequence is not allowed. There are 2 other aspects in which the
sSDMT differs from the SDMT. First, in the original SDMT,
the first 26 items are selected from the first 6 symbols in the
key. In the sSDMT, symbols are selected from the full key
during the whole assessment. This was also the case in the first
version of other alternative versions of the SDMT [5]. Second,
instead of using the first 10 “practice” items that can be matched
with guidance in the original SDMT, it is possible to practice
the sSDMT by pressing the corresponding button on the
instruction screen. In a practice test, symbols are again randomly
matched to digits in the key, which is therefore different from
the key in the “real” sSDMT. The rationale for not matching
exactly the “practice” phase to the original SDMT was that
home monitoring can be done frequently and practicing before
every test should not be mandatory, from a usability perspective.

Objective
We aimed to study the construct validity and test-retest
reliability of the sSDMT that is implemented in MS sherpa as
an assessment for CPS and present our findings in this paper,
along with respondents’ experiences with the sSDMT. The
validation of the sSDMT was part of the MS Self study. The
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MS Self study was a validation study during which study
participants performed self-monitoring assessments during 4
weeks with a precursor of MS sherpa, which was called the
“Mijn Kwik” app and a Fitbit Charge 2 wearable. Besides
investigating the validity of the sSDMT, another research
objective of the MS Self study was to investigate first the
experiences with digital self-monitoring through smartphone
apps and activity trackers of persons with MS by interviewing
7 study participants with MS. Furthermore, the study aimed to
validate a smartphone variant of the 2-minute walking test
(s2MWT) and a smartphone walking balance test (sWBT). In
particular, we investigated if the outcomes of the smartphone
tests were in agreement with the outcomes of corresponding
clinical tests, namely, SDMT, the 2-minute walking test
(2MWT), and the Timed Up and Go test (TUG). The other
results from the interviews as well as a description of the
methodology have recently been published [26]. Separate
research papers on the s2MWT, the sWBT, and the Fitbit data
are in preparation. A poster with the preliminary results of the
MS Self study [27] can be found on the MS sherpa website [28].
This poster also contains an image of the sSDMT.

Methods

Study Design
This study was performed in 25 persons with relapsing-remitting
MS and 2 groups of healthy control (HC) subjects (n=79). The
HC subjects in the first control group (HC matched, n=21) were
matched to the persons with MS with regard to age, gender, and
education. Five education categories were defined: “secondary

general education,” “senior secondary general education and
preuniversity education,” “secondary vocational education,”
“higher professional education,” and “scientific education”. The
second control group (HC normative, n=58) was set up to
determine the normal distribution for the smartphone test results.

The inclusion criteria were as follows: (1) willing to participate
and capable of doing all the tasks mentioned in the protocol,
(2) able and willing to use own smartphone, which should be
an iPhone 5 or a newer Apple device, or a phone with an
Android operating system version 6 or higher, and (3) aged
between 20 years and 50 years. For persons with MS, the
following additional inclusion criteria were set: (1) diagnosis
of relapsing-remitting MS for more than one year and (2) having
an EDSS score between 1.5 and 6.5. A maximal EDSS score
of 6.5 is needed to perform the 2MWT. A minimal EDSS score
of 1.5 was chosen to find a difference in the 2MWT results for
persons with MS and HC subjects.

On the first and the last day of the study, persons with MS and
the HC matched group came to the premises of the Dutch
National MS Foundation (Nationaal MS Fonds [NMSF]) to
perform a paper-and-pencil SDMT, followed by a
simultaneously performed 2MWT and a s2MWT in the open
air. Later that day, and at most 24 hours later, they also
performed the sSDMT in their home environment. During the
4-week follow-up, these study participants performed the
s2MWT and sSDMT tests at home, once every 3 days, that is,
10 times in total. A schematic overview of the study design is
given in Figure 1. The EDSS was administered to every person
with MS by MH on the first day of the study.

Figure 1. Overview of the study design and assessment scheme. SDMT: Symbol Digit Modalities Test; 2MWT: 2-minute walking test.

The HC subjects in the HC normative group were instructed to
do the s2MWT and the sSDMT 3 times in total, with 1 week in
between the assessments. From these tests and from the 10 home
assessments of the other study participants, the test-retest
reliability of the sSDMT was determined. The combined test
results “SDMT-sSDMT” for the persons with MS and the HC
matched group were used to determine the construct validity of
the sSDMT. This combination will hereafter be referred to as
the validation assessment. Note that there are 2 validation

assessments per study participant: one in the beginning and one
at the end of the study.

Recruitment
The persons with MS and HC matched group were recruited
via the NMSF (Rotterdam, the Netherlands). The HC normative
group was recruited via the social network of the app
manufacturer.
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Ethical Approval and Informed Consent
This study was approved by the medical ethical committee
METC Brabant (Tilburg, the Netherlands) under protocol
number NL61291.028.17. All study participants agreed to the
privacy statement of the Mijn Kwik app prior to first use.
Persons with MS and the HC matched group signed an informed
consent letter on paper.

Data Collection
Data were collected between May 2017 and May 2018. The
ages of the HC subjects in the HC matched group were matched
as closely as possible to that of the persons with MS, which led
to at most 2 years difference for 86% (18/21) of the pairs.
Approximately 90% (19/21) of the pairs matched in gender. An
exact match in education category was obtained for 29% (6/21)
of the pairs.

Data Analysis
In the analyses performed in this study, the SDMT score on the
first day of the study was compared with the first sSDMT score
and the SDMT score on the last day of the study was compared
with the last sSDMT score. In the data cleaning process of the
sSDMT data, the home assessments in which the study
participants had a score below 20 were removed because these
were outliers. It was assumed that the users were distracted
during these tests. A score below 20 occurred in less than 1%
(3/423) of all the sSDMTs that were done.

Statistical Analysis
Following the study protocol, the significance level α was set
to 5%. Two-sided t tests were conducted to compare the SDMT
score with the sSDMT score. For the smartphone tests, the
median test score of each study participant was taken in the t
test analysis. Internal consistency was evaluated and quantified
using Cronbach α, in which an α value larger than .7 was
defined to be acceptable [29,30]. Test-retest reliability was
determined by calculating the intraclass correlation coefficient
(ICC) between measurements at different times. ICCs smaller
than 0.59 were considered to be “moderate,” ICCs between 0.60
and 0.79 were considered “good,” and ICCs above 0.80 were
considered “very good” [31,32]. The effect size Cohen d was
determined to investigate the practice effect. A Cohen d below
0.20 was seen as trivial [33].

To investigate the construct validity of the sSDMT, we
calculated the (1) ICC between the SDMT and the sSDMT and
the (2) Pearson correlation coefficient between the SDMT and
the sSDMT (the distributions were checked for normality by
applying Shapiro-Wilk tests).

For these statistical tests, we used the same acceptance criteria
as for the test-retest reliability: values smaller than 0.59 were
considered to be “moderate,” values between 0.60 and 0.79
were considered “good,” and values above 0.80 were considered
“very good.”

We calculated different ICCs for the construct validity and the
test-retest reliability, following the McGraw and Wong [34]
convention. Although the “model” selection (two-way mixed
effects) and the “type” selection (single rater/measurement) of
both ICCs are the same, the “definition” (consistency or absolute
agreement) is different [35]. ICCs of type “ICC(3,1)” were
calculated to compare the SDMT and the sSDMT. These ICCs
have definition “consistency,” since these 2 test scores were not
expected to exactly match. ICCs of type “ICC(A,1)” were
calculated to determine test-retest reliability. These ICCs have
definition “absolute agreement,” since the test scores per
individual were not expected to change within the 1-month
follow-up of the study.

We checked if the distributions of the number of correct answers
on the first sSDMT that was done for the 3 populations in this
study were normally distributed via Shapiro-Wilk tests and if
the 2 groups of the HC subjects had the same underlying
distribution via a 2-sample Kolmogorov-Smirnov test. Finally,
we did a two-sided t test to confirm the difference between
persons with MS and HC subjects.

Results

Participant Demographics
The mean, median, and standard deviation in the ages for the
various groups are listed in Table 1, as well as the gender, the
number of participants in each education category (for the HC
normative group, no education information was collected), and
the mean, median, and standard deviation in the EDSS score
(persons with MS).
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Table 1. Participant demographics.

HC normative, n=58HCb matched, n=21Persons with MSa, n=25Characteristics

Age (years)

34 (8)37 (8)40 (8)Mean (SD)

323643Median

Gender

29 (50)17 (81)23 (92)Female, n (%)

29 (50)4 (19)2 (8)Male, n (%)

Education

—c3 (14)1 (4)Secondary general education, n (%)

—3 (14)3 (12)Senior secondary general education and preuni-
versity education, n (%)

—3 (14)8 (32)Secondary vocational education, n (%)

—6 (29)9 (36)Higher professional education, n (%)

—6 (29)4 (16)Scientific education, n (%)

EDSSd score

N/AN/Ae3.1 (1.4)Mean (SD)

N/AN/A3.0Median

aMS: multiple sclerosis.
bHC: healthy control.
cNot available.
dEDSS: Expanded Disability Status Scale.
eN/A: not applicable.

Besides these 104 study participants, 2 more persons were
recruited, but 1 person with MS dropped out of the study
because she was experiencing a relapse and 1 HC dropped out
because she did not like wearing Fitbit.

Distinctions Between Persons with MS and HC
Subjects
Figure 2 shows the number of correct answers for the first
sSDMT in the persons with MS and in the 2 control groups.
The number of correct answers was normally distributed for all
3 groups as calculated by the Shapiro-Wilk tests (P=.49, P=.29,

and P=.37 for persons with MS, the HC matched group, and
the HC normative group, respectively). The 2 groups of HC
subjects have the same underlying distribution as confirmed
using a 2-sample Kolmogorov-Smirnov test
(Kolmogorov-Smirnov statistic=0.26, P=.20). Independent
2-sample t tests between persons with MS versus the HC
matched group and persons with MS versus the HC normative
group confirmed that the sSDMT can distinguish between
persons with MS and HC subjects at the group level (P=.02 and
P<.001, respectively).
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Figure 2. Distributions in the number of correct answers on the first test done with the sSDMT for the 3 groups in this study. The thin solid line shows
the distribution for persons with multiple sclerosis, the dotted line shows the distribution for the healthy control matched group, and the dashed line
shows the distribution for the healthy control normative group. The thick solid lines represent Gaussian fits to the distributions, of which the means
(SD) are shown in the legend. sSDMT: smartphone variant of Symbol Digit Modalities Test.

Construct Validity
Two variants of the conventional SDMT were used in the
validation assessments: the original paper version of the SDMT
[7] (abbreviated as “SDMT”) and a paper version of the sSDMT
(a variant of the SDMT, hereafter referred to as “vSDMT”).
Since the SDMT is copyright protected, the vSDMT was printed
in the study protocol. This was misinterpreted by some members
of the research team (PvO and MH) as an extra variant of the
SDMT to be investigated and was randomly assigned to more
than half of the study participants. Different variants could
therefore be used in the 2 validation assessments of a given
person. Contrary to the regular instructions for an SDMT, study
participants did not get 10 “practice” items to be matched with
guidance in this study neither for the vSDMT nor for the SDMT.
In total, 37 SDMTs and 55 vSDMTs were conducted. In this
section, we present the comparison between the SDMT and the
sSDMT (raw data in Multimedia Appendix 1). The raw data of
the validation assessments with vSDMTs are listed in
Multimedia Appendix 2.

The construct validity was determined from 37 validation
assessments with the SDMT. One of these assessments was the
first validation assessments of a dropout. The vSDMT score of

the first validation assessments of the other dropout is included
in the Multimedia Appendix 2. However, including these
assessments did not increase the total number of validation
assessments since 1 HC subject did 2 invalid SDMTs. This
person did not match the symbols with the digits in the order
of appearance on the sheet of paper, but instead started matching
all symbols of a specific kind first, both on the first and on the
last day of the study.

It was found that, on average, 6.62 less correct answers were
given on the sSDMT than on the SDMT (Figure 3). A
Shapiro-Wilk test on the distribution of the differences accepted
normality (P=.15). This allows us to determine the 95% CI, at
1.96*s around the mean difference, with SD=6.13 correct
answers, which is visualized in the Bland-Altman plot (Figure
4). In this plot, the difference between the 2 tests is shown as a
percentage of the mean of the 2 test outcomes on the vertical
axis, and the mean is shown on the horizontal axis. The number
of correct answers on the sSDMT is, on average, 12.06%
(6.62/54.80) lower than the number of correct answers on the
SDMT (P<.001). The 1.96*s above and below this average
results in a difference of 8.87% more and 33.00% less correct
answers on the sSDMT than on the SDMT, respectively.
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Figure 3. Distribution of the differences between the number of correct answers on the sSDMT and the SDMT. The dashed line represents a normal
distribution. sSDMT: smartphone variant of Symbol Digit Modalities Test; SDMT: Symbol Digit Modalities Test.

Figure 4. Bland-Altman plot of differences between the number of correct answers on the sSDMT and SDMT, expressed as percentages of the mean
value (∆/mean) versus the mean of the 2 measurements (raw data in Multimedia Appendix 1). The dashed line shows the mean percentage difference,
and the dotted lines show the 95% confidence interval. sSDMT: smartphone variant of Symbol Digit Modalities Test; SDMT: Symbol Digit Modalities
Test.

When investigating the agreement between the SDMT and the
sSDMT using a t test, as was planned in the study protocol, a
very small P value was obtained. A dependent t test for paired
samples yielded a test statistic of 6.49 (P<.001). Since this was
below the significance level of .05, we rejected the null
hypothesis of identical average scores. In Figure 5, the number
of correct answers on the sSDMT is plotted against the number

of correct answers on the SDMT. ICCs(3,1) were determined
for persons with MS and HC subjects separately and for the
combined dataset, which are shown in the top left corner of
Figure 5. The Pearson correlation coefficient and the formula
corresponding to the linear fit through the data are also shown
in the top left corner of Figure 5.
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Figure 5. Scatter plot showing the ICCs(3,1) and the correlation (Pearson r, upper left corner) between the number of correct answers on the SDMT
(horizontal axis, “x”) and the sSDMT (vertical axis, “y”). A linear fit through the data points is visualized as a black solid line, for which the formula
is also given in the upper left corner. ICC: intraclass correlation coefficient; sSDMT: smartphone variant of Symbol Digit Modalities Test; SDMT:
Symbol Digit Modalities Test.

For the persons with MS, we checked if the number of correct
answers on the first sSDMT was dependent on the screen size
of their smartphones or their operating systems. The resulting
distributions are respectively shown in the left and right panels
of Figure 6. We took the total number of pixels as an estimate
for screen size. The screens with less than 2 million pixels were
considered small, while those with 2 million pixels or more
were considered large. The number of correct answers was
normally distributed for all 4 categories as calculated by the

Shapiro-Wilk tests (P=.54, P=.48, P=.16, and P=.30 for a small
screen, large screen, iPhone operating system, or Android
operating system, respectively). Since we investigated the score
on the first sSDMT, we also included the test results of the
persons with MS who dropped out of the study. We cannot
confirm if this dropout did not experience difficulties with
perceptual motor abilities, but inclusion of this individual does
not significantly affect the results.
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Figure 6. A: Distribution of the number of correct answers on the first sSDMT of 13 persons with multiple sclerosis who used a smartphone with a
large screen size (dashed line) and 13 persons with multiple sclerosis who used a smartphone with a small screen size (dotted line). The thick solid lines
represent Gaussian fits to the distributions. B: Distribution of the number of correct answers on the first sSDMT of 11 persons with multiple sclerosis
who used a smartphone with an iPhone operating system (iOS) (dotted line) and 15 persons with multiple sclerosis who used a smartphone with an
Android operating system (dashed line). The thick solid lines represent Gaussian fits to the distributions. In both panels, the dot-dashed line represents
a Gaussian fit to the full distribution (both categories). MS: multiple sclerosis; sSDMT: smartphone variant of Symbol Digit Modalities Test.

The 2 categories of screen size as well as the 2 categories of
operating systems had the same underlying distribution as
confirmed using 2-sample Kolmogorov-Smirnov tests
(Kolmogorov-Smirnov statistic for screen size=0.23, P=.83 and
Kolmogorov-Smirnov statistic for operating system=0.28,
P=.60). These distributions are plotted with a dot-dashed line
in both panels of Figure 6. Similarly, independent 2-sample t
tests between the 2 categories of screen size and between the 2
categories of operating systems confirmed that neither the screen
size nor the operating system had an effect on the test score
(P=.98 and P=.46, respectively).

Test-Retest Reliability
One of the dropouts did 7 home assessments with the sSDMT.
We consider this a sufficiently large number to calculate
test-retest reliability; therefore, we included this dropout for the
analyses.

Figure 7A shows the distribution of the total number of home
assessments done for persons with MS and HC matched group.
Even though 57% (27/47) of the persons with MS and HC
subjects in the matched group did more than 10 tests in total,
we included only their first 10 home assessments for the
test-retest reliability calculations, as planned in the study
protocol. Figure 7B shows the distribution of the average
number of days the persons with MS and HC subjects in the
matched group left between tests, which was averaged over all
tests of a study participant. This distribution peaks at 3 days,
but it is different from 3 days for 55% (26/47) of the study
participants. In these histograms, we also show the distributions
of 60% (28/47) of the persons with MS and HC subjects in the
matched group who continued to do tests after 4 weeks. The
scatter plot in the lower right panel of Figure 7 (Figure 7C)
shows the relation between the number of tests done and the
average number of days in between tests. Study participants
who did all home assessments within 28 days are plotted with
filled circles, and the others with open circles.
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Figure 7. A: Histogram showing the distribution of total number of tests done. B: Histogram showing the distribution of number of days in between
tests, averaged over all tests of a study participant. C: Scatter plot that shows the relation between the number of tests done (horizontal axis) and the
average number of days in between tests, averaged over all tests of a study participant (vertical axis) for all study participants. Filled circles correspond
to participants that finished the study within 28 days, open circles correspond to those for which the study duration exceeded 28 days. The blue lines in
panels A and B correspond to these filled circles, and the black lines in panels A and B correspond to the open circles.

The ICCs(A,1) (with their 95% CI), Cronbach α, and Cohen d
values that were derived from 9 test-retests of the sSDMT for
the persons with MS and the HC matched group are listed in
Table 2, and the values of those derived from the 2 test-retests
performed by the HC normative group are shown in Table 3.
The raw data from persons with MS and the HC matched group

can be found in the Multimedia Appendix 3 and that of the HC
normative group in Multimedia Appendix 4. The mean values
of the ICC(A,1) for persons with MS, HC matched group and
the HC normative group were 0.874, 0.857, and 0.867,
respectively.
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Table 2. Test-retest reliability scores ICC(A,1), Cronbach α, and Cohen d of the sSDMT for persons with multiple sclerosis and the healthy control
matched group. The numbers in the parentheses after the ICCs(A,1) indicate lower and upper boundaries of the 95% confidence interval, respectively.

Cohen d of HC sub-
jects

Cohen d of persons
with MS

Cronbach α of HC
subjects

Cronbach α of
persons with MS

ICC(A,1), HCc subjectsICCa(A,1) persons with

MSb

Test-retest

0.3840.477.875.9030.735 (0.401-0.888)0.747 (0.297-0.902)1

0.1530.062.926.9670.859 (0.688-0.940)0.937 (0.863-0.972)2

0.1600.030.943.9450.885 (0.740-0.952)0.899 (0.788-0.953)3

0.1690.160.889.9220.797 (0.554-0.916)0.849 (0.690-0.930)4

0.0000.138.895.8930.820 (0.567-0.931)0.805 (0.611-0.909)5

0.0720.041.952.9340.913 (0.764-0.970)0.880 (0.752-0.944)6

0.0950.059.908.9680.837 (0.586-0.942)0.939 (0.867-0.972)7

0.0000.094.978.9560.961 (0.871-0.989)0.915 (0.814-0.963)8

0.0980.107.946.9460.904 (0.644-0.977)0.898 (0.769-0.957)9

0.1260.130.924.9370.857 (0.646-0.945)0.874 (0.717-0.945)mean

aICC: intraclass correlation coefficient.
bMS: multiple sclerosis.
bHC: healthy control.

Table 3. Test-retest reliability scores ICC(A,1), Cronbach α, and Cohen d of the sSDMT for the healthy control normative group. The numbers in the
parentheses after the ICCs(A,1) indicate the lower and upper boundaries of the 95% CI, respectively.

Cohen dCronbach αICCa(A,1)Test-retest

0.201.9430.877 (0.772-0.931)sSDMTb test-retest 1

0.116.9250.857 (0.769-0.913)sSDMT test-retest 2

0.159.9340.867 (0.771-0.922)mean

aICC: intraclass correlation coefficient.
bsSDMT: smartphone variant of Symbol Digit Modalities Test.

As was planned, we quantified the practice effect using the
effect size Cohen d, with a value below 0.20 being trivial
(Cohen, 1988). The Cohen d values in Table 3 show that there
is a significant practice effect after the first sSDMT for all study
participants. When comparing the first and second sSDMT
scores of the persons with MS and HC subjects in the matched
group, we found that the mean increase in the number of correct
answers in the second test was 3.38 points or 6.87% compared
to the first test. Toward the end of the study, the practice effect
on the sSDMT completely disappeared at group level. For
example, there was, on average, no difference in the scores
between the seventh and the eighth sSDMT.

Study participants performed better on the SDMT on the last
day of the study, on average, compared to their score on the
first day of the study. The average increase between these 2
tests was 5.57%, with a standard deviation of 11.40%, as can
be calculated for the 14 study participants that did the SDMT
both at the first and at the last day of the study, and even
differences as high as 34.92% are reached. Comparing the first
and last sSDMT for these 14 study participants yielded, on
average, an increase in the number of correct answers of 11.77%,
with a standard deviation of 7.84%. The Cohen d values
quantifying the practice effect on the SDMT and the sSDMT
between the first and the last day of the study were found to be
0.365 and 0.908, respectively. The practice effect for the HC

normative group was also investigated. The Cohen d values
corresponding to the first and the second retest were found to
be 0.201 and 0.116 respectively (see Table 3). Although a mean
increase in the test score of 3.32% at group level was found
between the first and the second test with a standard deviation
of 7.29%, the practice effect could be considered trivial for this
group on the basis of the Cohen d values.

Interview Results
The 7 participants with MS who were interviewed about their
experiences with the smartphone app and Fitbit activity tracker
in general expressed a positive attitude regarding sSDMT. They
liked doing the test, often describing it as a “game” or a
“puzzle.” Moreover, 5 respondents imagined that this test could
provide valuable information to health care providers about the
health status of their patients, as this is relevant information
about how their patients are doing. Despite this general positive
attitude, respondents also expressed some remarks regarding
the sSDMT. Two respondents noticed that sometimes the digits
they pressed did not seem to respond. They were unsure whether
this was caused by the app or their phone. Furthermore, several
respondents discussed that in order to use a smartphone
cognition test in their daily life, such a test should become
personalized. Three respondents mentioned that every person
with MS has different difficulties regarding cognition and felt
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that these differences could not be captured by a single test.
Rather, they envisioned a smartphone app with multiple
cognition tests from which persons with MS can choose from,
depending on their personal cognitive issues. Another point of
personalization concerned the test frequency. Four respondents
expected that during the stable periods of their MS, they would
feel less need to perform the sSDMT than during periods of
relapse. Therefore, they desired flexibility in the sSDMT test
frequency when they would use the smartphone app in their
daily life.

Discussion

Principal Findings
We found that the sSDMT can distinguish between persons
with MS and HC subjects at the group level. The test scores on
the sSDMT are, on average, 12.06% lower than that on the
paper-and-pencil SDMT. Although there is no exact agreement
between the sSDMT and the SDMT, the 2 tests are strongly
correlated, with ICC(3,1) values of 0.784 and 0.852 for persons
with MS and HC subjects, respectively. The sSDMT shows
very good test-retest reliability, with average ICCs of 0.874,
0.857, and 0.867 for persons with MS, the HC matched group,
and the HC normative group, respectively. The practice effect
was significant between the first and the second test of the
persons with MS and the HC matched group and trivial for all
other test-retests. A positive attitude toward the sSDMT was
found during the interviews with study participants with MS.
Importantly, interview respondents expressed the desire to adapt
smartphone cognition tests according to the individual needs
of persons with MS, with regard to both the type and frequency
of testing.

Limitations
The SDMT is a relevant tool both for screening and monitoring
not only for MS but for many other clinical diseases such
as Huntington disease, Parkinson disease, and stroke [36]. This
study limits itself to persons with MS, and the validity of the
sSDMT will still have to be demonstrated for applications
outside MS. The validation and study population are limited to
Dutch people and the Dutch language. We expect that the
construct validity and test-retest reliability would have been
equally good if this study had been done with persons with MS
from various European countries, given the validity and
reliability that were found in studies in populations from various
countries with other digital assessment devices for CPS. The
MS sherpa app now also supports an English version of the
sSDMT, and a German version is planned. However, we
recommend a separate validation for each country where the
sSDMT will be used, for example, as done for BICAMS [37,38]
because the SDMT is known to be affected by culture [39]. It
was not expected that the number of correct answers on the
sSDMT and the SDMT would exactly match, because the
sSDMT was not designed to follow the SDMT as close as
possible, and systematic differences between the tests exist.
Therefore, the SDMT and sSDMT may not be used
interchangeably for monitoring. The lower scores on the sSDMT
compared to the SDMT are most likely caused by the fact that
all items of the sSDMT are selected from the full key, whereas

in the SDMT, the first 26 items are selected from the first 6
symbols in the key only.

A 10% difference between 2 SDMT scores of a patient is found
to be an indication of a clinically meaningful change in the
patients’ CPS [8]. This study was not designed to derive the
boundary for meaningful change on the sSDMT score. Even
though there is a strong correlation between the SDMT and the
sSDMT, we cannot claim that a 10% difference on 2 sSDMT
scores also signifies a clinically meaningful change. Moreover,
we found more than 10% increase in sSDMT performance
between the first and the last day of the study, on average, even
though the disability of the persons with MS was not expected
to change during the 4 weeks of follow-up. An explanation for
this increase and for the Cohen d value quantifying the practice
effect on the sSDMT between the first and the last day of the
study of 0.908 is that 60% (28/47) of the study participants had
been learning on the sSDMT every 3 days or more often, leading
to accumulations of learning effects.

One might wonder how often an sSDMT could be scheduled,
to keep its value as an objective instrument for measuring CPS.
Benedict et al [19] showed that the SDMT has good-to-excellent
reproducibility over repeated testing when used in monthly
successive examinations. The HC subjects in the normative
group who had a time of 1 week between tests instead of 3 days
had less of a practice effect than the persons with MS and HC
subjects in the matched group. Therefore, when trying to
minimize the practice effect, the scheduling frequency of
self-assessments should be considered for clinical practice. Our
current suggestion would be to schedule the sSDMT once a
month to avoid inducing large practice effects when supporting
monitoring for clinical practice.

This study was not set up to cross-device validate the sSDMT,
but we have tried to give some sense of the validity over
different screen sizes and the main software platforms, because
we believed that these 2 factors could affect the results. In our
study, we found an approximately equal number of study
participants using the Android or iPhone operating system
platform, which gave us the opportunity to significantly show
that there is no structural bias in using any of the platforms. A
more structural approach to cross-device validation and more
detailed analysis of the performance over different devices could
help to detect validity issues in different devices.

In our study, we did not explicitly give the instructions to
self-monitor under the same conditions each time as much as
possible (preferably in a quiet room). We expect that such
instructions would improve the test-retest reliability. The fact
that the ICCs and Cronbach α values of the first test-retest of
the persons with MS and the HC matched group were lower
than all following 8 can likely be explained by the fact that there
is, in general, a large practice effect between the first and the
second time a cognitive test is done, especially with only 3 days
in between the tests. This is also reflected in the Cohen d values,
which are the highest for the first test-retest. We explain the
triviality of the Cohen d values corresponding to the first and
the second retest of the HC normative group with the larger
time in between successive tests (approximately 1 week).
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The fact that 60% (28/47) of the persons with MS and HC
subjects in the matched group continued to do home assessments
after 4 weeks might be because the end day of the study could
often not be planned 4 weeks after the first day. It could also
be a sign of high acceptance of the sSDMT, as expressed by the
interviewed study participants. These results, together with the
qualitative findings that participants liked doing the sSDMT,
often describing it as a “game” or a “puzzle,” support that the
sSDMT was viewed as “game-like” and confirms that the
sSDMT is well-designed for the user.

Since persons with MS were asked to write down their answers
on the paper-and-pencil SDMT themselves, persons with MS
who had limited hand dexterity might perform lower on the
paper-and-pencil SDMT than those with the same CPS without
hand dexterity problems. There was no Nine Hole Peg Test
scheduled in this study to investigate this possible bias. During
the sSDMT, persons with MS are asked to tap the correct
answer. We expect hand dexterity problems to be less of a
problem for tapping on a smartphone than for writing down a
number on paper. An alternative solution for this bias would be
an oral sSDMT, which should then be validated against an oral
SDMT. However, persons with MS might not find this a natural
way of self-monitoring.

The number of study participants for which the test-retest
reliability of the paper-and-pencil SDMT could be studied was
relatively low, because 2 different versions of the
paper-and-pencil SDMT were used. Although the reliability of
the paper-and-pencil SDMT is well known in literature, it would
have been interesting to study the practice effect of frequently
performing our sSDMT on the paper-and-pencil SDMT in more
detail.

Finally, an important limitation is the omission of the 10
mandatory practice items on the paper-and-pencil SDMT. This
could have introduced a bias toward a better correlation with
the sSDMT, because in the digital variant, practicing is optional,
and therefore it might affect our construct validity. The construct
validity should therefore ideally be reevaluated in a follow-up
study in which study participants do the standard 10 practice
items on the paper-and-pencil SDMT.

As mentioned in the Introduction, originally our rationale for
an optional practice assessment was that practicing should not
be mandatory for persons with MS that do the sSDMT
repeatedly from a usability perspective. Practicing was optional
but could be done unlimitedly by pressing the corresponding
button on the instruction screen. However, our results have let
us to reconsider this perspective and we now believe that the
sSDMT nor a practice session should be accessible unlimitedly,
because of the accumulative nature of the practice effect.
However, when the sSDMT is scheduled only once a month,
users might want to practice before each digital assessment.
Therefore, we currently suggest 10 mandatory practice items
before each digital assessment, which is also more similar to
the paper-and-pencil SDMT, and therefore might improve the
construct validity.

Comparison With Prior Work
A fair number of computerized neuropsychological assessment
devices for monitoring cognitive impairment in MS has been
developed in recent years. A recent systematic review of the
literature on test batteries and single tests with good evidence
for reliability and validity yielded 44 CPS tests, of which all
computerized tests based on SDMT correlated with the
conventional SDMT, with correlation coefficients ranging from
0.75 to 0.88 [40]. Our correlation coefficient of 0.85 is in line
with these findings. Most CPS tests also showed acceptable
reliability, for example, ICC values of 0.88 and 0.97 were
reported for the Processing Speed Test (PST) [41] and the
computerized version of SDMT [18], respectively. The 95% CI
on the mean ICC that we find ranges from 0.717 to 0.945. This
is thus also similar to that reported in prior work.

To our knowledge, there are 2 other smartphone-based SDMT
apps for MS that should be mentioned as alternative solutions
to monitor CPS. One is MSCopilot [24], which contains a digital
SDMT variant and 3 other digital variants of tests in the MSFC.
However, results were only reported for the combined digital
MSFC assessment in comparison to MSFC z-scores. Data on
the validity and reliability of their digital SDMT variants
specifically have never been published to our knowledge.
FLOODLIGHT [25] is another smartphone monitoring app for
persons with MS, which was developed by Roche. At a poster
presented at the European Committee for Treatment and
Research in Multiple Sclerosis in 2018, Montalban et al [25]
reported a Spearman’s correlation of 0.615 between the
FLOODLIGHT smartphone-based SDMT and the conventional
in-clinic outcome measure (oral SDMT). This is considerably
lower than our correlation coefficients (ie, Pearson r=0.85).

Well-validated digital assessment devices for CPS screening
include the PST and the recently introduced Multiple Screener
tool, which contains a digital SDMT for which an ICC of 0.79
between digital and paper-and-pencil-based assessment was
reported [42]. Rudick et al [23] reported a Pearson correlation
coefficient of 0.80 between the PST and analogous technician
tests and concordance correlation coefficients to quantify
test-retest reproducibility of 0.853 for the technician and 0.867
for persons with MS. Our results are similar to theirs. However,
both the PST and Multiple Screener are only available for iPads
and are intended to be used for monitoring CPS in a more
controlled setting (in the clinic), whereas the MS sherpa app is
intended to be used for home monitoring. The importance of
personalization and customization of smartphone apps for
persons with MS has been noted in other studies [43,44]. It is
therefore recommended that the needs and context of the
individual with MS are taken into account in the design of apps
for persons with MS.

To our knowledge, this is the first study in which a smartphone
variant of the SDMT that can be done unsupervised was
cross-platform validated. We obtained valuable novel insights
into frequent home monitoring with the SDMT such as the
observation that the practice effect was only nontrivial between
the first and second sSDMT (with 10 assessments scheduled
and approximately 3 days in between each assessment) but also
about the cumulative practice effects that are involved.
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Furthermore, we believe the qualitative insights obtained from
patient interviews on the needs and wishes of smartphone-based
home monitoring using sSDMT can inspire developers,
caregivers, and researchers for future developments.

Conclusion
This study shows the construct validity of the sSDMT since the
ICCs(3,1) between the SDMT and the sSDMT for persons with

MS and HC subjects were 0.78 and 0.85, respectively. The
sSDMT does have very good test-retest reliability because only
the first test-retest of the persons with MS and the HC matched
group yielded an ICC(A,1) smaller than 0.80. All the other ICCs
were higher than 0.80, both for persons with MS and for HC
subjects. We conclude that the sSDMT has the potential to be
used as a tool to monitor CPS in persons with MS, both in
clinical studies and in clinical practice.
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sWBT: smartphone walking balance test
TUG: Timed Up and Go
vSDMT: variant of the Symbol Digit Modalities Test

Edited by G Eysenbach; submitted 08.02.20; peer-reviewed by A Landmark, P Hall; comments to author 12.06.20; revised version
received 16.07.20; accepted 26.07.20; published 05.10.20.

Please cite as:
van Oirschot P, Heerings M, Wendrich K, den Teuling B, Martens MB, Jongen PJ
Symbol Digit Modalities Test Variant in a Smartphone App for Persons With Multiple Sclerosis: Validation Study
JMIR Mhealth Uhealth 2020;8(10):e18160
URL: https://mhealth.jmir.org/2020/10/e18160 
doi:10.2196/18160
PMID:33016886

©Pim van Oirschot, Marco Heerings, Karine Wendrich, Bram den Teuling, Marijn B Martens, Peter J Jongen. Originally published
in JMIR mHealth and uHealth (http://mhealth.jmir.org), 05.10.2020. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work, first published in JMIR mHealth and uHealth, is
properly cited. The complete bibliographic information, a link to the original publication on http://mhealth.jmir.org/, as well as
this copyright and license information must be included.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e18160 | p.23https://mhealth.jmir.org/2020/10/e18160
(page number not for citation purposes)

van Oirschot et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://mhealth.jmir.org/2020/10/e18160
http://dx.doi.org/10.2196/18160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33016886&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Agreement Between Spatiotemporal Gait Parameters Measured
by a Markerless Motion Capture System and Two Reference
Systems—a Treadmill-Based Photoelectric Cell and High-Speed
Video Analyses: Comparative Study

Felipe García-Pinillos1,2*, PhD; Diego Jaén-Carrillo3*, PhD; Victor Soto Hermoso1*, PhD; Pedro Latorre Román4*,

PhD; Pedro Delgado2*, PhD; Cristian Martinez2, PhD; Antonio Carton3*, MSc; Luis Roche Seruendo3, PhD
1University of Granada, Granada, Spain
2Universidad de La Frontera, Temuco, Chile
3Universidad San Jorge, Zaragoza, Villanueva de Gallego, Spain
4Universidad de Jaén, Jaén, Spain
*these authors contributed equally

Corresponding Author:
Diego Jaén-Carrillo, PhD
Universidad San Jorge
Autovía Mudéjar
Zaragoza, Villanueva de Gallego
Spain
Phone: 34 678638967
Email: djaen@usj.es

Abstract

Background: Markerless systems to capture body motion require no markers to be attached to the body, thereby improving
clinical feasibility and testing time. However, the lack of markers might affect the accuracy of measurements.

Objective: This study aimed to determine the absolute reliability and concurrent validity of the Kinect system with MotionMetrix
software for spatiotemporal variables during running at a comfortable velocity, by comparing data between the combination
system and two widely used systems—OptoGait and high-speed video analysis at 1000 Hz.

Methods: In total, 25 runners followed a running protocol on a treadmill at a speed of 12 km/h. The Kinect+MotionMetrix
combination measured spatiotemporal parameters during running (ie, contact time, flight time, step frequency, and step length),
which were compared to those obtained from two reference systems.

Results: Regardless of the system, flight time had the highest coefficients of variation (OptoGait: 16.4%; video analysis: 17.3%;
Kinect+MotionMetrix: 23.2%). The rest of the coefficients of variation reported were lower than 8.1%. Correlation analysis
showed very high correlations (r>0.8; P<.001) and almost perfect associations (intraclass correlation coefficient>0.81) between
systems for all the spatiotemporal parameters except contact time, which had lower values. Bland-Altman plots revealed smaller
systematic biases and random errors for step frequency and step length and larger systematic biases and random errors for temporal
parameters with the Kinect+MotionMetrix system as compared to OptoGait (difference: contact time +3.0%, flight time −7.9%)
and high-speed video analysis at 1000 Hz (difference: contact time +4.2%, flight time −11.3%). Accordingly, heteroscedasticity

was found between systems for temporal parameters (r2>0.1).

Conclusions: The results indicate that the Kinect+MotionMetrix combination slightly overestimates contact time and strongly
underestimates flight time as compared to the OptoGait system and high-speed video analysis at 1000 Hz. However, it is a valid
tool for measuring step frequency and step length when compared to reference systems. Future studies should determine the
reliability of this system for determining temporal parameters.

(JMIR Mhealth Uhealth 2020;8(10):e19498)   doi:10.2196/19498
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Introduction

The use of marker-based motion capture technology has
increased significantly in both research and diagnostics. This
is evident in its prominent use in the field of biomechanics.
However, inherent limitations in data collection can preclude
its employment in settings such as patient homes, sports fields,
and other public areas where implementing an array of cameras
proves problematic. A potential solution that has been suggested
is the use of a markerless motion capture system [1,2].

Markerless systems do not require attaching any markers or
sensors to the body, which substantially improves clinical
feasibility and testing time. However, the lack of markers might
affect the accuracy of measurements. Therefore, studies focused
on analyzing the validity of these systems under different
circumstances are especially important. In this context, a
markerless motion capture system (ie, the Kinect) has received
much attention from clinicians, sports practitioners, and
researchers [1,3-9]. The Kinect sensor was originally designed
for using body movement to interact with video games on the
Microsoft Xbox platform. The system projects an infrared laser
speckle pattern onto the viewing area of the infrared camera.
This infrared camera detects the pattern and enables the creation
of a 3D map by measuring deformations in the reference speckle
pattern.

Previous studies have evaluated the validity of the Kinect sensor
for the assessment of gait characteristics [1,3-7]. Among these
studies, different pieces of software, including different filters
and calibrators, have been examined. Clark et al [4] assessed
the validity of the Kinect system with a customized software
created in LabVIEW 2009 for examining the spatiotemporal
characteristics of gait in 21 healthy individuals. In contrast,
Lamine et al [7] compared the validity of the Kinect for gait
kinematics analysis with that of the Vicon system, and a
Cartesian calibration was performed for both motion capture
devices. Similarly, Pfister et al [6] compared the concurrent
validity of the Kinect with Brekel Kinect software for sagittal
plane gait kinematics analysis with that of the Vicon Nexus.
Dolatabadi et al [5] determined the concurrent validity of the
Microsoft Kinect for Windows for measuring gait spatiotemporal
parameters. Schmitz et al [1] tested the validity of the Kinect
system with the KinectFusion software for kinematic data
evaluation. All of these aforementioned studies included the
use of the MotionMetrix software, which might have
implications for the accuracy of measurements.

Since the validity of a gait analysis system is essential to
determine whether the results are due to changes in gait pattern
or simply systematic measurement errors, this study aimed to
evaluate the absolute reliability and concurrent validity of the
Kinect system with MotionMetrix software for measuring
spatiotemporal variables during running at comfortable velocity
(ie, 12 km/h) by comparing the data with two widely used
systems—the OptoGait system and high-speed video analysis
at 1000 Hz. Based on our previous experience with the
Kinect+MotionMetrix combination system, we hypothesized
spatiotemporal parameters to be similar to those reported by
the OptoGait and high-speed video analysis systems.

Methods

With the introduction of new systems, establishment of their
reliability and validity is essential before practical use. In this
study, the MotionMetrix system was compared to both
high-speed video analysis system (1000 Hz) and the OptoGait
system for measuring spatiotemporal parameters during a
running protocol followed at a comfortable velocity.

Participants
A group of 25 amateur endurance runners (male: n=22, 88%;
female: n=3, 12%; age: mean 24 years, SD 6 years; height: mean
1.75 m, SD 0.07 m; body mass: mean 71 kg, SD 7.4 kg)
voluntarily participated in this study. All participants met the
following inclusion criteria: (1) age, ≥18 years, (2) ability to
run 10 km in less than 50 min, and (3) absence of any injury
(points 2 and 3 are valid for the 6 months before data collection).
After receiving detailed information on the objectives and
procedures of the study, each participant signed an informed
consent form in order to participate, which complied with the
ethical standards of the World Medical Association’s
Declaration of Helsinki (2013). The participants were informed
that they were free to leave the study at any time. The study
was approved by the Ethics Committee of the University of La
Frontera (Universidad de La Frontera, Temuco, Chile; Ref:
030_019).

Procedures
Participants were individually tested on one specific day. Prior
to all testing, participants refrained from vigorous physical
activity for at least 48 hours, and all tests were performed at
least 3 hours after a meal. Tests were performed with the
participants’ usual training shoes to measure their typical
performance.

Participants performed a running protocol on a motorized
treadmill (Woodway Pro XL). The initial speed was set at 8
km/h, and the speed increased by 1 km/h each minute until a
speed of 12 km/h was reached. Thereafter, in order to control
the influence of running velocity on spatiotemporal parameters
[10], the running velocity was fixed. Since previous studies
[11,12] on human locomotion have shown that accommodation
to running on a treadmill occurs at around 6 to 8 min, an 8-min
accommodation program was performed at 12 km/h. Once the
accommodation period was reached, recording started. The
recording period lasted for 3 min and was performed at the same
running velocity. Therefore, the entire running protocol lasted
for 15 min. The slope was maintained at 0% over the entire
protocol.

Materials and Testing

Overview
Anthropometric data were measured using a precision
stadiometer and balance (SECA 222 and 634). Spatiotemporal
parameters measured during running included contact time
(seconds), defined as time from when the foot contacts the
ground to when the toes lift off the ground; flight time (seconds),
defined as time from toe-off to initial ground contact of
consecutive footfalls (eg, right-left); step length (meters),
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defined as length the treadmill belt moves from toe-off to initial
ground contact in successive steps from forefoot to forefoot;
and step frequency (steps per minute [SPM]), defined as number
of ground contact events per minute. We used two different
systems to measure these parameters—the OptoGait system
versus high-speed video analysis at 1000 Hz. Both systems have
the same temporal accuracy (±1 ms). Participants’ right legs
were analyzed for temporal parameters in order to control
potential influencing factors (ie, asymmetry) [13]. Further
information about the systems are given below.

Microsoft Kinect
The Microsoft Kinect sensor (version 1.0, Microsoft) was
designed to interact with video games through body movement.
This sensor can track 3D motions via a depth sensor. It is also
capable of locating 20 body joints in a 3D space at 30 Hz. We
set two Microsoft Kinect sensors on either side of a treadmill
in a specific configuration (170 cm from the center of the
treadmill in the forward direction and 190 cm in the
perpendicular direction from this point, according to the
manufacturer guidelines). These sensors were used with
MotionMetrix software (MotionMetrix AB). If both sensors
were able to track the same point simultaneously (according to
brand information), the Microsoft Kinect sensors could reach
60 Hz. Manufacturer recommendations were taken into account
(ie, dynamic calibration provided by the software, tight clothes,
no shiny black fabric or reflexes, no moving shoelaces, no
moving hair, no sunlight, and no treadmill parts blocking the
view of the runner). We recorded 30 s of data with this system
(between minutes 1:30 and 2:00 of the recording period for each
participant).

OptoGait
The OptoGait system detects any interruptions and therefore
measures both contact time and flight time with a precision of
1/1000 seconds. Previous studies have analyzed the validity
and reliability of this system during walking [14-18] and running
[19]. Two parallel bars were placed on the lengthwise side edges
of the treadmill at the same level as the contact surface, and the
default filter setting of 0_0 (Gait R.in filter: 0 and Gait R.out
filter: 0) was accepted. This setting indicates that contact time
begins when more than 0 light-emitting diodes (LEDs) are
activated (ie, when at least 1 LED is activated) and finishes
when the number of LEDs activated return to 0. This setup has
been shown to provide the smallest bias for temporal parameters
in racewalking [20]. Spatiotemporal parameters (ie, contact
time, flight time, step length, and step frequency) were measured
for every step during the 30-second recording interval (between
minutes 1:30 and 2:00 of the recording period for each
participant).

High-Speed Video Analysis
High-speed video analysis has been shown to be a reliable and
valid method for measuring running kinematics [21-24]. In this
study, one experienced rater was involved in video analysis. In
order to determine the test-retest reliability of the measurements,
10 recording intervals were analyzed on two different days, 24
hours apart, and an almost perfect agreement was found for all
the spatiotemporal parameters measured (intraclass correlation

coefficients [ICCs]>0.94). In this study, 2D video data were
simultaneously collected at 1000 Hz using a high-speed camera
(Imaging Source DFK 33UX174, The Imaging Source Europe
GmbH). The range of interest was adjusted to achieve 1000 fps
(784×144 resolution). The camera was placed perpendicular to
the treadmill from a posterior view at 2 m from the center of
the treadmill and at a height of 0.80 m. We recorded 30-s videos
between minutes 1:30 and 2:00 of the recording period for each
participant. Subsequently, videos were analyzed using the open
license Kinovea software (version 0.8.27, Kinovea Open Source
Project), and spatiotemporal parameters were determined. The
contact time and flight time were calculated by identifying both
the initial contact and take-off frames and counting the frames
in between. Step length and step frequency were calculated as
follows:

Step time (seconds) = flight time (seconds) + contact
time (seconds) (1)

Step frequency (steps/second) = 1/step time (seconds)
(2)

Step frequency (steps/minute) = 60 × step frequency
(steps/second) (3)

Step length (meters) = running velocity
(meter/minute)/step frequency (steps/min) (4)

Statistical Analysis
Descriptive statistics are represented as mean and standard
deviation. The normal distribution of the data and the
homogeneity of variances were confirmed through the
Shapiro-Wilk and Levene tests, respectively. Coefficients of
variation (CVs, %) were calculated as a measure of absolute
reliability [25,26]. To determine concurrent validity, a Pearson
correlation analysis was performed between spatiotemporal
parameters obtained from MotionMetrix and those obtained
from the OptoGait system and video analysis. The following
criteria were adopted to interpret the magnitude of correlations
between measurement variables: <0.1 (trivial), 0.1-0.3 (small),
0.3-0.5 (moderate), 0.5-0.7 (large), 0.7-0.9 (very large), and
0.9-1.0 (almost perfect) [27]. The ICCs were also calculated
between systems (MotionMetrix vs OptoGait and MotionMetrix
vs video analysis) for spatiotemporal parameters during running.
Based on the characteristics of this experimental design and the
guidelines reported by Koo and Li [28], we decided to use a
two-way random-effects model (ICC [2,k]), mean of
measurements, and absolute definition for the ICC measurement.
The interpretation of the ICC was based on the benchmarks
reported by a previous study [29]: ICC<0 (poor), ICC 0-0.20
(slight), ICC 0.21-0.40 (fair), ICC 0.41-0.60 (moderate), ICC
0.61-0.80 (substantial), and ICC>0.81 (almost perfect).
Additionally, the 95% CI of the ICC value was provided.
Finally, Bland-Altman plots (ie, limits of agreement method;
mean difference [1.96 SD]) [30] were constructed to examine
the presence of systematic and proportional bias between video
analysis at 1000 Hz and the OptoGait system and estimated
values (ie, Kinect with MotionMetrix system) of spatiotemporal
parameters during running. Heteroscedasticity of error was

defined as r2>0.1 [25]. The level of significance used was P<.05.
Data analysis was performed using SPSS (version 23).
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Results

Table 1 shows descriptive values of spatiotemporal parameters
acquired from three different systems and the differences
between systems (in absolute and relative values). As a measure
of absolute reliability, Table 2 shows the CVs of spatiotemporal

parameters obtained from the three different systems. The
Kinect+MotionMetrix system obtained higher CVs than the
reference systems for all the spatiotemporal parameters.
Regardless of the system, flight time had the highest CVs
(OptoGait: 16.4%; video analysis: 17.3%;
Kinect+MotionMetrix: 23.2%). The rest of CVs reported were
lower than 8.1%.

Table 1. Descriptive data of spatiotemporal parameters obtained from different systems (ie, Kinect with the MotionMetrix software, OptoGait, and
high-speed video analysis at 1000 Hz).

MM-VA difference, mean (%)MM-OG difference, mean (%)dMMc, mean (SD)VAb, mean (SD)OGa, mean (SD)Variable

0.011 (4.2)0.008 (3.0)0.273 (0.021)0.262 (0.013)0.265 (0.015)Contact tine (s)

−0.011 (−11.3)−0.007 (−7.9)0.082 (0.019)0.097 (0.017)0.089 (0.018)Flight time (s)

1.47 (0.9)0.63 (0.4)167.23 (7.28)165.76 (6.90)166.60 (6.80)Step frequency (spme)

−1.14 (−1.0)−0.09 (−0.1)115.44 (5.26)116.58 (5.92)115.53 (6.80)Step length (cm)

aOG: OptoGait system.
bVA: High-speed video analysis.
cMM: Kinect system with the MotionMetrix software.
d%: Refers to values reported by the reference system.
espm: Steps per minute.

Table 2. Coefficients of variation (%) of spatiotemporal parameters during running at 12 km/h obtained from three different systems.

MMcVAbOGaVariable

8.15.25.7Contact time, CVd

23.217.316.4Flight time, CV

4.44.24.1Step frequency, CV

5.024.64.6Step length, CV

aOG: OptoGait system.
bVA: High-speed video analysis.
cMM: Kinect system with the MotionMetrix software.
dCV: Coefficient of variation.

A Pearson correlation analysis was conducted, and ICCs
between systems, as well as their CIs, were calculated (Table
3). In the comparison between the OptoGait and
Kinect+MotionMetrix systems, a significant substantial
correlation (r>0.645; P<.001; ICC=0.712) was obtained for
contact time, whereas significant, almost perfect correlations

were found for flight time, step frequency, and step length
(r>0.901; P<.001; ICCs>0.89). Similarly, the video analysis
versus Kinect+MotionMetrix comparison showed a significant
substantial correlation (r>0.664, P<.001; ICC=0.667) for contact
time and significant, almost perfect correlations for the rest of
variables (r>0.928; P<.001; ICCs>0.84).
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Table 3. Pearson correlation analysis and intraclass correlation coefficients between spatiotemporal parameters obtained from the Kinect system with
the MotionMetrix software and those obtained from two different systems (ie, OptoGait and high-speed video analysis) during running at a comfortable
speed.

MM versus VAcMMa versus OGbVariables

ICC (95% CI)P valuerICCd (95% CI)P valuer

0.667 (0.153-0.862)<.0010.6640.712 (0.333-0.874)<.0010.645Contact time

0.838 (0.159-0.961)<.0010.9280.894 (0.420-0.967)<.0010.901Flight time

0.959 (0.873-0.984)<.0010.9400.978 (0.951-0.990)<.0010.962Step frequency

0.964 (0.881-0.986)<.0010.9540.986 (0.968-0.994)<.0010.971Step length

aMM: Kinect system with the MotionMetrix software.
bOG: OptoGait system.
cVA: High-speed video analysis.
dICC: intraclass correlation coefficient.

Through Bland-Altman plots, the differences (systematic bias
and random error) and the degree of agreement between systems
(95% limits of agreement) were determined (Figure 1). The
plots of OptoGait and Kinect+MotionMetrix revealed small
systematic biases and random errors for step frequency and step
length (step frequency difference: mean −0.634 steps per minute,
SD 1.994 SPM; step length difference: mean 0.078 cm, SD
1.272 cm), but greater systematic biases and random errors for
contact time and fight time (contact time difference: mean
−0.009 s, SD 0.017 s; flight time difference: mean 0.006 s, SD
0.016 s) during running at a comfortable velocity. Accordingly,
heteroscedasticity was found in temporal parameters (contact

time and flight time, r2>0.1), whereas homoscedasticity was

found in step frequency and step length (r2<0.1). Similarly,
when data were compared between video analysis and the
Kinect+MotionMetrix system, small systematic biases and
random errors for step frequency and step length were found
(step frequency difference: mean −1.475 SPM, SD 2.484 SPM;
step length difference: mean 1.131 cm, SD 1.815 cm), whereas
greater biases and errors were found for contact time and flight
time (contact time difference: mean −0.012 s, SD 0.016 s; flight
time difference: mean 0.013 s, SD 0.007 s). In this case,

homoscedasticity was found only in step frequency (r2=0.024),
whereas the rest of parameters revealed heteroscedasticity

(r2>0.1).
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Figure 1. Bland-Altman plots for the measurement of spatiotemporal parameters (ie, from up to bottom: contact time, flight time, step frequency, and
step length) during running at a comfortable speed obtained from Kinect with MotionMetrix software and two different systems (OptoGait and high-speed
video analysis at 1000 Hz). The plot includes the mean difference (dotted line) and 95% limits of agreement (dashed line), along with the regression
line (solid line).

Discussion

This study aimed to evaluate the absolute reliability and
concurrent validity of the Kinect with MotionMetrix software
for measuring spatiotemporal variables during running at a
comfortable velocity by comparing data from the combination

system to data obtained from two widely used systems—the
OptoGait system and high-speed video analysis at 1000 Hz.
Our results showed that the Kinect+MotionMetrix combination
reported higher CVs than the reference systems, even though
values higher than 10% only were found for flight time, which
is similar to the other systems tested in this study (ie, OptoGait
and high-speed video analysis). Additionally, regarding the
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concurrent validity, an almost perfect level of agreement
between systems was found for all the spatiotemporal parameters
except contact time, which reported a moderate agreement.

There is limited research on the reliability and validity of
markerless motion capture systems for measuring biomechanical
parameters during walking or running on a treadmill. Some
studies have examined the validity of the Kinect sensor for the
assessment of gait characteristics [1,3-7], even though
methodological inconsistencies (eg, software used, filters and
calibrations applied, testing protocol used, and conditions
present, etc) make comparisons difficult.

In that context, findings that have been reported about the
validity of the Kinect system for measuring spatiotemporal
parameters are controversial. A previous study [5] concluded
that the Kinect for Windows is a valid tool for measuring the
spatiotemporal parameters of gait during walking. Other studies
[3,4] have reported important differences between
spatiotemporal parameters measured from a 3D motion capture
system and those measured from the Kinect system. Clark et al
[4] indicated that the Kinect system reported lower values (ie,
−16% step time, −19% stride time, and −1.7% step length) than
a 3D system during walking. Similarly, Xu et al [3] indicated
that the Kinect system reported valid step time and stride time
values, but shorter stance times (ie, −9%) than a 3D system
during walking. Therefore, it seems that the validity of the
Kinect system for measuring spatiotemporal parameters is highly
dependent on variables, such as the software and filter setting
used, the gold standard or reference system tested, the protocol
performed, and the target variables measured.

Since it has been demonstrated that running on a treadmill
carries some biomechanical differences compared to
above-ground running [31], caution must be taken when
interpreting the results. Some of these studies, which were
focused on determining the validity of the Kinect system, were
conducted above the ground [4,5], while only 3 studies were
conducted on a treadmill [3,6,7].

To the best of our knowledge, only one study [6] has examined
the validity of the system during running. This is an important
point because validity and reliability data during walking should
not be extrapolated to running conditions, since the magnitude
of the parameters change and different phases appear (ie, fight
time does not exist during walking and there is no
double-support time during running). The aforementioned study

[6] examined sagittal plane gait kinematics with no mention of
spatiotemporal parameters at different walking and jogging
velocities (ie, walking velocity of 4.8 km/h increasing to a
jogging velocity of 8.8 km/h) being lower than the velocity in
this study (ie, 12 km/h), and the authors concluded that the
measurement accuracy of the Kinect system was not acceptable
for clinical measurement analysis (ie, the system did not provide
consistent hip or knee measurements compared to a 3D system).
Notably, Pfister et al [6] used old software combined with the
Kinect system (ie, Brekel Kinect software), which might explain
the differences between the Pfister et al [6] study and our study.
The Brekel software worked at 30 Hz, while the software used
in this study (ie, MotionMetrix) can reach 60 Hz. Therefore, a
higher accuracy is expected with our study. Ours is the first
study to examine the validity of the Kinect with MotionMetrix
software for measuring spatiotemporal variables while
participants ran on a treadmill at a comfortable velocity.

Ultimately, the main limitation of this study was the differences
in the precision of the systems. Both the OptoGait system and
high-speed video analysis captured data at 1000 Hz, whereas
the Kinect with MotionMetrix software works at 60 Hz. This
means that this system has a precision of 0.017 s, while the
reference systems have a precision of 0.001 s. This point might
explain the differences found in the CVs. Therefore, the
differences between systems might be explained by the
limitations of the markerless Kinect with MotionMetrix
software.

In summary, our results indicate that the Kinect system with
the MotionMetrix software slightly overestimates contact time
and strongly underestimates flight time compared to both the
OptoGait system (difference: contact time +3.0%, flight time:
−7.9%) and high-speed video analysis at 1000 Hz (difference:
contact time +4.2%, flight time: −11.3%). However, it is a valid
tool for measuring step frequency and step length when
compared to these reference systems (differences lower than
1%). Future studies should determine the reliability of this
system for determining flight time with a CV of around 23%.

From a practical perspective, spatiotemporal gait characteristics
are readily assessable by such software (ie, MotionMetrix) in
conjunction with two Kinect sensors attached to a treadmill
after a simple 30-second calibration, even though users must
be aware of the characteristic of measurements. Further clinical
implications of this system include low cost, time efficient, and
wide availability.
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Abstract

Background: Rates of sexually transmitted infections and unintended pregnancies are disproportionately high among African
American adolescents and young adults (AYA). New media platforms such as social networking sites, microblogs, online video
sites, and mobile phone applications may be a promising approach in promoting safe sex and preventing sexually transmitted
infections.

Objective: The purpose of this scoping review was to address promising approaches in new media that may serve as valuable
tools in health promotion, prevention, education, and intervention development aimed at African American AYA.

Methods: An electronic search was conducted using Google Scholar, Scopus, Cumulative Index to Nursing and Allied Health
(CINHAL), and PubMed online databases. Concept blocks and MeSH terminology were used to identify articles around African
American youth and new media.

Results: The search yielded 1169 articles, and 16 publications met the criteria. Studies from the review found themes in new
media that included feasibility, changing attitudes, and improving knowledge related to sexual health behavior among youth of
color.

Conclusions: New media is a promising and feasible platform for improving the sexual health of African American AYA.
Further research is suggested to better understand the benefits of new media as a sexual health promotion tool among this specific
population.

(JMIR Mhealth Uhealth 2020;8(10):e19459)   doi:10.2196/19459

KEYWORDS

African American; adolescent; young adult; technology; safe sex; sexually transmitted infections; sexual behavior; new media;
social media; internet

Introduction

Rates of sexually transmitted infections (STIs) and unintended
pregnancies are disproportionately high among African
American adolescents and young adults [1]. Multiple personal
and social factors contribute to this increased risk, including
(1) having more sex partners than youth of other ethnicities, (2)
early sexual debut, (3) inconsistent condom use, and (4) limited
access to sexual health promotion resources [2-5]. STI

prevalence and other risk factors among this population are
particularly acute in minority communities of low
socioeconomic status [6].

While leading public health and medical organizations support
comprehensive sex education for adolescents and young adults,
there are several limitations of traditional or “formal” sex
education platforms that often take place in structured settings
(eg, schools, youth centers) [7]. According to the Centers for
Disease Control and Prevention (CDC), sexual health education
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is more commonly required in high school than middle or
elementary school [7]. As a result, this information is provided
too late for many African American adolescents, as it is
estimated that 20% of youth have reported having had sex by
the age of 15 years, and it is known that African American youth
report age at first sexual intercourse earlier than their peers [8].
Additionally, most schools fail to provide instruction covering
all 16 sexual health topics that the CDC considers essential;
less than half of high schools and only 20% of middle schools
cover all 16 topics [7]. Furthermore, only 35% of high school
students and only 10% of middle school students were taught
how to correctly use a condom in 2014 [7]. Lastly, 88% of
schools in the United States allowed parents to exempt their
children from sexual health education in 2014 [7].

New platforms for sexual health promotion and prevention
aimed at African American adolescents and young adults are
especially important, as this population faces multiple barriers
to active engagement in health care [9]. Such barriers include
the inability to pay for health care services, lack of
transportation, long waiting times, conflict with work or school
schedules, confidentiality concerns, and embarrassment that is
attached to sexual health services [10,11]. Additional barriers
include actual or perceived fear and distrust of health care
institutions, discrimination, and provider bias [11]. Additionally,

minority youth in urban settings report prioritizing basic needs,
such as housing, food, and transportation, over HIV risk
reduction or prevention [1]. These individuals often experience
difficulty when navigating and affording quality sexual health
services [12]. Similarly, minority youth have higher rates of
medical poverty compared to their white counterparts [1]. The
financial, cultural, and institutional barriers to health care among
minority youth often result in a lack of access to comprehensive
adolescent health services, including sexual health services [1].

One promising approach to improving adolescents’ and young
adults’ high-risk sexual behavior and filling critical gaps in
knowledge due to formal sex education platforms may be to
promote safe sex and STI prevention via new media [13]. These
platforms include social networking sites, microblogs, online
video sites, and mobile phone applications (see Table 1) [13].
African American adolescents not only use cell phones and the
internet at high rates but they are also open to seeking and
receiving sexual health information via new media due to its
accessibility and ability to provide a wide range of information
[14]. While African American adolescents and young adults are
actively using new media on a day-to-day basis, it is essential
to assess the ways these platforms have been — and could be
— leveraged to promote engagement in health care and reduce
risk-related behaviors [15].

Table 1. Classification of new media.

ExamplesPrimary purposeTypes of new mediaa

Facebook, Instagram, MySpacePeer networkingSocial networking sites

Wikipedia, AskFM, answer.comInformation sharing, discussionCollaborative websites

Twitter, Tumblr, BloggerOpinion sharing, discussionBlogs (and microblogs)

YouTube, Snapchat, RedditEntertainment, information sharingContent communities

It's Your Game: Keep it Real, PlayForwardSimulate experiences, entertainmentVirtual reality/online gaming

WhatsApp, Facebook Messenger, GroupMeDiscussionCommunication/messengers

aNot inclusive of all new media platforms that exist today. Adapted from [16].

Smartphone use and engagement with social media are high
among African American adolescents and young adults [17].
They are already being used by this age group to search for
general health information and sensitive health topics [17]. New
media platforms provide a venue for greater anonymity and
client sensitivity, which are critical to an adolescent’s
self-expression [18,19]. As the use of new media continues to
increase among adolescents and young adults, these platforms
may serve as valuable tools in health promotion, prevention,
education, and intervention development aimed at this
population.

Many evidence-based sexual risk-reduction interventions target
African American youth. For instance, the “Compendium of
Evidence-Based Interventions and Best Practices for HIV
Prevention” is a collection of good and best-evidence sexual
risk-reduction interventions compiled by the CDC [20]. This
collection includes 59 evidence-based interventions, 10 of which
specifically target African Americans and 3 of which target
African American youth. None of these interventions include
new media as a method for intervention delivery. So, while the

extent of the sexual health risk among African American
adolescents is evident, it is not clear which health promotion
strategies (eg, peer-to-peer vs online) will be most effective in
reducing risky sexual behaviors among this population [21].

Accordingly, the goal of this review was to investigate the
various forms of new media, the current state of evidence on
the platforms used, and how it can improve health care
engagement and sexual health outcomes among African
American youth. The following research question is addressed:
How is new media useful in the delivery of STI prevention and
risk-reduction interventions among African American youth?

Methods

Search Strategy
A scoping review methodology was selected as it (1) helped to
identify review parameters, (2) identified a process of mapping
the existing literature, and (3) explored a research gap [22,23].
We used the framework by Arksey and O’Malley [22] along
with the Preferred Reporting Items for Systematic Reviews and
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Meta-Analyses (PRISMA) guidelines [23,24] for this review.
An informationist was consulted to provide expertise in creating
tailored search strategies on this topic. The literature search
occurred between March 2018 and December 2018 using the
following electronic search engines and databases: Google
Scholar, Scopus, Cumulative Index to Nursing and Allied Health
(CINHAL), and PubMed. Concept blocks were used in each
search engine to combine keywords in the title and abstract and
used with MeSH terminology. A manual review of systematic

reviews was also employed. See Table 2 for a list of standard
terms used. A name search was then conducted on articles from
technology and media experts along with a manual review of
relevant articles and a CDC list of evidence-based interventions
around youth and sexual health. Finally, a table of evidence was
constructed to organize the articles by the level of evidence,
sample size, type of new media used, results, and any limitations
within the study.

Table 2. Search strategy concept blocks.

Additional termsTitle and abstract termsMeSH termsConcept block

Teenager, teenAdolescent, youth, young people, young adultAdolescent, young adultAdolescent

Apps, SNSb, social
networking sites

Social media, new digital media, internet, mobile phones, text
messaging, Facebook, instant messaging, multimedia, online social
networks, computer, technology, mobile health, smartphone, Web

2.0, eHealth, mHealtha, SMS

Social media, cell phone, internet,
telemedicine, text messaging, multi-
media, mobile applications, smart-
phone

New media

N/AdRisk reduction, sexual health, HIV/STIc risk, HIV prevention,
sexually transmitted diseases, sexual practices, sexually transmitted
infection

Risk reduction behavior, safe sex,
sexually transmitted diseases, con-
doms, HIV infections, sex educa-
tion, sexual behavior

Sexual health

Black, minority
group

African AmericanAfrican AmericanAfrican American

amHealth: mobile health.
bSNS: social networking site.
cSTI: sexually transmitted infection.
dN/A: not applicable.

Selection and Assessment of Articles
An initial search trail document was created to detail all review
findings. Duplicates were screened for independently and then
by team review. Next, abstracts were reviewed for relevance,
followed by a full-text review. Discrepancies related to the
retention or removal of articles were discussed until consensus
was achieved. Finally, themes were created from the existing
domains. Inclusion criteria included (1) African American
adolescents and young adult participants aged 13-24 years, (2)
sexual health, (3) new media use as defined in our background
section, (4) publication after 2009, and (5) publication within
the United States. Study samples were required to reflect the
US African American population (13%) [25]. Exclusion criteria
included (1) non-English language articles; (2) letters to the
editor, opinions, commentaries, and narrative reviews; (3)
studies used for recruitment only; and (4) text messaging, which
has been well-covered within the literature for the adolescent
and young adult population.

Results

Descriptive Characteristics of Reviewed Articles
In total, 16 selected studies [15,26-40] met the inclusion criteria
(see PRISMA diagram; Figure 1). Of these, 10 studies used

quantitative methods [27,28,30,33,35-40], 5 studies used
qualitative methods [15,26,29,31,32], and 1 study used mixed
methods [34]. Reviews included in the synthesis were
categorized as quantitative, qualitative, or mixed methods based
on the numerical or observational nature of the studies included.
The 16 included studies were summarized by the study method,
type of new media platform, and sample. The most common
forms of new media utilized within the included studies were
social media (eg, Facebook, Twitter) [15,26-29,33-35,37,40],
internet-based interventions (eg, It’s Your Game-Tech, Keep It
Up!) [28,30,32,33,36], mobile applications [29,31,33,39], and
interactive video games [15,38]. Studies reported various reasons
for utilizing new media, including improving contraception or
condom use, communicating credible information regarding
HIV and STIs, reducing the transmission of HIV and STIs,
improving attitudes around sexual health, and promoting STI
testing–related behaviors. Around half of the studies (7/16,
44%) indicated utilizing new media as an effective sexual health
promotion tool due to its ease of use and wide accessibility
among adolescents and young adults [15,26,30-32,34,39].
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) diagram.

Synthesis of Results Table
Table 3 shows the resulting articles by the level of evidence,
sample size, type of new media used, results, and any limitations
within the study.
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Table 3. Synthesis of results.

SampleNew media platformStudy methodFirst author, year

1578 youth, 16-25 years old; 35%

AAa
FacebookCluster randomized controlled trial

(RCT)
Bull, 2012 [27]

24 articles, some AA youthSocial media (eg, Facebook, Twitter,
Instagram)

Scoping reviewCondran, 2017 [35]

29 adolescents, 13-18 years old; 65%
AA

mHealthb appQualitative interviewsCordova, 2015 [31]

3 articles; >75% AA or Hispanic
youth, 13-25 years old

InternetSystematic reviewCordova, 2017 [36]

81 AA youth, 15-17 years oldInternetQualitative investigationDolcini, 2015 [32]

112 AA adults, 18-49 years oldFacebookCross-sectional studyEason, 2017 [37]

333 youth, 11-14 years old; 88.6%
racial/ethnic minorities

Interactive video gameRCTFiellin, 2017 [38]

106 youth, 12-19 years old; 53% AASocial networking sites, games, mobile
phones

Focus groupsGuilamo-Ramos, 2014 [14]

10 articles; youth 13-24 years old,
some AA

Web-based, social networking sitesSystematic reviewGuse, 2012 [28]

4 AA men, 18-24 years oldiPad appPilot studyJemmott, 2017 [39]

61 articles; some AA youth, 15-25
years old

Web-based, social media, smartphone
apps

Systematic reviewMuessig, 2015 [33]

33 youth, 12-14 years old; 70% AAWeb-basedFeasibility studyShegog, 2014 [30]

249 AA and Latino youth, 13-24
years old

Social media (eg, Facebook, Instagram,
Twitter)

Cross-sectional studyStevens, 2017 [40]

35 articles; 18-40 years old; some AASocial mediaSystematic reviewTaggart, 2015 [34]

94 youth, 14-24 years old; 80% AASocial networking sitesCohort studyVeinot, 2011 [26]

75 AA youth, 14-24 years oldSocial media appsQuasiexperimental studyVeinot, 2013 [29]

aAA: African American.
bmHealth: mobile health.

Feasibility of New Media for Reaching Youth of Color
and At-Risk Youth
Several studies cited the ability of new media to reach minority
and other at-risk youth regarding sexual health [27,28,34,37].
In one study, retention of participants declined in the long term,
but a significant number (1195/1578 participants, 75%) returned
to complete a follow-up in the short term [27]. Still, this
intervention was successful in recruiting 1578 youth, 773 of
whom were minority youth [27]. Additionally, the intervention
reached large numbers of youth with STI-related and
HIV-related information via Facebook, with most participants
viewing the content that they were intended to view; during the
study period, there were 277 posts by visitors to the Just/Us
Facebook page, and 93 individuals, which represents 10% of
those enrolled in the intervention, were identified as “loyal”
visitors to the page [27]. Another study revealed targeted
Facebook messaging to be effective in reaching young African
Americans living in the southeastern United States; 149 of the
176 individuals (85%) who responded to the invitation to
participate in the study did so after viewing the Facebook
message [37]. In a systematic review analyzing studies that used
a wide range of new media (eg, social networking sites and
internet-based interventions) for sexual health education, several

at-risk populations were recruited, including low-income urban
youth, HIV-positive youth, and minority youth [28]. Of the 10
articles included in the review, 6 articles succeeded in recruiting
and retaining African American youth to a number of new
media–based interventions (eg, +CLICK and MySpace) [28].
Another systematic review illustrated the capacity of new media
to engage users spanning various geographic locations, ages,
genders, races, and socioeconomic status when communicating
about HIV; the capacity was largely due to the ability of users
to remain anonymous [34]. The common feature of social media
platforms that allows for the anonymity of users may encourage
marginalized groups to feel more comfortable when it comes
to engaging in HIV communication via such platforms [34].
Users in 6 studies reported that social media anonymity allowed
for a decrease in stigma, fear, and discrimination surrounding
HIV and therefore allowed participants to engage more in a
discussion through social media than they would through
in-person interactions [34]. This review also highlighted the
usefulness of utilizing new media as a strategy for increasing
access to HIV care or prevention for those who may typically
face barriers to achieving such access in person, such as
marginalized and at-risk groups [34].
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Ability of New Media to Change Sexual Health–Related
Attitudes and Behaviors
Approximately one-third (5/16, 31%) of the studies explored
the effectiveness of new media in changing attitudes and
behaviors related to sexual health [30,35,37,38,40]. When
comparing current practices to pre-social media service
utilization, one scoping review found an increase in the
utilization of services, such as an increase in the number of
referrals and testing rates when social media was used as a way
of reaching populations [35]. In another study, 60 of 112
participants (54%) cited viewing HIV and STI prevention
messages on Facebook in the past year as the most critical factor
in their decision to change their high-risk sexual behaviors [37].
In yet another study, participants improved their sexual health
attitudes and knowledge 12 months after exposure to an
interactive video game intervention [38]. Middle-school students
who utilized an interactive, internet-based sexual health
curriculum demonstrated increased perceptions of friends’
positive beliefs about delaying sex, more significant reasons
for not having sex, increased self-efficacy for condom use, and
greater intentions to abstain from sex until marriage [30]. The
final study revealed that youth exposed to sexual health
messages through social media were nearly 2.5 times more
likely than youth who were not exposed to sexual health
messages through social media to have used contraception or
a condom at last intercourse. In contrast, parents, schools, and
traditional media as information sources were not significantly
related to contraception and condom use [40].

Role of New Media in Filling Gaps in Knowledge and
Information
Just under half (7/16, 44%) of the selected articles discussed
the value of new media in providing information and filling
critical gaps in knowledge related to sexual and reproductive
health (eg, STI testing and disease prevention and management)
[15,26,29,31,34,38,40]. Participants in one study shared the
importance of utilizing the app as a tool for disseminating
culturally specific HIV and STI information (eg, symptoms and
condom use) [36]. In another study, youth who participated in
an interactive video game demonstrated an average increase of
1.13 points in sexual health knowledge scores compared to the
scores of youth in the control group [38]. An additional study
revealed that adolescents are motivated to seek sexual health
information through new media due to its accessibility and
widespread use, while acknowledging in-person interactions as
a frequently used resource regarding specific and reliable
information [15]. To address the potential loss of trustworthiness
experienced with in-person health education, new media–based
interventions can utilize components of in-person interactions
(eg, interactivity and specificity) [15]. Another article revealed
that social media was the fourth most commonly used source
of sexual risk–reduction information among African American
and Latino youth, following television and movies, school, and
parents [40]. However, youth in this study received information
via online spaces at similar levels to information via friends and
parents [40]. In one systematic review, the most common benefit
of utilizing social media as a tool for HIV communication was
the ability to both share and receive information [34]. Social
media users also cited additional benefits of this platform: the

ability to receive information regarding disease management
and the ability to access nontraditional sources of information
regarding HIV prevention and testing [34]. Youth who
participated in focus groups suggested the use of mobile
platforms and applications to address the need for credible
information regarding sexual health [26]. However, participants
in another study reported inconsistencies in accessing credible
HIV-related and STI-related information through information
technologies (eg, the internet and mobile phones), resulting in
a critical gap in knowledge related to STIs [29]. Youth revealed
that their most desired feature of a new media–based
intervention was credible information, such as articles or
question-and-answer services [29].

Discussion

Principal Findings
This scoping review yielded 16 distinct new media interventions
to improve condom use and attitudes around sexual health,
communicate credible information regarding HIV and STIs,
and promote STI testing behaviors among African American
youth. These interventions are distinct in their methods of new
media delivery, the outcomes assessed, and their regional
locations. However, they hold a shared desire to increase the
overall sexual health of African American youth — a doubly
vulnerable population at risk for STIs.

Several themes were identified in this review. First, new media
has been shown to be a feasible method of delivery for future
sexual health interventions. New media interventions received
upwards of 75% participation by the African American youth
who were targeted for inclusion in the studies. This is higher
than the 10%-20% recruitment rate of minorities that is often
the reality for the bulk of existing research [41]. One of the
reasons cited for high use of new media was anonymity. The
desire to conceal their identity may be of particular importance
to adolescents who may not want their parents or friends to
know that they are engaged in a sexual health education
program. Anonymity has been found to increase participation
in new media sexual health interventions among other at-risk
groups, including adolescents and emerging adults [42] and
adolescent women of color [43]. The decreased chances of
undesired participant identification, in addition to convenience
(ie, no travel requirements or synchronous login requirements)
may make new media a better delivery mechanism for sexual
health interventions than traditional face-to-face intervention
delivery methods for some at-risk adolescents.

Next, several new media interventions identified in this scoping
review were effective in changing negative attitudes and
behaviors related to sexual health to more positive ones.
Attitudes are an important aspect of behavior, as highlighted
by the Theory of Reasoned Action (TRA) [44] and Theory of
Planned Behavior (TPB) [45]. These theories purport that beliefs
influence attitudes; attitudes, in turn, influence intentions; and
finally, intentions influence behaviors. Understanding the link
between these constructs is an important step in acknowledging
the importance of attitude change as a key precursor to behavior
change. TRA and TPB have been commonly used as the
theoretical underpinnings for behavior change interventions.
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Two of the 13 interventions for African Americans that are
endorsed in the “Compendium of Evidence-Based Interventions
and Best Practices for HIV Prevention” use this theory in their
theoretical frameworks [20].

Several new media interventions were also effective in
increasing knowledge related to sexual risk reduction and helped
to fill information gaps. While it is widely accepted that an
increase in knowledge alone does not directly lead to risk
reduction or behavior change, this construct is still often utilized
by interventionists and health care researchers. It is a major
component of Social Cognitive Theory (SCT) and can be applied
specifically to health promotion interventions [46]. Increased
knowledge may lead to better decision making and healthier
behaviors. Thus, the increased knowledge reported by
participants of the selected sexual health new media
interventions is a positive outcome that may lead to positive
changes in their sexual health behaviors. SCT is even more
widely used in sexual health interventions than TRA and TPB.
Eight of the 13 “Compendium of Evidence-Based Interventions
and Best Practices for HIV Prevention” interventions tailored
to African American youth and emerging adults utilize SCT as
a theoretical underpinning [20].

While new media interventions may decrease risky sexual
behavior and improve important aspects of future behavior
change, comparison of new media efficacy is difficult. Any
attempt to make this type of comparison may be difficult due
to the wide variation of core components utilized by each
intervention. Studies comparing one sexual health intervention
that was implemented using various new media and traditional
delivery mechanisms found no difference in outcomes [47,48].
This suggests that mode of delivery does not affect intervention
efficacy, but rather, it is a mechanism used to reach a target
population. It is the content of an intervention that determines
its effectiveness and not its method of delivery. Other
researchers have also found that the content of sexual health
interventions is more indicative of effectiveness than mode of
delivery [19]. Further research on the efficacy of intervention
mode of delivery is warranted.

The findings of this scoping review support the use of new
media platforms such as social networking sites, microblogs,
online video sites, and mobile phone applications to promote
safer sex behaviors and STI prevention. New media platforms
should be leveraged to promote engagement in health care and
reduce risk-related behaviors among African American youth.
This population already utilizes new media at high rates, an
indication that these platforms are highly accepted modes of
communication and information delivery within this group.
Moreover, African American youth have reported increased
utilization of health care resources after seeing information
about these services online. This suggests that new media is not
a substitution for in-person services but that it can be used as a
conduit for increased utilization of traditionally delivered
services.

It is to the advantage of sexual health educators and
interventionists to become familiar with and employ platforms
that are already in heavy use by their target populations. Health
care promotion and disease prevention organizations have

encouraged the use of new media for the past decade [49,50].
One important factor in the creation of new media interventions
is the use of adaptation methods. Instead of creating entirely
new interventions, it is highly suggested to adapt evidence-based
interventions for use among new populations and via new
delivery methods using models such as Intervention Mapping
[51], the CDC’s Map of Adaptation Process [52], and the
ADAPT-ITT model [53].

Limitations
Several limitations exist for this research. The primary limitation
is the use of a broad range of platforms and measures among
the studies selected for review. Furthermore, some studies
utilized social media platforms, while others utilized web-based
gaming platforms. Some studies measured attitudes, while others
measured different sexual behaviors such as delayed onset of
first sexual encounter or consistent condom use during sexual
intercourse. Just as online platforms are similar yet can vary
greatly in their functionality and usability, behavioral outcomes
may be alike or associated in some ways without being proxies
for one another; thus, they should not be compared. For this
reason, it is not appropriate to attempt head-to-head comparisons
of the new media interventions identified in this study. The
varying factors and outcomes assessed in each intervention
make it difficult to draw definitive conclusions regarding the
relationship between the new media interventions and individual
sexual health outcomes or behaviors. Furthermore, only a limited
number of new media studies have focused solely on African
American youth and young adults, and few of these interventions
were gender-related. While African Americans accounted for
at least 13% of each study’s participants, 11 studies in this
review included other populations. Only one study was
gender-specific. Therefore, while being culturally appropriate
and gender-specific are highly recommended aspects of
intervention creation [54-56], they may not have been important
factors in many of the interventions included in this review.
Finally, it was not in the scope of this study to compare the
effectiveness of sexual risk-reduction interventions utilizing
traditional delivery methods and those using new media. While
it is not highly anticipated that intervention mode of delivery
affects behavioral outcomes, this potential impact should be
studied further in the presence of all intervention core
components.

Conclusions
While research in this area is limited, the results of this scoping
review indicate that new media is a promising sexual health
promotion tool for African American adolescents and young
adults. A range of new media platforms was shown to be
effective in reaching African American youth, improving sexual
health–related attitudes and behaviors and filling gaps in sexual
health–related knowledge and information. The encouraging
results of this review suggest more research should be devoted
to further exploring the benefits of utilizing new media as a tool
for improving the sexual health of African American adolescents
and young adults. Additionally, this review supports the value
of tailoring both new and existing new media–based
interventions towards this specific population.
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Abstract

Background: Hypertension is a major cause of cardiovascular disease, which is the leading cause of premature death. People
with hypertension who do not comply with recommended treatment strategies have a higher risk of heart attacks and strokes,
leading to hospitalization and consequently greater health care costs. The smartphone, which is now ubiquitous, offers a convenient
tool to aid in the treatment of hypertension through the use of apps targeting lifestyle management, and such app-based interventions
have shown promising results. In particular, recent evidence has shown the feasibility, acceptability, and success of digital
interventions in changing the behavior of people with chronic conditions.

Objective: The aim of this study was to systematically compile available evidence to determine the overall effect of smartphone
apps on blood pressure control, medication adherence, and lifestyle changes for people with hypertension.

Methods: This systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement guidelines. Databases were searched to identify randomized controlled trials related to the
influence of an app-based intervention in people with hypertension. Data extracted from the included studies were subjected to
a meta-analysis to compare the effects of the smartphone app intervention to a control.

Results: Eight studies with a total of 1657 participants fulfilled the inclusion criteria. Pooled analysis of 6 studies assessing
systolic blood pressure showed a significant overall effect in favor of the smartphone intervention (weighted mean difference
–2.28, 95% CI –3.90-0.66). Pooled analysis of studies assessing medication adherence demonstrated a significant effect (P<.001)

in favor of the intervention group (standard mean difference 0.38, 95% CI 0.26-0.50) with low heterogeneity (I2=0%). No difference
between groups was demonstrated with respect to physical activity.

Conclusions: A smartphone intervention leads to a reduction in blood pressure and an increase in medication adherence for
people with hypertension. Future research should focus on the effect of behavior coaching apps on medication adherence, lifestyle
change, and blood pressure reduction.

(JMIR Mhealth Uhealth 2020;8(10):e21759)   doi:10.2196/21759

KEYWORDS

hypertension; smartphone; blood pressure; mobile; lifestyle; adherence; smartphone app; medication adherence

Introduction

Hypertension, or high blood pressure, is generally defined
according to a systolic blood pressure (SBP) reading above
130/140 mmHg and/or diastolic blood pressure (DBP) above

80/90 mmHg. Hypertension is a major cause of cardiovascular
disease, which is the leading cause of premature death [1].
Hypertension affects approximately 244.5 million adults in
China, only 15.3% of whom have their condition under control
[2]. People with hypertension who do not comply with
recommended treatment strategies have a higher risk of heart
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attacks and strokes, leading them to be hospitalized and left
with greater health care costs [3]. Although faithfully taking
prescribed medication and following suggested lifestyle changes
can lead to a dramatic improvement in blood pressure, few
people actually follow their doctor’s advice, and thus fail to
control their hypertension, leading to high rates of mortality
and disability from heart conditions and other vascular diseases
[4].

Self-measured blood pressure (SMBP) is believed to improve
medication adherence, and is now a common intervention for
hypertension management [5,6]. Lifestyle changes such as
dietary sodium restriction, weight loss, and aerobic exercise
can substantially decrease blood pressure [7]. In addition, the
smartphone, which is found everywhere, offers a convenient
tool to aid in the treatment of hypertension through the use of
apps targeting lifestyle management, which have been showing
promising results [8,9]. Recent evidence demonstrates the
feasibility, acceptability, and success of digital interventions in
changing the behavior of people with chronic conditions [10-17].
Getting one’s hypertension under control may involve many
lifestyle and behavioral changes. We hypothesized that
smartphone apps combined with regular blood pressure
monitoring and digital behavior change interventions may be
more effective than currently employed hypertension
management strategies.

Functions of such apps include a reminder to take one’s
medication, tracking a biometric result, education and
motivation, and individualized coaching based on measured
values and nonpharmaceutical behaviors. A large number of
apps for medication adherence have become available in the
last few years [18].

The primary objective of this systematic review and
meta-analysis was to analyze the literature to determine the
effect of smartphone apps on blood pressure control, medication
adherence, and lifestyle changes. Only studies using stand-alone
smartphone apps were included in the meta-analysis.
Smartphone interventions that are not based on an app were
excluded due to not conforming to our primary objective.

Methods

Search Strategy
This systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement guidelines [19].

We carried out a keyword search using the terms “smartphone,”
“hypertension,” and “randomized controlled trials.” The Ovid
MEDLINE, EMBASE, PubMed, and Cochrane Library
databases were searched from the start date of May 14, 2020.
These databases were searched using a combination of subject
headings (such as Medical Subject Headings) and filters (such
as “RCT”) when available. We also reviewed the references of
included studies to identify additional pertinent studies. We
imposed no language or time restriction.

Inclusion and Exclusion Criteria
Two reviewers independently assessed the records identified
from the search for eligibility. Any discrepancies were resolved
by consensus. We included any randomized controlled trials
comparing smartphone apps–based hypertension management
versus usual care or SMBP in adult primary hypertension
patients. The target population was adults (aged 18 years and
above) with hypertension (as defined by the authors). The
outcome had to be objectively measured blood pressure changes.
We accepted any duration of intervention.

We excluded studies of patients with confounding chronic
conditions such as chronic kidney disease or diabetes mellitus,
and those with missing key data. A protocol was developed
prior to commencing this review on PROSPERO
(CRD42020140926).

Study Quality
Study quality was assessed by the two authors based on the
seven domains defined by the Cochrane Collaboration tool for
assessing risk of bias [20]: (1) random sequence

generation; (2) allocation concealment; (3) blinding of
participants and personnel; (4) blinding of outcome assessment;
(5) incomplete outcome data; (6) selective reporting; and (7)
other biases, including baseline imbalance, early stopping, and
bias due to vested financial interest or academic bias.

Potential publication bias across studies was assessed using a
funnel plot.

Data Extraction
One author (XX) extracted all data and both authors (XX and
LY) reviewed the data for accuracy. The following data were
collected: (1) country, duration of the trial, date of publication;
(2) numbers of individuals included, inclusion criteria, exclusion
criteria; (3) intervention, concomitant intervention; and (4)
systolic/diastolic blood pressure change and behavior change
(physical activity and medication adherence were the only two
behaviors consistently reported in the existing literature).

Data Synthesis

Meta-Analyses
Meta-analysis was performed with Revman 5.3. We used a
random-effects model and calculated the weighted mean
difference (WMD) to generate pooled estimates of SBP and
DBP changes; a random-effects model and standard mean
difference (SMD) were used to calculate the intervention effects
of medication adherence and physical activity across studies.
We calculated the standard deviation using an assumption of a
0.5 correlation for studies that did not report the standard
deviation of the mean of change, following the Cochrane
Handbook for Systematic Reviews of Interventions [20]. The

I2 statistic was used to assess the degree of statistical
heterogeneity.

Blood pressure changes were divided into two subgroups based
on the type of intervention.
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Trial Sequential Analysis
Trial sequential analysis is a methodology that considers how
much information is needed to anticipate a specific required
information size [21]. We used the TSA program version
0.9.5.10 Beta (Copenhagen Trial Unit) to adjust the CIs due to
sparse data and repetitive testing of cumulative data, and to
calculate the required information size. If the cumulative Z-curve
crosses a trial sequential monitoring boundary or enters the
futility area, it can be concluded that a sufficient level of
evidence may have been reached. Conversely, the conclusion
evidence is insufficient if the Z-curve does not cross any
boundaries. The required information size was calculated based
on autogenerated empirical data per input data. We performed
the trial sequential analysis at the level of an overall 5% risk of
type I error and a power of 20%.

Sensitivity Analysis
We conducted a posthoc sensitivity analysis to assess the impact
of the potential reporting bias of trials with small sample sizes
(N<60).

Results

Included Studies
Eight studies [22-29] with a total of 1657 participants fulfilled
the inclusion criteria; based on the results of sensitivity analysis,
two studies [22,23] were excluded from the meta-analyses
(Figure 1). SBP was assessed in 7 studies, DBP was assessed
in 6 studies, medication adherence was assessed in 6 studies,
and lifestyle changes were assessed in 2 studies. Characteristics
of the included studies are summarized in Table 1.

The most common functions of mobile health apps were
recording blood pressure, medication reminder, and abnormal
values warning. Patient education or health recommendations
were reported in 3 studies [23,25,29].

The follow-up period ranged from 6 weeks to 18 months, with
a median of 6 months. Over 90% of participants were available
for outcome assessment.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart of study selection.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e21759 | p.46http://mhealth.jmir.org/2020/10/e21759/
(page number not for citation purposes)

Xu & LongJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Table 1. Characteristics of included studies.

Outcomes measuredIntervention protocolDurationControlInterventionReference

BPRecord (automatically
sync) BP daily for the
first week, then weekly
thereafter, along with
reminder, encourage-
ment, and education

6 monthsBPb tracking app,
SMBP (n=152).

Hypertension Coach-

ing App, SMBPa

(n=144)

Persell et al [29]

MAcOnline education week-
ly

6 weeksRegular routine educa-
tion (n=25)

Social network self-
management educa-
tion (n=25)

Ghezeljeh et al [23]

BPRecord BP, reminder12 weeksNone (n=202)Medisafe app, SMBP
(n=209)

Morawski et al [26]

BPRecord BP twice a
week and twice in the
evening

12 monthsSMBP (n=55)Telemonitoring Self-
Care Support System
(n=55)

Logan et al [24]

BP, MARecord BP at least once
daily, reminder

6 monthsSMBP, record BP on
paper (n=218)

Yan Fu app, SMBP
(n=225)

Gong et al [28]

BP, MARecord (automatically
sync) BP every 3 days
in the morning and
evening, feedback

9 monthsenhanced standard care
(n=26)

SMASH app, SMBP
(n=28)

Chandler et al [22]

BP, MARecord BP 3 times a
week, 2 measurements
per day, health recom-
mendations, reminder

6 monthsusual care, online dis-
ease management pro-
gram (n=43)

app, SMBP, online
disease management
program (n=52)

Kim et al [25]

BP, MARecord BP, reminder6/18 monthsusual care (n=75)ALERHTA app
(n=73)

Márquez Contreras et
al [27]

aSMBP: self-measured blood pressure.
bBP: blood pressure.
cMA: medication adherence.

Risk of Bias
One study was judged to have a low risk of bias [24]. One study
was judged to have a high risk of bias at one domain [29].
Results were unclear for the remaining 6 studies, mainly due
to lack of detail of performance bias and selection bias
(Multimedia Appendix 1).

Blood Pressure
Pooled outcomes of SBP (Figure 2) and DBP (Multimedia
Appendix 1) were similar. SBP (WMD –2.28, 95%CI

–3.90-0.66; 6 studies) with moderate heterogeneity (I2=40%)

and DBP (WMD –1.84, 95%CI –3.49 to –0.19; 5 studies) with

moderate heterogeneity (I2=54%) both showed a significant
effect in favor of the intervention (P=.006 and P=.03,
respectively). Blood pressure was significantly reduced in 4
studies (–2.78 mmHg), but was not significantly reduced in 2
studies that included education in the intervention (–0.33
mmHg).

Trial sequential analysis showed that the required information
size of 20% power had been reached. The certainty of the
evidence was high (Figure 3).
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Figure 2. Meta-analysis results and forest plot for the effect of app-based interventions on improvement in systolic blood pressure.

Figure 3. Trial sequential analysis of systolic blood pressure.

Medication Adherence
Four studies assessed medication adherence according to the
Morisky Medication Adherence Scale-8 item (Figure 4)
[22,25,26,28], one study determined adherence based on the
pill count [25], and the other used the Hypertension SM
Behavior Questionnaire [23].

Pooled analysis of medication adherence demonstrated a
significant effect (P<0.0001) in favor of the intervention (SMD

0.38, 95%CI 0.26-0.50) with low heterogeneity (I2=0%).

A test for subgroup differences showed an insignificant effect

when the studies were grouped (χ2=1.70, df=1, I2=41.3%).
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Figure 4. Meta-analysis and forest plot of the effect of the app-based intervention on medication adherence, assessed using the Morisky Medication
Adherence Scale-8 item (4 studies).

Physical Activity
Two studies reported physical activity [25,29]. Pooled analysis
did not show a statistically significant effect of the intervention

(SMD 0.12, 95%CI –0.13-0.37, P=.33; Figure 5). One study
showed a significant effect of reducing smoking [25] and one
study showed a significant effect of confidence in controlling
blood pressure [29].

Figure 5. Meta-analysis and forest plot of the effect of the app-based intervention on physical activity (2 studies).

Discussion

Principal Findings
We carried out this review to determine the effect of smartphone
apps on the management of hypertension, and a pooled analysis
of blood pressure and medication adherence of all studies
demonstrated a significant effect in favor of the intervention.
However, apps with digital behavior change interventions such
as those targeting physical activity demonstrated little effect.
The effect size of apps with behavioral instruction functions on
blood pressure control was 9 times smaller than that of apps
without these functions. Evidence of the impact of smartphone
apps on physical activity was insufficient. Pooled analysis of
two studies with insignificant blood pressure reduction via
promoting physical activity showed a small but insignificant
effect in favor of the intervention.

A previous review showed that SMBP alone is not associated
with reducing blood pressure, whereas SMBP in conjunction
with co-interventions significantly reduced blood pressure [6].
Another review showed that SMBP can lower blood pressure
regardless of the number of hypertension-related comorbidities;
however, for individuals with conditions such as obesity or
stroke, SMBP should be combined with high-intensity
co-interventions to effectively reduce blood pressure [30].
Moreover, individuals with chronic conditions using
self-management digital interventions feel well cared for and

tend to adopt a more active role in their health management
[31]. Smartphone apps are able to integrate several
co-interventions such as medication adherence, education, and
lifestyle recommendations in one device. Our review indicated
that SMBP in conjunction with a smartphone app improves
medication adherence and reduces blood pressure. A reduction
in SBP of 3 mmHg, as observed in intervention groups, would
be expected to be associated with an 8% reduction in stroke
mortality and a 5% reduction in mortality from coronary heart
disease [1]. The observed magnitude of blood pressure reduction
would have a significant impact on clinical practice considering
the huge population worldwide suffering from hypertension.

A small minority of the apps included in our review incorporated
educational functions, and the effect of these functions on blood
pressure was insignificant. Available data on medication
adherence of these studies was even more rare. The only study
that reported medication adherence demonstrated an
insignificant result. Yeung et al [32] found that in a low health
literacy patient population, the use of educational tools such as
flash cards and online videos significantly improved medication
adherence in diabetes, hypertension, and heart failure patients.
This study demonstrated that the successful education of patients
regarding their medication use can significantly improve
medication adherence. Medication nonadherence is estimated
to cost the health care system US $5824 annually per person
among patients with hypertension [33]. Low adherence to
antihypertension therapy among hospitalized patients was
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associated with increased costs of approximately US $3574
(95% CI US $2897-$4249) per person within a 3-year period
[3]. This imposes a huge burden on the health care system and
patients.

The lack of economic data such as the cost-effectiveness of
smartphone-based interventions in improving medication
adherence in patients with chronic health conditions highlights
the need for further research to understand their role in cost
savings while simultaneously improving medication adherence
and health outcomes [34,35].

We have reason to believe that smartphone apps are feasible in
general practice. Health care professionals should regard
smartphone apps as potential tools for patients with hypertension
to optimize management [36]. To better utilize these apps,
several barriers need to be overcome, such as the generational
difference in the propensity to use digital devices, lack of
knowledge of available apps, ease of use of apps by the elderly,
and privacy and data safety issues [36].

In our review, physical activity yielded an insignificant result.
It is critical to discover how to usefully conceptualize and
operationalize engagement with digital behavior change
interventions. For instance, standardized terminology and
measurement techniques will ensure more rapid advances in
understanding engagement with digital behavior change
interventions and developing methods to improve them [37].
The choice of app may be influenced by its immediate look and

feel, “social proof,” titles that appear realistic, and
multicomponent features. Design features should focus on
enhancing motivation, autonomy, personal relevance, and
credibility [38-40].

It is vital that health care professionals and patients join together
to form an effective and integrative relationship in clinical
practice with mobile health apps.

Limitations
There were relatively few studies included in this meta-analysis.
Therefore, the conclusions may be influenced by publication
bias and should be regarded as preliminary. We did not include
interventions that involved or targeted pediatric patients. The
included trials were mainly conducted in North America and
East Asia; thus, geographic unevenness may lead to underlying
bias. Choice of the population such as excluding patients with
mildly elevated blood pressure and different control
interventions may also have yielded bias. With the various terms
used to describe a digital intervention and its related health care,
some studies may have been overlooked. The statistical findings
should be interpreted cautiously for potential underlying
heterogeneity.

Conclusion
A smartphone intervention leads to a reduction in blood pressure
and an increase in medication adherence. Future research should
discover the effect of behavior coaching apps on medication
adherence, lifestyle change, and blood pressure reduction.
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Abstract

Background: A novel coronavirus, SARS-CoV-2, was identified in December 2019, when the first cases were reported in
Wuhan, China. The once-localized outbreak has since been declared a pandemic. As of April 24, 2020, there have been 2.7 million
confirmed cases and nearly 200,000 deaths. Early warning systems using new technologies should be established to prevent or
mitigate such events in the future.

Objective: This study aimed to explore the possibility of detecting the SARS-CoV-2 outbreak in 2019 using social media.

Methods: WeChat Index is a data service that shows how frequently a specific keyword appears in posts, subscriptions, and
search over the last 90 days on WeChat, the most popular Chinese social media app. We plotted daily WeChat Index results for
keywords related to SARS-CoV-2 from November 17, 2019, to February 14, 2020.

Results: WeChat Index hits for “Feidian” (which means severe acute respiratory syndrome in Chinese) stayed at low levels
until 16 days ahead of the local authority’s outbreak announcement on December 31, 2019, when the index increased significantly.
The WeChat Index values persisted at relatively high levels from December 15 to 29, 2019, and rose rapidly on December 30,
2019, the day before the announcement. The WeChat Index hits also spiked for the keywords “SARS,” “coronavirus,” “novel
coronavirus,” “shortness of breath,” “dyspnea,” and “diarrhea,” but these terms were not as meaningful for the early detection of
the outbreak as the term “Feidian”.

Conclusions: By using retrospective infoveillance data from the WeChat Index, the SARS-CoV-2 outbreak in December 2019
could have been detected about two weeks before the outbreak announcement. WeChat may offer a new approach for the early
detection of disease outbreaks.

(JMIR Mhealth Uhealth 2020;8(10):e19589)   doi:10.2196/19589

KEYWORDS

novel coronavirus; SARS; SARS-CoV-2; COVID-19; social media; WeChat; early detection; surveillance; infodemiology;
infoveillance

Introduction

An outbreak of pneumonia of unknown cause in Wuhan, the
capital of Hubei province, China, occurred in December 2019
[1]. Shortly, the cause was identified as a novel coronavirus [1]
that resembles severe acute respiratory syndrome (SARS) and
it was named SARS-CoV-2 [2,3]. The outbreak has become a
pandemic, with 2.7 million confirmed cases and nearly 200,000

deaths globally as of April 24, 2020 [4]. Early warning systems
should be established to prevent or mitigate future disease
outbreaks.

Traditional surveillance systems typically rely on clinical,
virological, and microbiological data submitted by physicians
and laboratories. Due to time and resource constraints, a lack
of operational knowledge of reporting systems, and regulations
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associated with these systems, substantial lags between an
outbreak event and its report are common [5].

With the popularization of the internet and smartphones, an
increasing number of people use social media (eg, Twitter and
Facebook) to share information. Details of an event may have
been posted about on social media for several days or even
months before it was reported through health institutions and
official reporting structures. Internet-based search engines are
an important source for health information for people from all
walks of life. Analyzing data on search behaviors provides a
new approach for the detection and monitoring of diseases and
symptoms. Technologies using social media, search queries,
and other internet resources offer novel and economic
approaches for detecting and tracking emerging diseases and
such approaches (called infodemiology and infoveillance) have
been successfully used in the cases of SARS [6], influenza [7],
and dengue [8]. Herein, we explored whether the SARS-CoV-2
outbreak in China could have been detected earlier through data
available on WeChat, a popular Chinese social media app.
Internet search queries from Hubei province were also
investigated.

Methods

WeChat (called Weixin in China; Tencent Inc) is the most
popular social media app in China with over 1 billion monthly
active users. WeChat Index, accessed on the WeChat app, is a
publicly available data service that shows how frequently a
specific keyword has appeared in posts, subscriptions, and
search on WeChat over the previous 90 days. Using WeChat
Index, we obtained daily data from November 17, 2019, to
February 14, 2020, for keywords related to SARS-CoV-2, such
as “SARS,” “Feidian” (SARS in Chinese), “pneumonia,”
“fever,” “cough,” “shortness of breath,” “dyspnea,” “fatigue,”
“stuffy nose,” “runny nose,” “diarrhea,” “coronavirus,” “novel
coronavirus,” and “infection” (raw data in Multimedia Appendix
1). The corresponding Chinese words were used for all keywords
except for “SARS”.

Baidu is the dominant Chinese internet search engine. Baidu
Index (Baidu Inc) [9] can display how frequently a keyword
has been queried over a certain time period in a given region.
The keywords mentioned above were also investigated through
Baidu Index for Hubei province.

The daily data were plotted according to time for each of the
keywords. As the outbreak is an isolated rather than recurrent
event and the cutoff value to detect an outbreak based on social
media and online search behavior is unknown, statistical
analyses were not performed. The outbreak was announced by
Wuhan Health Commission (WHC) on December 31, 2019; on
this day, the Chinese Centers for Disease Control and Prevention
(China CDC) became involved in the investigation and response
[2]. If WeChat Index results for a keyword spiked or increased
before the day of the outbreak announcement, the keyword was
considered as a potential candidate outbreak sign [10].

Results

WeChat Index hits for “Feidian” stayed at low levels before
December 15, 2019, after which they increased significantly.
The WeChat Index results remained at relatively high levels
until the day before the outbreak announcement, when the
number of hits rose rapidly, reaching a peak on the day of the
outbreak announcement (Figure 1). The WeChat Index results
for “SARS” were stable, except for the first three days in
December, with a peak on December 1, 2019 (Figure 1). The
WeChat Index hits for “coronavirus” rose the day before the
outbreak was announced, with a peak on the day of the
announcement, followed by another peak after the novel
coronavirus was officially announced as the causative pathogen
of the outbreak by China CDC (Figure 1). From November 17,
2019, to December 30, 2019 (44 days), the WeChat Index results
also spiked or increased for “novel coronavirus,” “shortness of
breath,” “dyspnea,” and “diarrhea,” although these terms were
not as meaningful for the early detection of the outbreak as
“Feidian” (Multimedia Appendices 2 and 3).
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Figure 1. WeChat Index results for the words Feidian, SARS, and coronavirus. The index results for “Feidian” began to rise on December 15, 2019
(dashed circle), persisted at relatively high levels until December 29, 2019, and rose rapidly on December 30, 2019, with a peak on December 31, 2019.
The index results for “SARS” were atypical during the first three days of December, with a peak on December 1, 2019 (dashed circle). The index results
for “coronavirus” began to rise on December 30, 2019, with a peak on December 31, 2019, followed by another increase on January 9, 2020. China
CDC: Chinese Centers for Disease Control and Prevention; Feidian: Chinese abbreviation of severe acute respiratory syndrome; NCIP: novel
coronavirus-infected pneumonia; NHC: National Health Commission of the People's Republic of China; SARS: severe acute respiratory syndrome.

The Baidu Index results for “Feidian,” “SARS,” “pneumonia,”
and “coronavirus” rose rapidly on December 30, 2019, the day
before the outbreak announcement. According to Baidu Index
results, no other keywords had an obvious increase from
November 17, 2019, to December 30, 2019 (Multimedia
Appendix 4).

Discussion

Principal Results
By exploring daily data from WeChat, a Chinese social media
app, we found that the posting and search frequencies of several
keywords related to SARS-CoV-2 deviated from typical

frequencies ahead of the outbreak being announced in China in
December 2019. Of these keywords, “Feidian” is especially
worthy of attention. In 2003, the SARS outbreak caused mass
panic among people in China and approximately half of the
victims were health care workers [11]. Since then, Chinese
physicians are on the alert for SARS as well as similar diseases
[12]. If the clinical manifestations and chest images indicate
viral pneumonia and several similar cases occur in a region in
a short period, health care providers may think of SARS
(“Feidian” in Chinese). When suspected cases are admitted to
hospitals, the involved physicians may mention “Feidian” and
communicate on WeChat using this word. This study found that
the frequency of the word “Feidian” in WeChat began to rise
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on December 15, 2019. According to publications regarding
early cases of laboratory-confirmed SARS-CoV-2 infections,
5-11 patients had symptom onset by this day; the earliest onset
was on December 1, 2019 [1,2]. Furthermore, the WeChat Index
results for “Feidian” persisted at levels higher than those prior
to December 15, 2019, and they reached a peak the day of the
outbreak announcement. Altogether, the WeChat Index results
for the word “Feidian” offered a strong warning sign of the
developing SARS-CoV-2 outbreak. Using WeChat data in this
way may enable the early detection of future outbreaks; for
SARS-CoV-2, this data indicated an outbreak two weeks before
the outbreak announcement.

The frequency of the term “SARS” in WeChat was unusually
high from December 1 to 3, 2019, compared to the days before
and after. According to Huang et al [13], the symptom onset
date of the first patient identified was December 1, 2019. It is
not clear whether this frequency abnormality is related to early
cases. If it is, it indicates the existence of cases prior to the first
reported one. The frequency of “novel coronavirus” in WeChat
was abnormally high on December 11, 2019, with an index
value of 400. However, its baseline value (0 or 50) was very
low, so the index was sensitive to noise (Multimedia Appendix
3). The frequency of the word “coronavirus” in WeChat rose
rapidly one day ahead of the outbreak announcement, so the
role of this keyword was limited in the early detection of this
outbreak. As for keywords related to symptoms, these symptoms
are not specific to SARS-CoV-2 infection. Their increased
frequency may be associated with the emergence of COVID-19,
or it may be a coincidence. Although the other keywords
explored in this study did not perform as well as “Feidian,” both
these terms and keywords not explored in this study (eg, the
names of drugs used to treat SARS-CoV-2 infection) may still
prove valuable for future outbreak detection and monitoring. A
previous investigation using Google Flu Trends showed that a
combination of several keywords was better than a single
keyword for making predictions [7].

"Infoveillance", which is the gathering and analyzing data from
social media, internet search queries, and information from
websites for infodemiology purposes, was proposed in 2004 by
Eysenbach as a novel approach to early warning and detection
of either disease outbreaks or infodemics. Infoveillance can be
supplementary to traditional surveillance systems [5]. One such
tool, the Global Public Health Intelligence Network (GPHIN),
identified the SARS outbreak in China in 2003 more than two
months earlier. In addition, they identified the outbreak of
Middle East respiratory syndrome (MERS) in 2012 [6]. As far
as we know, GPHIN and other established tools do not gather
data from WeChat, the dominant Chinese social media app.
This study shows that gathering and analyzing data from
WeChat may be promising for the early detection of disease
outbreaks. Considering WeChat has over 1 billion monthly
active users in China, it has an advantage in detecting outbreaks
within China. In addition, we found that WeChat data may
provide better results than Baidu search query data because
people may primarily communicate with others using WeChat
[14].

Limitations
The main limitation of this study is its retrospective nature. The
outbreak is a singular event. Using WeChat data for the early
detection of outbreaks like this one should be further explored
in the future. In addition, WeChat Index data earlier than 90
days ago is unavailable and the index calculation methodology
is not public.

Conclusions
In summary, data from WeChat could have enabled the detection
of the SARS-CoV-2 outbreak in 2019 about two weeks earlier
than the outbreak announcement. Future studies can
prospectively gather and analyze data from WeChat for the early
detection of disease outbreaks in China. Tracking the source of
keywords in WeChat that have atypical frequencies may become
a promising approach for controlling a disease outbreak at its
earliest stages.
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Multimedia Appendix 1
Raw data of WeChat Index for keywords related to SARS-CoV-2.
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Multimedia Appendix 2
Keywords for which WeChat Index spiked or increased during the period from November 17 to December 30, 2019.
[DOCX File , 16 KB - mhealth_v8i10e19589_app2.docx ]

Multimedia Appendix 3
WeChat Index curves for keywords related to SARS-CoV-2, other than “Feidian” and “SARS”.
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[PDF File (Adobe PDF File), 2484 KB - mhealth_v8i10e19589_app3.pdf ]

Multimedia Appendix 4
Baidu Index curves for keywords related to SARS-CoV-2.
[PDF File (Adobe PDF File), 2140 KB - mhealth_v8i10e19589_app4.pdf ]
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Abstract

Background: The use of location-based data in clinical settings is often limited to real-time monitoring. In this study, we aim
to develop a proximity-based localization system and show how its longitudinal deployment can provide operational insights
related to staff and patients' mobility and room occupancy in clinical settings. Such a streamlined data-driven approach can help
in increasing the uptime of operating rooms and more broadly provide an improved understanding of facility utilization.

Objective: The aim of this study is to measure the accuracy of the system and algorithmically calculate measures of mobility
and occupancy.

Methods: We developed a Bluetooth low energy, proximity-based localization system and deployed it in a hospital for 30 days.
The system recorded the position of 75 people (17 patients and 55 staff) during this period. In addition, we collected ground-truth
data and used them to validate system performance and accuracy. A number of analyses were conducted to estimate how people
move in the hospital and where they spend their time.

Results: Using ground-truth data, we estimated the accuracy of our system to be 96%. Using mobility trace analysis, we generated
occupancy rates for different rooms in the hospital occupied by both staff and patients. We were also able to measure how much
time, on average, patients spend in different rooms of the hospital. Finally, using unsupervised hierarchical clustering, we showed
that the system could differentiate between staff and patients without training.

Conclusions: Analysis of longitudinal, location-based data can offer rich operational insights into hospital efficiency. In
particular, they allow quick and consistent assessment of new strategies and protocols and provide a quantitative way to measure
their effectiveness.

(JMIR Mhealth Uhealth 2020;8(10):e19874)   doi:10.2196/19874
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Introduction

Background
Hospitals and clinical contexts are spaces in which physical
attributes are often closely linked to organizational procedures,
processes, and protocols. Thus, the movement of people within
a hospital can be thought of as the physical manifestation of a

particular process. For instance, when a patient visits the hospital
for surgery, a particular sequence is expected to be followed:
admission, preparation, anesthesia, operation, and recovery.
The patient progresses along this sequence by moving through
the different rooms and spaces of the hospital. Similarly, staff
movement is closely linked to organizational processes. Further,
these rooms are highly specialized locations and serve specific
clinical and operational functions.
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In this paper, we demonstrate how to take advantage of this
close link between physical movement and functional and
organizational processes in hospitals to generate operational
insights. Specifically, we show how capturing and studying the
longitudinal movement of people in a hospital can provide
insights into the operational characteristics and efficiency of
the hospital. We show multiple analyses where long-term
mobility patterns help us quantify a hospital’s operational
efficiency.

Hospitals are no strangers to localization technologies [1].
Indoor localization has seen significant technological
improvements in recent years [2]—the relatively inexpensive
Bluetooth low energy (BLE) beacons and Apple’s iBeacon
standard have brought indoor localization closer to mainstream
use. Most of the applications in hospitals and clinical settings
have focused on process mining [3] or real-time localization
[4], that is, locating people or assets quickly and accurately.
However, the data collected by such real-time systems are
typically discarded and not accumulated for long periods. One
reason for the lack of interest in longitudinal analyses is that
we currently lack a movement-centered representation that is
flexible enough to work with a variety of localization systems,
which also allows researchers to study people’s flow across
indoor spaces and rooms.

Yet, outside clinical settings and health care, an increasing
number of studies suggest that long-term localization data can
provide meaningful insights in workplaces where efficiency is
of the essence and where the flow of people and assets can be
optimized by studying and analyzing their movements. For
instance, construction sites aim to minimize the movement of
heavy assets to reduce hazards and ensure a safer working
environment, and researchers are currently working on similar
projects [5]. Similarly, hospitals have an interest in reducing
the downtime of operating rooms (operating rooms) as they can
cost up to Aus $1500 (US $1063) per hour when in standby [6].
This means that hospitals are strongly motivated to develop
policies and standards that reduce the downtime of expensive
facilities such as operating rooms. However, it can be
challenging to accurately describe why facilities have downtime
or why patients have to wait for long periods.

Contribution
In this paper, we present a room- and movement-centered
analysis of longitudinal, indoor localization data, focusing on
the semantics of hospital rooms and their role in the workplace
workflow. By analyzing this data, we were able to measure the
occupancy levels of different rooms, understand how much time
patients and staff spent in each phase of the treatment process,
and visualize and quantify the movement of patients and staff
over time. We present an overview of the system we developed

and deployed, the challenges we faced, and the insights we
generated by analyzing the longitudinal movement data of staff
and patients. We tested and validated our approach in a
long-term deployment in the ward of a public teaching hospital
with 7 operating theaters. Previous works have looked at
gathering insights from indoor localization systems in different
settings: music festivals [7], museums and galleries [8], and
clinical environments [9]. However, these works do not provide
a long-term analysis, focusing instead on single-time events or
short-term data collection.

From a technical standpoint, the contribution of our work is in
the development of algorithms that can analyze longitudinal
indoor localization data and generate high-level insights with
minimal training and without an understanding of the specific
application domain (eg, hospitals). Researchers in the field of
geographic information sciences have tackled a similar challenge
of abstracting indoor spaces [10] from a theoretical point of
view, which has been shown to be useful in the modeling of
movements in clinical settings [11]. To the best of our
knowledge, this study is the first to invert the role of Bluetooth
tags and anchor nodes in a longitudinal deployment. From a
clinical perspective, our work demonstrates how localization
systems can be used to generate operational and efficiency
measures in clinical settings.

Methods

Overview
We developed a system that captures the movement of staff and
patients through the operating ward of a hospital, which spans
a single upper floor. Our technological implementation, which
we describe next, considers a range of requirements in terms of
range, precision, and power consumption. During our study,
the staff members we observed, including nurses, surgeons, and
technical staff, had a range of roles. We also captured patients’
journeys through the various rooms of that ward, starting from
the reception room to the preoperative rooms (daily process
unity [DPU] for preparation) anesthetic rooms, operating rooms,
and recovery rooms before discharge.

On the basis of discussions and interviews with staff members,
we produced a directed graph, as presented in Figure 1, which
shows the expected journey of a patient in this ward, from the
moment they arrive at the reception to the time of discharge.
As part of our aim to quantify the operational performance at
this hospital, one of our objectives was to understand what the
true patient journey looked like as opposed to the expected
journey. This entailed looking at how much time each stage of
the journey took and where staff members spent most of their
time.
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Figure 1. Graph representing the expected journey of a patient through the ward.

Indoor Localization System
Hospitals are logistically challenging environments where
efficiency and patient care are of utmost importance. Therefore,
tracking solutions involving bulky devices that require frequent
maintenance and attention are not appropriate for such a setting.
Thus, the system we deployed had to be unobtrusive, effortless
to manage, and reliable. Given that rooms play an important
operational role in hospitals, we were only interested in
capturing location at the room level and not at a more granular
scale, such as the specific coordinates of the people being
tracked. Therefore, we were able to use a proximity-based indoor
localization system. These systems have been around for many
years [12] and have been used in a multitude of scenarios
without deploying substantial infrastructure [13]. The following
requirements had the most significant impact on our choice of
the localization system:

• Proximity-based localization systems require fixed hardware
at a known location and mobile hardware that can infer its
location when it comes close to fixed hardware. Due to the
hospital’s hygiene policies and their privacy requirements,
nurses, surgeons, and patients may not be carrying their
phones at all times. Further, patients who are about to have
an operation are not able to carry any devices. Therefore,
in our scenario, mobile hardware (or beacon) carried by
people could not be their phone, and had to be a lightweight
and noninvasive device that did not distract staff and
patients.

• The equipment deployed throughout the theater needed to
have a battery life that kept them running and scanning the
surroundings for as long as possible without reducing their
accuracy.
• Because emergencies often take place, a power socket

may suddenly become essential to staff members;
therefore, equipment should not immediately turn off
when unplugged.

• Staff members often cycle through different
departments in the hospital, making it hard to inform
and educate them regarding our ongoing localization
project. Staff members are instructed to keep the rooms
safe for patients, and any new equipment may seem
suspicious or new to the staff.

• Similarly, patients might not be familiar with such
devices, as they might unplug the anchor nodes or turn
off their tracking device.

• We wanted to minimize the deployment of infrastructure,
which can be disruptive and costly. A number of
localization systems rely on Wi-Fi infrastructure, which is
already present. However, this requires people to carry their
own mobile devices, which is not always possible or
desirable. Similarly, radio-frequency identification (RFID)
systems have been used for localization, but they tend to
have either a very short range of a few centimeters (passive
RFID) or be heavy and noisy (active RFID) [14].

Considering the above requirements in terms of range, precision,
and power consumption, we developed a proximity-based
localization system that uses BLE [15]. The system consists of
Android smartphones deployed as fixed anchor nodes throughout
the hospital floor and RadBeacon Dot iBeacons [16] handed
out to patients and staff members, as shown in Figure 2. The
beacons are small and light enough to be attached to the staff
badge or patient bracelet. This potentially increases adherence
rates, as badges and bracelets are mandated to be worn at all
times.

Typically, BLE-based localization systems rely on beacons as
fixed anchor nodes and smartphones as carried devices [17].
Due to the constraints we have identified, we opted for an
inverted set up where staff members and patients carry a BLE
beacon, while smartphones act as fixed anchors strategically
placed throughout the hospital. To the best of our knowledge,
this is an approach that has not been tested before in a
longitudinal study.
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Figure 2. Beacons handed out to staff and patients; android devices that get mounted to the walls.

Software
We developed a custom Android app that continuously runs a
low energy scan to detect all nearby beacons. The app
continuously runs on the phone and locally stores the received
signal strength indication (RSSI) readings of the received
Bluetooth packets, along with the timestamp in epoch
milliseconds, the minor identification number of the iBeacon
emitting the packet, and the International Mobile Equipment
Identity of the smartphone itself. On a daily basis, each

smartphone uploaded a compressed data file containing the
collected data to our server. A web-based dashboard allowed
us to monitor our deployment, check the state of the smartphone
network, and check for irregularities or mistakes in the
smartphone and beacon labeling and configuration. Smartphones
sent a brief update on their own state, including the last group
of beacons they scanned, their battery level, and charging state,
to the dashboard every few seconds. A screenshot of the
dashboard is shown in Figure 3.

Figure 3. Snapshot of the web-based dashboard used to monitor the deployment and data collection. This was used to ensure the deployment runs as
expected.

Beacon Configuration
According to the manufacturer’s specifications, the beacon
batteries can last between a month and more than a year,
depending on the signal power and the advertisement rate to
which the beacon is set. A lower power or advertisement rate
allows for longer battery life, but the beacon emits its identity
less frequently, meaning that in cases where a beacon is moving
very fast, the anchor point can miss it. Conversely, a higher
power and advertisement rate improves the chances of a beacon
being detected at the cost of fairly short battery life.

Due to the way the hardware is built, the advertisement rate
needs to be set before the experiment. For this reason, we
conducted laboratory measurements to identify the optimal

beacon settings for our scenario. We assumed beacons to be
moving at walking speed and wanted them to be detectable at
room-size distances, in our case, up to 5 m away. We configured
beacons at different advertisement rates (1 Hz, 5 Hz, and 10
Hz) and placed them at varying distances from an anchor node
(1 m, 2 m, and 5 m). In Figure 4, we show the effect of these 2
variables (advertisement rate and distance) on how the anchor
node can detect those beacons (ie, the time between consecutive
received packets). Effectively, this is a measurement of the
number of packets lost. Given these experimental conditions,
we identified that the optimum setting for our scenario, in terms
of battery consumption and packet loss, is 5 Hz. At a frequency
of 1 Hz, we observed an undesirable loss of packets; at a
frequency of 10 Hz, we observed no noticeable performance
improvement, whereas the drain on the battery doubled.
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Figure 4. Laboratory measurements for different beacon advertisement rates (1 Hz, 5 Hz, and 10 Hz) and distance between the beacon and anchor
node (1m, 2m, and 5m). We identified 5 Hz as the optimum setting, in terms of performance and battery consumption.

Deployment
The project was approved by the hospital’s Health Human
Research Ethics Committee. Each fixed anchor node comprises
a plastic container, as shown in Figure 2 containing an Android
HTC U11 smartphone. We deployed our anchor nodes
throughout the ward (Figure 5) and plugged them into the

nearest wall socket. Because our objective was to detect the
presence of a beacon inside any given room, we placed 1 box
in each room of interest after confirming with the staff that the
box would not cause any inconvenience to them or the patients
and that a nearby power source was available. In most of the
rooms, the box was placed under a desk or mounted on a wall.

Figure 5. Unfiltered received signal strength indication readings and ground truth (gray line) for a single beacon moving across rooms. X-axis: time;
y-axis: room identifier; color: RSSI strength (blue: weak; red: strong). RSSI: received signal strength indication.

We handed out RadBeacon iBeacons to staff members (nurses,
theater technicians, and head theater technicians) who attached
them to their badges, as shown in Figure 6. Staff members are
mandated to carry their badges all the time, usually on their
front pocket, or sometimes in their bottom or trouser pocket.

When a beacon was handed out, we made a manual spreadsheet
entry to link the beacon ID to the staff ID. This allowed us to
link the beacon ID to staff roles during our analysis. Staff was
instructed to keep the same beacon during the study and make
a new data entry if they were issued a new beacon.
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Figure 6. Examples of how beacons were handed out. Strapped to a staff badge or to a patient's bracelet.

Patients received their beacon along with their patient bracelets
(Figure 6), as part of the hospital standard admission procedure.
To identify patients, the hospital uses plastic bracelets, which
strapped to their wrists during admission and cut off when they
are discharged. When nurses gave a beacon to a patient, a
spreadsheet entry was manually made to link the beacon ID to
the patient ID. This allowed us to identify which beacon
belonged to which patient during our analysis.

Ground-Truth Collection
Before we began our main deployment, we wanted to validate
the data generated by the system. Ground-truth in localization
refers to the true coordinates of an entity being localized.
Ground-truth data may be collected by researchers independently
through reliable and verifiable means, and is used to validate
the correctness of the localization algorithm and fine tune its
parameters. We systematically collected ground-truth data in
multiple sessions. A researcher carried beacons with them and
traversed the space while manually logging their precise location
and exact time using a smartphone app. In total, we collected
ground-truth data from 18 sessions, each lasting about 15 min
and collected on a single day. All sessions were quite dynamic,
meaning that the researcher moved continuously between rooms,
rather than remaining static at a single location. During these
sessions, we simulated realistic scenarios such as walking down

the halls, entering an operating room, roaming around the
surgery table, and eventually leaving and getting out of the ward
and the tracked area.

Using this ground-truth data, we were able to use our system
and test various filtering and analysis techniques until the trips
captured by the system accurately reflected the ground truth.
We present our results in the next section.

Results

Our main deployment lasted for 30 days in September 2019.
The deployment consisted of 20 anchor nodes installed in
various rooms of the operating ward, including 7 operating
rooms. We collected a total of 35 million packets emitted from
66 beacons handed out to 75 different people during this period.
Some beacons were reused, whereas others were replaced. They
were given to 17 patients by reception nurses (who also retrieved
them when a patient was discharged), 15 nurses, and 7 theater
tech staff.

Collected Raw Data
At the most basic level, our system captures raw signal strength
data, also known as RSSI. For example, Figure 7 shows the
RSSI for beacon 585 in the operating room.
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Figure 7. Received signal strength indication for a single beacon in a single room for a period of 3 min. A stronger signal suggests that the beacon was
closer to the anchor node. RSSI: received signal strength indication; OR: operating room.

There is substantial literature on how to use Bluetooth for indoor
localization purposes, and the reported applications range from
a simple but less accurate triangulation [18] to more accurate
but laborious finger-printing [19]. For our purposes, we were
interested in making room-level inferences about individuals’
presence because rooms are strongly linked to organizational
processes. This means that we did not need to use triangulation
(which requires the deployment of multiple anchor nodes), but
could rely on single proximity measurements to infer the room
within which an individual is. Bluetooth measurements are
notoriously prone to unreliable RSSI readings [20] because of
the physical nature of electromagnetic signals. The
measurements can be affected by the mere presence of a human
body or furniture, and especially walls and floors can attenuate
the received signal thus altering the final RSSI reading. We
actually used these limitations to our advantage by effectively
trapping the signal within our areas of interest, and took
advantage of the fact that signals traveling through walls are
substantially reduced in strength.

Although walls and floors work as natural filters, a post hoc
filter is still necessary because open doors or larger rooms can
cause the signal to bounce off the walls and end up in an
adjacent room. We visualize this phenomenon in Figure 8, where
we show the raw data collected by all anchor nodes in a span
of 13 min for beacon 585. In this graph, we show along the
y-axis the room identifier where beacon 585 was actually
detected. The colored circles indicate the detection and strength
of the signal, with purple showing a weak RSSI and red
indicating a strong RSSI. The graph shows a gray line
corresponding to the true path (ground truth) that the beacon
took through space during this 13 min. As the beacon moved
between rooms (gray line), multiple anchor nodes were able to
detect that beacon (colored circles). The graph also shows that
while the beacon is in a particular room, the signal strength for
the anchor node in that room is higher (bright red circles). Given
the amount of noise in this data, we needed to apply filters to
estimate the path of the beacon through the various rooms of
the hospital.

Figure 8. Unfiltered RSSI readings and ground truth (grey line) for a single beacon moving across rooms. X-axis: time; y-axis: room identifier; colour:
RSSI strength (blue: weak; red: strong).
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Localization Accuracy
Bluetooth-based positioning often uses Kalman filters to smooth
the RSSI values and remove outlier readings. Previous work
[21] shows that although it can improve accuracy, in certain
cases, a median filter can work just as well, but it does not
modify the data. The purpose of filtering is to remove noise so
that the location of a person in a room can be confirmed at the
correct time and with significant signal strength. We evaluated
3 different filters and compared their results with our collected
ground-truth data. Figure 9 shows how the different filters
smoothed the signal for the data presented in Figure 7. The

Kalman and Savitzky–Golay filters (second and third row) were
applied using their respective R package, whereas the median
filter (fourth row) was manually implemented to maximize
flexibility. As expected, the results in Figure 9 show that the
Kalman and the Savitzky–Golay filters fit the data correctly but
fail to smooth out the signal fluctuations enough to provide a
clear pattern, whereas the median filter provides a smooth
estimate that makes it more appropriate for comparison. In our
case, we desired smoothed values because if the data from
different rooms fluctuate substantially, then we were likely to
have interference and infer that the beacon was moving back
and forth between the 2 rooms.

Figure 9. Comparison of three approaches to filter received signal strength indication data. RSSI: received signal strength indication; OR: operating
room.

Next, we needed to determine (1) whether we should use median
filtering on its own or combine it with another filter and (2)
what time window our median filter should use. These decisions
were made based on the analysis shown in Figure 10, where we
show the performance of the median filter when applied to the
raw data and prefiltered data. We also investigated the effect
of different window sizes (between 2 and 60 seconds). Our
results show that the addition of a Kalman or Savitzky–Golay
to the median filter did not improve the accuracy. This means
that our median filter was robust. We also observed that when
using a smaller median time window, the resulting readings
fluctuated considerably, which may lead to interference across
adjacent rooms. On the other hand, a larger median time window
could filter out most of the noise and short bursts of high RSSI
packets, but in turn, it also lost the ability to detect granular
movement; a 60-second window will inevitably miss smaller
events of 10 or 20 seconds. For instance, a staff member visiting
a particular room for 20 seconds, and then moving to another
room may not be detected using a 60-second filtering window.

We used our ground-truth data to evaluate the accuracy of our
system using a range of different window sizes. There is no
universally accepted approach to measuring the accuracy of
data such as ours. Therefore, we adopted an approach in which
we penalized our system for inferring the wrong location at any
given time, but we did not consider the magnitude of the error.
To measure the system accuracy, we split the time series into
intervals of 1 second and compared the ground-truth data with
the reconstructed trace using a string comparison algorithm
(Jaro–Winkler with a prefix scale of 0.25 and cosine distances)
[22].

We observed that the optimum filtering window size was 15
seconds with the median filter, giving an accuracy of 96%. For
smaller window sizes, the accuracy drops by up to 10%. We,
therefore, used this window size in all our subsequent analyses,
meaning that visits to a room that lasted less than 15 seconds
may not be captured, but we will have stronger confidence in
the visits that do indeed get captured.
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Figure 10. Comparison of using only the median filter (green line) versus using it in conjunction with other filters (red and blue). We test performance
at different window sizes. RSSI: received signal strength indication.

Visualization of Movement
Figure 11 shows how our trace reconstruction process was
compared with the ground truth. This figure uses the same
dataset that we have used in all previous figures so far. We note
that this graph shows data for 12 min during which time the

position of the beacon was inferred to be in the wrong room for
about 30 seconds. We also observe that our estimate sometimes
appears to be slightly offset from the ground truth, suggesting
that transitions between rooms were shifted by a few seconds
rather than misclassified, meaning that our approach would not
substantially affect the longitudinal analysis.

Figure 11. Trace reconstruction from our data, as compared to ground truth (grey line).

Using this trace reconstruction approach, we then turned to
visualize and analyze data for longer periods. In Figure 12, we
show the movement of a single nurse during a period of 10 days.
From this graph, we can make a number of inferences. First,
we can see that the nurse typically was at the operating ward
from 9 am to 5 pm, and we can also identify the days when she

was not there (eg, weekends). We can also see that she appears
to spend more time in certain rooms (eg, 22-holding), whereas
she rarely visited other rooms (eg, 12-OR2). We can also see
differences in the patterns between days. For instance, on
Monday and Tuesday, the nurse spent a lot of time in room OR5
(operating theater 5).
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Figure 12. A reconstructed trace for a single nurse over a 10-day period. X-axis: date/time; y-axis: room.

This graph demonstrates 2 things. First, it highlights the richness
in the collected data and indicates the types of inferences that
can be made from the data’s temporal and spatial dimensions.
Second, it demonstrates how visualizing movement traces does
not scale, and indeed it becomes impractical to attempt to
visualize all collected data during the whole month. Therefore,
we must develop ways to summarize all our reconstructed trips
and find meaningful ways to interpret data over long periods.

Operational Insights
Representing the data as a time series of room-based events
makes it easy to visualize patterns in the way people move
through the spaces. Figure 12 shows the reconstructed traces of
a single nurse for 10 days. In this figure, we can identify the

daily and weekly patterns of the nurse and identify the rooms
where most of the time was spent. We repeated this process,
and in our analysis, we reconstructed all trips for all beacons
and people across the entire duration of the study. Due to the
richness of the data, it becomes inconvenient to visualize the
data from all participants in this manner. Therefore, we sought
alternative visualizations that could more clearly highlight
patterns for the entire dataset. We achieved this by visualizing
the occupancy rates of different rooms by different types of
people. In Figures 13 and 14, we visualize the amount of time
spent in each room by nurses and patients. This visualization
confirms that there is a clear distinction between nurses and
patients and the way they share their time across rooms during
the week.

Figure 13. Room occupancy of nurses over a week.
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Figure 14. Room occupancy of patients over a week.

All patients in this study were daily cases and therefore spent
most of their time in the DPU room. Relatively speaking, only
a small fraction of their time was spent in the operating room
or the anesthetic room. In addition, this visualization indicates
that some operating rooms were used more than others. For
instance, OR1 was often used multiple times in the lapse of a
week, whereas the same cannot be said of OR6.

It is important to highlight that our deployment did not recruit
100% of staff and patients. This means that it can be misleading

to calculate the absolute occupancy rates of rooms. For this
reason, in Table 1, we show how much time in total was spent
in a given room by different types of people during our
deployment. A person-day consisted of 86,400 seconds (ie, 24
hours) of presence by a single person. This is a more meaningful
metric that can be used to compare across rooms. Here, we see
that OR1 had the highest occupancy by staff, and the DPUs had
the highest occupancy levels during our deployment. In addition,
we see how much time, on average, patients spent in different
rooms.
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Table 1. Occupancy of different rooms, measured in person-days. Overall occupancy was made up of staff occupancy plus patient occupancy levels.

Patient occupancyStaff occupancyOverall occupancyRoom

0.440.490.9328, reception

0.060.470.5318, ARa1

0.030.540.5730, AR2

0.020.400.4227, AR3

0.010.220.2325, AR4

0.030.190.2317, AR5

00.090.0921, AR6

0.021.371.3923, ORb1

00.340.3412, OR2

0.010.250.2616, OR3

0.020.140.1613, OR4

0.010.810.8326, OR5

00.870.8731, OR6

00.450.4533, OR7

2.330.602.9414, DPUc1

2.780.653.4324, DPU2

00.460.4634, disposal

00.450.4522, holding

0.010.150.1615, recovery 2

0.040.610.6529, recovery 1

0.010.100.1120, hallway

aAR: anesthetic room.
bOR: operating room.
cDPU: daily process unity.

From our analysis, we could calculate how much time, on
average, patients spent in different rooms of the hospital, which
is indicative of how long each stage of the process took. For
instance, we find that patients spent an average of 42 min (SD
55 min) at reception, 8 to 50 min in an anesthetic room (SD
5-28 min), 5 to 20 min in an operating room (SD 2-8 min), 6 to
9 min in recovery (SD 2-8 min), and 3 to 4 hours (SD 14-22
hours) in the DPU before they were discharged.

Finally, our results show that each person may spend a different
amount of time in different rooms. Effectively, the variations

to these patterns can be thought of as a signature of the person’s
role and function. To demonstrate this, we applied a very
simplistic, unsupervised clustering to the data from Figures 13
and 14, and the results are shown in Figure 15. We fed the
clustering algorithm an array of occupancy rates that describe
how each person spent their time across different rooms. The
algorithm then clusters people based on these values (shown as
the dendrogram on the y-axis). We found that the algorithm,
without any additional input or training from us, could identify
2 clusters of patients and 2 clusters of staff (medical staff and
technical support staff).
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Figure 15. Using hierarchical clustering to group people and rooms into similar clusters. The data used for clustering is the time spent per room by
each person tracked. NSxx: medical staff; Pxx: patients; TTxx/HTxx: technical staff.

Discussion

Indoor Localization in Clinical Settings
The use of indoor localization technologies is not new to clinical
settings. In the past, most of the applications in hospitals and
clinical settings focused on real-time localization. In fact, there
are multiple commercial systems or indoor localization
technologies in clinical settings. For instance, IBM developed
the Real-Time Asset Locator

System that relies on ultrasound provides high spatial accuracy
at a substantial infrastructure investment [23]; a similar system
was developed by CenTrak using Bluetooth to provide real-time
localization services [24]. In addition, a number of research
papers have investigated the use of Bluetooth for real-time
localization [25], while also focusing on particular spaces such

as operating rooms [26] or particular patients, such as newborns
[27].

The popularity of real-time localization systems is increasing
because they can provide a number of valuable capabilities. For
instance, they allow staff to quickly call for help, raise alerts
when a patient has wandered into an inappropriate room, and
quickly find mobile equipment or assets when needed. However,
these systems do not typically provide an aggregated overview
and analysis of operational measures and do not provide enough
information to make grounded judgments about the processes
being followed in the hospital. For this reason, hospitals
typically undergo short, intense bursts of observations to map
their activities and movements. These typically last a couple of
weeks and rely on manual data collection, which can be costly,
time-consuming, and subject to the observer effect. In addition,
some systems such as TimeCaT [28] do allow staff to indicate
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their location and activity, but this requires ongoing manual
data entry, which can be time-consuming for staff.

Manual observation stints remain popular because longitudinal
data are useful for measuring and improving efficiency. In fact,
in other process-based disciplines, efficiency has been improved
using longitudinal analyses, including public transport [29],
traffic routing [30], and construction [5]. Therefore, our paper’s
premise is that analyzing long-term mobility patterns can help
us quantify a hospital’s operational efficiency in multiple ways.

System Performance
System accuracy was assessed using our ground-truth data
before the main deployment. During the deployment, we
considered the reliability and robustness of the system. In
general, we found that the system accuracy was consistently
high across all ground-truth tests (96%) in terms of room-level
localization [31]. During the actual deployment, there were a
number of challenges faced. For example, some staff lost or
misplaced their beacon and had to be issued another one. In
these cases, we noted the time when the old beacon was lost
and when the new beacon was issued, and these 2 data points
allowed us to seamlessly analyze the movement of any staff
member. However, these incidents point to a weakness of the
system and indoor localization in general [32], in that it does
not work for people who do not carry their tags. We also found
that our algorithm seems to identify trips that are temporally
shifted by a few seconds from the ground truth. This is a side
effect of using a temporal window to apply the median filter
[33,34], and we believe that in terms of longitudinal analysis it
does not significantly affect the findings. We also found that
the sampling rate of the beacons was adequate, and the beacons
did not face any battery or power issues during our deployment,
as expected [35].

Operational Insights
Our study demonstrates how longitudinal data from a
proximity-based localization system can be filtered, aggregated,
and analyzed to estimate relevant operational metrics related to
mobility and occupancy rates. Specifically, we showed that the
system could estimate how much time, on average, patients
spent at each stage of their treatment process, which rooms they
spent the most time in, and which stage seemed to take most
time. With a larger sample, it would be possible to break down
these results by particular conditions (eg, heart surgery and hip
surgery) and identify trends or outliers within those.

Our system could also provide the same metrics for staff, and
we could estimate where the staff spent their time and identify
daily and weekly patterns in their behavior. We showed that
different types of staff (medical vs technical support) exhibited
different movement patterns, and in fact, a simple hierarchical
clustering was able to identify the presence of these 2 staff
groups.

These metrics can be used to assess the impact of a new strategy
or protocol in the hospital. For instance, the metrics can be
compared before and after a new scheduling system is deployed
at the hospital. The comparison could be used to judge whether
patient journeys are affected (eg, they spend less time at
reception) and whether staff working patterns have substantially

shifted (eg, staff spends relatively more of their time in the
operating theater). In addition, it is also possible to characterize
and study the behavior of other relevant subgroups of staff, such
as junior medical staff. Their behavior can be aggregated and
analyzed to identify how and where they spend their time, and
to ensure that their time is spent effectively and with adequate
support.

Localization Technologies and Representations
From a localization standpoint, our work does not break new
ground in terms of accurately determining the location of people.
Perhaps one unique aspect of our work is our decision to use
an inverted deployment, whereby Bluetooth tags were given to
people, and phones were glued to the wall. Typically, the
opposite occurs; for example, in music festivals [7] or museums
and galleries [8], Bluetooth tags are installed near items of
interest while people carry phones that display information for
nearby items. Our decision meant that there was minimal
disruption to staff and patients, who had to simply carry a light
Bluetooth tag.

However, a technical contribution of our work is our
development of a movement-centered representation that is
flexible enough to work with a variety of localization systems
and settings. This allows our system to be easily redeployed to
other settings, such as schools, universities, and galleries, with
minimal changes. This is possible because we have developed
a data representation that allows us to calculate all the measures
we have presented in this paper, but which remains agnostic of
the space and environment where the deployment takes place.
Effectively, this representation allows researchers to study
people’s flow across abstracted rooms and spaces. Our work
bears a resemblance to temporal abstraction rules [10], which
can be applied to a variety of environments [36], for example,
previous research [11] on a knowledge-based temporal
abstraction of clinical phenomena. However, this approach relies
on time-stamped clinical data, which are, in part, electronic
patient records. Similarly, work on business process
management [37] relies on electronic records to model corporate
operations and functions, and recently, this work has been
applied to clinical settings [38].

Our work, on the other hand, could capture information that
was not necessarily part of electronic patient records, and which
would be too costly to acquire manually. By capturing
movement, we could make inferences about patient journeys
and staff work practices. Similar work has recently looked at
using Bluetooth to assess the levels of physical activity of people
moving inside buildings and consider abstract spaces in graph
form [9]. That work was confined to a handful of small trials,
each lasting a few minutes, whereas our deployment lasted a
month and had dozens of participants. Nevertheless,
conceptually, our work used a similar approach to model space
in an agnostic manner and captured people’s transition between
the various spaces being observed.

Limitations
The deployment we report took place at a single hospital, lasted
30 days, and did not include all patients and staff at the hospital.
We expect that a different hospital or setting might pose
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different challenges to the study. Still, we also point out that
our algorithm analyses do not rely on any particular
characteristic or aspect of the hospital itself. We also
acknowledge that our data are sparse, meaning that there were
many patients and staff that did not have a beacon in our study
and were not observed by the system. For this reason, we argue
that absolute occupancy rates were not particularly meaningful
in our case per se, but we could still compare rooms in terms
of how much time our participants spent there, which is a
relative measure. Finally, the deployment period was not long
enough to capture any potential seasonal effects or any
substantial changes to the policies and protocols used at this
hospital. A long-term deployment, possibly as part of an A to
B study design, would generate more insights on that front.

Conclusions
In this paper, we described the development, deployment, and
evaluation of an indoor localization system for hospitals and
clinical settings. We demonstrated how the analysis of
longitudinal data could provide operational insights regarding
how people inside the hospital move, where they spend their
time, and how much do various rooms get occupied. We also
discussed how these metrics can be adapted to measure a number
of clinical efficiency measures and how they can be used to
evaluate changes to policies and protocols in these settings. As
part of our future work, we plan to extend our system’s
algorithms to evaluate the accumulated exposure of clinical
staff to infected patients, particularly during the COVID-19
crisis.
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Abstract

Background: Adolescence is an important life stage for the development of healthy behaviors, which have a long-lasting impact
on health across the lifespan. Sleep undergoes significant changes during adolescence and is linked to physical and psychiatric
health; however, sleep is rarely assessed in routine health care settings. Wearable sleep electroencephalogram (EEG) devices
may represent user-friendly methods for assessing sleep among adolescents, but no studies to date have examined the feasibility
and acceptability of sleep EEG wearables in this age group.

Objective: The goal of the research was to investigate the feasibility and acceptability of sleep EEG wearable devices among
adolescents aged 11 to 17 years.

Methods: A total of 104 adolescents aged 11 to 17 years participated in 7 days of at-home sleep recording using a self-administered
wearable sleep EEG device (Zmachine Insight+, General Sleep Corporation) as well as a wristworn actigraph. Feasibility was
assessed as the number of full nights of successful recording completed by adolescents, and acceptability was measured by the
wearable acceptability survey for sleep. Feasibility and acceptability were assessed separately for the sleep EEG device and
wristworn actigraph.

Results: A total of 94.2% (98/104) of adolescents successfully recorded at least 1 night of data using the sleep EEG device
(mean number of nights 5.42; SD 1.71; median 6, mode 7). A total of 81.6% (84/103) rated the comfort of the device as falling
in the comfortable to mildly uncomfortable range while awake. A total of 40.8% (42/103) reported typical sleep while using the
device, while 39.8% (41/103) indicated minimal to mild device-related sleep disturbances. A minority (32/104, 30.8%) indicated
changes in their sleep position due to device use, and very few (11/103, 10.7%) expressed dissatisfaction with their experience
with the device. A similar pattern was observed for the wristworn actigraph device.

Conclusions: Wearable sleep EEG appears to represent a feasible, acceptable method for sleep assessment among adolescents
and may have utility for assessing and treating sleep disturbances at a population level. Future studies with adolescents should
evaluate strategies for further improving usability of such devices, assess relationships between sleep EEG–derived metrics and
health outcomes, and investigate methods for incorporating data from these devices into emerging digital interventions and
applications.

Trial Registration: ClinicalTrials.gov NCT03843762; https://clinicaltrials.gov/ct2/show/NCT03843762

(JMIR Mhealth Uhealth 2020;8(10):e20590)   doi:10.2196/20590
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Introduction

Adolescence is a critical period in human development,
associated with rapid physical growth, brain and cognitive
development, and marked changes in social roles as youth
transition from dependent roles within their family of origin to
the independence of adulthood. Given the importance of these
developmental processes for shaping adult behavior,
interventions supporting healthy behaviors during adolescence
may be particularly likely to improve and support health
outcomes across the lifespan [1]. Sleep is one health behavior
that undergoes significant alternations in adolescence, including
shifts toward shortened sleep periods, delayed circadian rhythms,
and changes in sleep architecture, including reductions in deep
sleep (ie, slow wave sleep [SWS]) [2]. Poor sleep during this
period is associated with risk for detrimental physical and mental
health outcomes such as higher rates of obesity and onset of
psychiatric disorders [3], which in turn may place individuals
at risk for a range of diseases over the long-term, including
cardiometabolic illness and cancer, and result in high rates of
health care use and socioeconomic costs [4].

Despite the centrality of sleep to health in adolescence and
beyond, sleep health among adolescents is rarely adequately
assessed or treated in routine health care settings. For example,
in pediatric primary care, the most common setting in which
adolescents interact with health care providers, screening for
sleep problems is infrequent, and when it does occur, it is
typically limited in scope and subject to reporter bias (ie, one
question to the adolescent or parent querying whether sleep
concerns are present) [5]. Barriers to thorough and accurate
sleep assessment are myriad and include lack of awareness of
the importance of sleep among both patients and physicians [6]
as well as the cost, invasiveness, and inaccessibility associated
with polysomnography (PSG), the gold standard evaluation of
sleep [7]. Thus, identifying and combating sleep disturbances
in adolescence—along with their varied and profound
consequences—requires a new approach that supports accurate,
convenient, low-cost sleep assessment that can be deployed at
the population level in real-world, health care settings.

With the rise of mobile health (mHealth), wearable technologies
have offered unique opportunities to assess and shape health
behaviors among adolescents [8-10]. For this age group
specifically, researchers have long touted the importance of
feasible, at-home collection of sleep information using devices
that are acceptable to adolescents, in part due to PSG-related
alterations to sleep (eg, diminished sleep quality) that occur for
youth in clinic or laboratory settings [11]. This led to the
widespread research use of wristworn activity monitors, such
as actigraphs, to assess sleep behaviors in pediatric populations
[12,13], followed by popular use of commercial grade devices,
such as Fitbit or Garmin watches, that estimate sleep based on
activity patterns [14]. However, because these devices estimate
sleep based on other metrics (eg, movement, heart rate) rather
than providing a direct measure of sleep (ie,
electroencephalogram [EEG]), wristworn devices tend to
underestimate some important sleep parameters, particularly in
those with disturbed sleep (eg, frequency/duration of night
awakenings) [13], and significantly deviate from EEG devices

in their estimation of transitions between sleep stages (ie,
between light, deep, and rapid eye movement [REM] sleep).
Specifically, a recent study found that wristworn devices
overestimate the probability of remaining in a specific sleep
stage and underestimate the probability of transitioning between
sleep stages [15].

To address this limitation, ambulatory (at-home) full PSG was
developed and has been used in pediatric research settings [11]
to characterize maturation of sleep architecture across
adolescence [16,17] as well as links between sleep and healthy
behaviors (eg, exercise, nutrition) [18-20], psychiatric [21] and
physical [22] health, and academic and social functioning
[18,23] during this developmental period. However, these
devices remain expensive and require medical professionals or
trained research staff to administer, restricting their utility in
routine care settings and at the population health level.
Consumer-grade wearables incorporating a single or a few
channels of EEG have been developed to assess sleep
architecture in the home environment and are relatively low
cost compared with traditional and ambulatory PSG [24].
Obtaining recordings with these devices can be achieved by the
subjects themselves without the involvement of a PSG
technologist. This is possible because they obtain EEG data
exclusively from outside the hairline (typically from the
forehead and sometimes the mastoids), whereas obtaining scalp
EEG data from the usual locations employed for in-laboratory
studies involves placing electrodes within the hairline, which
requires a PSG technologist involvement in order to obtain
adequate recordings. Some provide automatic scoring of sleep
behaviors and architecture that are user-friendly for patients
and providers [25,26]. Among adults, consumer-grade sleep
EEG wearables have been used in research and clinic settings
[27,28]. However, the feasibility and acceptability of collecting
sleep data using self-administered, consumer-grade sleep EEG
wearables among adolescents is currently unknown.

This study had two aims. First, we examined the feasibility of
collecting sleep data using a self-applied, at-home, wearable
sleep EEG recording device among adolescents aged 11 to 17
years. We hypothesized that most adolescents would be capable
of recording sleep EEG at home (ie, successfully recording at
least 1 night), and indeed, record sufficient data to provide a
stable measure of sleep architecture and physiology (ie, at least
3 nights of successful recording [29]). We simultaneously
collected information about sleep behavior using a device
previously associated with high feasibility and acceptability in
this age group (ie, wristworn actigraph [13]) and hypothesized
that most adolescents would be able to record sufficient data to
provide a stable measure of sleep behavior with this method
(ie, at least 5 nights of successful recording [30]). We included
both sleep EEG and actigraphy measures to demonstrate the
feasibility of collecting data about multiple aspects of sleep (ie,
sleep physiology and architecture via sleep EEG and 24-hour
sleep behavior and circadian activity patterns via the actigraphy)
via wearables in this age group. In addition, multiple nights of
sleep data were collected due to prior research suggesting that
the stability of sleep measures increases with more nights of
collection [29,30]. Second, we examined the acceptability of
the wearable sleep EEG device among adolescents and
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hypothesized that these devices would be associated with high
ratings of acceptability including a high frequency of
endorsements of study satisfaction (>50%, or majority, of the
sample) and a low frequency of endorsements of significant (ie,
moderate to severe) device-related sleep disturbances and
discomfort (<50%, or minority, of the sample). Again, we
conducted a parallel query about the acceptability of a
commonly used wearable in this age group (wristworn
actigraph).

Methods

Participants
Adolescents between the ages of 11 years 0 months and 17 years
11 months were recruited through online and school
advertisements, a participant contact database maintained by
the Duke ADHD (Attention-Deficit/Hyperactivity Disorder)
Program, and word of mouth. Inclusion criteria included the
ability to follow written and verbal instructions in English,
access to a smartphone in order to complete daily sleep diaries,
and ability to comply with all study requirements and
procedures. Because we were interested in evaluating feasibility
of wearable sleep EEG device use among typical adolescents
drawn from the community (rather than a clinical sample),
participants were excluded if they indicated a diagnosis of sleep
apnea or periodic leg movement syndrome, current use of
prescribed or over-the-counter sleep aids (eg, sedatives,
melatonin), diagnosis of an acute or chronic medical illness or
use of medication that may interfere with sleep as determined
by the research team, and/or inability to comply with study
requirements. If subjects were currently taking melatonin
supplements on an as-needed basis (ie, not daily), they were
given the option to initiate a 7-day washout period in order to
participate in the study (n=2). Participants and their guardians
were compensated up to $200 for completing all study-related
activities. Compensation was not based on the usability of data
provided by participants. This study was approved by the Duke
University School of Medicine institutional review board and
registered with ClinicalTrials.gov [NCT03843762], and the
study protocol was conducted according to Good Clinical
Practice standards.

Procedure
After passing a brief prescreen assessment via telephone,
participants attended an in-person intake visit accompanied by
a parent or legal guardian. During the intake visit, participants
and guardians signed an electronic informed consent form.
Verbal assent was obtained from children younger than age 12
years. Eligible participants were provided with a sleep EEG
device and actigraph and given detailed instructions on how to
use and care for both devices. Specifically, participants were
instructed to wear the actigraph on their nondominant wrist 24
hours a day for the study duration unless the device was going
to be submerged in water, in which case participants were asked
to remove the actigraph for as little time as possible. In order
to ensure that the sleep EEG devices were used properly, a study
coordinator reviewed the step-by-step instructions located in
the device manual with each participant. Participants were also
provided with a copy of the manual and directions on how to

locate additional instructional videos on the manufacturer’s
website.

Sleep recordings were collected for 1 week beginning the
evening of the in-person intake visit. In addition to using the
wearable devices, participants also completed an electronic
sleep diary each morning via Research Electronic Data Capture
(REDCap), a secure web platform. The link to the daily sleep
diary was sent each morning via text message, and an evening
reminder was sent automatically if the diary was not completed.
As is standard procedure for actigraphy [13], the sleep diary
was used to ensure completeness of data collected by the
wearable sleep devices. On day 8 of using the wearables,
participants and their guardians completed an in-person
follow-up visit, during which the actigraphs and sleep EEG
devices were collected and adolescents completed a survey
querying device acceptability via REDCap.

Measures

Wearable Sleep Devices
Sleep EEG was collected using a Zmachine Insight+ device
(General Sleep Corporation). The Zmachine Insight+ is a
single-channel EEG device with accompanying software that
provides sleep staging scoring [25,26]. Participants were
instructed to place one disposable (ie, one-time use) sensor
behind each ear and one on the center of their neck directly prior
to getting into bed each evening, and remove the sensors
immediately following their final awakening. Sensors were
connected to the Zmachine Insight+ device via wires, and
participants were instructed to place the device next to their bed
on a bedside table or similar. Actigraphy was collected using a
wGT3X-BT (ActiGraph LLC) worn on participants’
nondominant wrists. These actigraphic devices are easy to use,
acceptable to adolescents, sufficiently reliable and valid to assess
sleep behavior, and commonly used in clinical research settings
[13]. The daily Consensus Sleep Diary queried previous night
bedtime, sleep-onset latency, wake time during the night, time
of final awakening, and final rising time [31].

Feasibility and Acceptability of Wearable Sleep Devices
Feasibility was evaluated by the rate of study completion and
the number of nights with viable data (full/complete recordings).
Acceptability was assessed using the Wearable Acceptability
Survey for Sleep (WASS; Multimedia Appendix 1) developed
by authors JRLA and ADK. This 10-item scale is designed to
optimize face validity and measures comfort of wearable sleep
devices while asleep and awake, sleep disturbances resulting
from device use, and satisfaction with the devices. The first 3
questions were adapted from those developed by ADK and
colleagues for a previous study [32], and the scale was further
expanded upon with 7 additional items by JRLA and ADK [33].
Acceptability of sleep EEG and actigraphy were queried
separately. Internal consistency of the scaled items (items 1, 2,
3, 7, and 8) was high when queried about actigraphy (Cronbach
alpha=.79) and EEG (Cronbach alpha=.80). This measure has
not been previously published.
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Results

Demographics of the Sample
A total of 123 adolescents and their guardians expressed interest
in study participation and completed an eligibility prescreening
via telephone. Of these individuals, 3 were excluded due to use
of sleep medications and 13 declined to participate in the study
following the phone screen. A total of 107 participants
completed the initial in-person visit. One individual attended

the in-person visit but declined participation following the
consent process. Two additional individuals completed the study
in full but are not included in this analysis due to difficulty
retrieving the devices attributable to circumstances surrounding
the novel coronavirus (ie, North Carolina COVID-19
shelter-in-place order), leaving a final sample of 104. See Table
1 for a summary of the demographics of the sample, which is
reflective of the population demographics of
Raleigh-Durham-Chapel Hill, North Carolina.

Table 1. Demographics of the study sample (n=104).

ValueCharacteristic

14.43 (1.77)Age in years, mean (SD)

49 (47.1)Sex, female, n (%)

Race, n (%)

29 (27.9)African American

67 (64.4)White

3 (2.9)Asian

1 (1.0)Native American

4 (3.8)More than 1 race

Ethnicity, n (%)

7 (6.7)Hispanic

97 (93.3)Non-Hispanic

Feasibility of Wearable Sleep Devices
All participants (100%) who enrolled in the study following the
intake visit completed the study. Regarding the sleep EEG
device, 94.2% (98/104) of adolescents successfully achieved at
least 1 full night of sleep recording. Of these individuals, the
mean number of nights of successful recording was 5.42 (SD
1.71), the median number was 6, and the modal number was 7.
A total of 86.5% (90/104) successfully recorded at least 3 full
nights of sleep EEG recording, the amount recommended for
obtaining stable measures of sleep architecture physiology using
EEG. Of the 6 adolescents who were unable to successfully
record EEG data, 4 adolescents appeared not to comply with
sensor app instructions, 1 adolescent decided not to wear the
device due to initial discomfort, and 1 adolescent accidently
broke the device while it was not in use. It is notable that among
the adolescents who successfully recorded at least 1 full night

of data but less than 7 full nights of data, sleep recording was
typically attempted by the adolescent on the other nights but
the recording was incomplete (there were partial recordings
because, for example, wires became unplugged so recording
stopped).

A similarly high rate of adolescents successfully recorded at
least 1 full night of sleep recording using the wristworn
actigraph device (95/104, 91.3%). Of these individuals, the
mean number of nights of successful recording was 6.63 (SD
0.90), the median number was 7, and the modal number was 7.
A total of 85.6% (89/104) recorded at least 5 nights of
actigraphy sleep recording, the number of nights recommended
for obtaining stable measures of sleep behavior using actigraphy.
Of the adolescents who were unable to unsuccessfully record
sleep data via actigraphy, the reasons were device/battery failure
(5/9), lost device (2/9), and decision not to wear due to initial
discomfort (2/9). See Figure 1.
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Figure 1. Number of nights of successful sleep recording by sleep device.

Acceptability of Wearable Sleep Devices

Comfort
The majority of adolescents rated both devices in the
comfortable to mildly uncomfortable range while awake (sleep
EEG: 81.6% (84/103); actigraphy: 92.2% (95/103) and sleeping
(sleep EEG: 66.0% (68/103); actigraphy: 81.6% (84/103); Figure
2). When asked what led to discomfort when using the sleep
EEG device, adolescents most frequently mentioned issues
related to the wires (27/104; eg, getting caught/tangled or
becoming detached/requiring reattachment due to movements

during sleep) or the adhesive used to attach the sensors (28/104;
eg, left residue or was itchy). A handful of participants
mentioned discomfort due to difficulty changing sleep positions
while wearing the device (5/104) and expressed concerns that
they would mess up the recording while sleeping (3/104). When
asked what led to discomfort while using the actigraph
wristwatch, adolescents most often cited issues related to the
light (18/104), which they found distracting while initiating
sleep, and the wristband (26/104; eg, too loose or too tight,
itchy/scratchy, too bulky). For both devices, it is notable that
most adolescents rated any discomfort as minimal or mild.

Figure 2. Ratings of comfort for sleep wearables while awake and sleeping.

Wearable-Related Sleep Disturbances
Regarding perceived device-related interference with sleep,
most adolescents indicated that their sleep was either typical of
their normal sleep while wearing the sleep EEG device (42/103,
40.8%) or that the sleep EEG device resulted in minimal to mild
sleep disturbances (41/103, 39.8%). Similarly, the majority of

youth rated their sleep while wearing the wristworn actigraph
as typical (64/103, 62.1%) or minimally to mildly disturbed
(31/103, 30.1%). The most frequently reported device-related
sleep disturbances due to EEG were difficulties falling asleep
(24/104) and waking more frequently (23/104), followed by
poorer sleep quality (18/104) and early waking (11/104). Most
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of the reported disturbances associated with the wristworn
actigraph regarded difficulties falling asleep (20/104), followed
by more night awakenings (7/104), poorer sleep quality (6/104),
and early waking (6/104; Figure 3).

A minority of adolescents reported that they slept in a different
position due to use of the sleep EEG device (32/104, 30.8%) or
wristworn actigraph (16/104, 15.4%; Figure 4). Of the
participants who endorsed a change in sleeping position due to
sleep EEG, endorsements of preferred typical sleeping position
included (participants could select more than one) sleeping on

their back (3/32), stomach (5/32), side (13/32), changing
positions frequently (18/32), or sleeping in all positions equally
(4/32). Of the participants who endorsed a change in sleeping
position due to actigraphy, endorsements of preferred typical
sleeping position included sleeping on their stomach (3/16),
side (6/16), changing positions frequently (9/16), or sleeping
in all positions equally (1/16). These results suggests that across
both devices, device-related changes in sleep position were most
frequently endorsed by youth who already experience frequent
position changes followed by those who sleep on their sides.

Figure 3. Wearable-related sleep disturbances by device.

Figure 4. Endorsement of wearable-related changes in sleep position by device.

Satisfaction
Adolescents were most likely to rate themselves as satisfied
with participation in the study based on their experience with
the sleep EEG (53/103, 51.5%) and actigraphy (71/103, 68.9%)
devices, followed by ambivalence (neither satisfied nor
dissatisfied; 39/103, 37.9%, for the sleep EEG; 31/103, 30.1%,

for the actigraph). Very few adolescents rated themselves as
dissatisfied with their participation in the study based on
experience with the sleep EEG (11/103, 10.7%) or actigraph
(1/103, 1.0%; Figure 5).

Interestingly, there was a statistically significant association
between satisfaction and device comfort while sleeping
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(χ2
4,n=103=17.21, P=.002); the small number of adolescents who

rated themselves as dissatisfied with the study based on sleep
EEG use were also more likely to have experienced significant
(moderate to severe) device-related discomfort (number
observed = 9, number expected = 3.74). Similarly, there was a
statistically significant association between satisfaction and
significant (moderate to severe) device-related sleep

disturbances (χ2
4,n=103=21.28, P=.002), such that adolescents

who rated themselves as dissatisfied with sleep EEG use were
more likely to have experienced significant device-related sleep
disturbances (number observed = 9, number expected = 2.14).

The majority of adolescents would recommend the study to a
friend based on their experience using the sleep EEG (77/98,
79%) and actigraphy (88/98, 90%; Figure 6).

Figure 5. Overall study satisfaction by device.

Figure 6. Number of adolescents recommending study to a friend by device.

Discussion

Principal Findings
Despite its importance in supporting overall health, sleep is
infrequently evaluated during adolescence, a period
characterized by shifts in sleep architecture and behavior.
Adolescence has also been identified as a critical period for
initiating lifelong health behaviors with the potential for a
significant, long-term impact for the individual and
societal/health care systems. Wearable sleep EEG devices have

the potential to overcome obstacles to sleep assessments in
routine health care settings and may allow for evaluation and
treatment at a population level. However, to date, the usability
of such devices in this age group has been unknown. Our
findings suggest that the vast majority of adolescents were able
to successfully record multiple nights of sleep data using the
sleep EEG device. In addition, while adolescents described
some discomfort and device-related sleep disturbances
associated with wearing the sleep EEG device, most rated any
discomfort as minimal to mild. Very few adolescents described
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dissatisfaction with their experience in the study. Notably, this
pattern of results was similar to the pattern observed when using
a commonly administered wearable (wristworn actigraph)
assessing sleep behavior for this age group although satisfaction
was numerically higher and discomfort and disturbances
numerically lower for the actigraph compared with the sleep
EEG device. In addition, it is notable that sleep EEG
device-related disturbances were more likely to be endorsed by
adolescents who sleep in certain sleep positions (eg, side
sleepers, individuals who already change positions frequently),
suggesting some individuals may be better suited to use the
device than others.

These results have implications for the use of wearable sleep
EEG devices with adolescents in both clinical and research
settings. First, although wristworn activity monitors have utility
for providing information about some aspects of sleep [12,13],
EEG measures provide a more robust picture of sleep health by
providing more accurate measures of sleep onset latency and
night awakenings, particularly in those with sleep disturbance,
and SWS and REM sleep, aspects of sleep architecture that have
been associated with both psychiatric and physical disease in
this age group [34]. For example, the suppression of SWS and
REM sleep has been shown to be associated with insulin
resistance in adolescents [35], less REM sleep has been found
among adolescents with asthma [36], and early onset of REM
and increased REM density may characterize the sleep of
adolescents with depression [37]. Thus, sleep EEG measures
have the potential to provide a more comprehensive
representation of adolescent sleep as it relates to physical and
mental health outcomes, and this study suggests that commercial
grade wearables may provide a feasible, acceptable method for
assessing sleep architecture in this age group. However,
demonstration of feasibility and acceptability of sleep EEG
among adolescents is only the first step toward incorporation
of sleep EEG into routine clinical settings, as additional
challenges (eg, validation of automated scoring algorithms,
validation of findings from recording EEG data from forehead
or mastoid versus standard placement of EEG electrodes within
the hairline, training primary care physicians to dispense and
interpret sleep EEG devices) would need to be addressed in
order to facilitate meaningful clinical application.

Second, given costs associated with traditional PSG assessments,
including not only the devices themselves but also access to a
specialized sleep clinic and trained personnel, assessment of
adolescent sleep architecture at a population level has been, to
date, unattainable. Access to sleep EEG assessments in routine
health care settings, including pediatric primary care, has been
similarly limited. Wearable sleep EEG devices provide a
potential opportunity to expand access to sleep evaluations for
adolescents in both research and clinical settings, which may
in turn allow for the acceleration of sleep-based mHealth apps
in this age group. As mentioned above, interest in developing
user-friendly, efficacious mHealth apps among adolescents is
increasing at a rapid pace [8-10], in part due to adolescent
engagement and facility with emerging technologies [38].
Incorporation of sleep EEG assessment via wearables may allow
for refinement of mHealth apps targeting sleep in this age
group—for example, by helping to identify adolescents most

likely to benefit from sleep-based mHealth and/or to aid in
monitoring sleep improvements resulting from such
interventions.

Future Directions
Results from this study offer many exciting new directions for
future research. For example, although ambulatory PSG has
been linked to health outcomes among adolescents, to date no
studies have examined associations between consumer-grade
sleep-EEG, which is scored using commercial algorithms and
obtained from nonstandard scalp locations, and physical and
psychiatric health in this age group. Given the importance of
adolescence for shaping healthy behaviors across the lifespan,
elucidating relationships between wearable sleep EEG and health
outcomes is a critical next step for driving the development of
mHealth apps targeting sleep and overall health in this age
group. Second, future studies may examine the concordance
between measures of sleep including consumer-grade sleep
EEG, actigraphy, and self-report, as well as how these measures
may be best used in conjunction to assess and support sleep
health in this age group. Specifically, while sleep EEG has
benefits in accurately assessing sleep stages, as a 24-hour
measure of sleep behavior, actigraphy allows for the calculation
of estimates of circadian patterns [39,40] as well as sensitive
measures of the regularity of sleep patterns [41,42]. These
findings suggest that both sleep EEG and wristworn wearables
are feasible and tolerable in this age group and future studies
should investigate how to optimize and integrate information
collected from sleep wearables to enhance health outcomes
among adolescents. Third, these findings may suggest avenues
for improving sleep EEG technology. Namely, both feasibility
and acceptability of sleep EEG devices in this age group were
negatively impacted by specific features of the device, such as
the wires, which contributed to both lost data (by becoming
unplugged) and some, usually mild, discomfort. Wireless EEG
systems have been developed and tested [43], and if successfully
adapted, may have utility for assessing sleep in adolescents.
Relatedly, unlike other commercial-grade devices, the device
was attached to the head only via sensors rather than with a
headband or cap [24]. The relative acceptability of these
different features among adolescents is still an open question
and may inform further refinement of sleep EEG systems. In
addition, facilitating communication regarding sleep EEG data
directly to adolescents and/or health care providers through
smartphone apps or electronic health records may also support
evaluation and treatments in this population and should be the
focus of future work.

Limitations
This study is subject to several limitations. First, this study
focused on feasibility and acceptability of collecting sleep EEG
data in generally healthy adolescents who might be seen in
routine health care settings. Relatedly, the selected device did
not measure respiratory function. Thus, the feasibility and
acceptability of sleep EEG devices, including those with
respiratory measures, in adolescent clinical populations (eg,
obstructive sleep apnea), remain open questions. Second, it was
beyond the scope of this study to assess the performance of
wearable sleep EEG devices—for example, as compared with
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the gold standard sleep assessment (PSG). The selected device
(Zmachine Insight+) has been shown to compare favorably with
PSG in adults [26], and future studies should evaluate the
performance of wearable sleep EEG devices in this age group.

Conclusions
Wearable sleep EEG devices are feasible and acceptable for use
with adolescents, a group characterized by developmental sleep
changes and whose health behaviors may have a long-term

impact on their well-being. Additionally, these devices may
have utility in both clinical and research settings and for
assessing and treating sleep disturbances at a population level.
Future studies with adolescents should evaluate strategies for
further improving usability of such devices, assess relationships
between sleep EEG–derived metrics and health outcomes, and
investigate methods for incorporating data from these devices
into emerging mHealth interventions and apps.
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Abstract

Background: Short-term laboratory studies suggest that eating attentively can reduce food intake. However, in a recent
randomized controlled trial we found no evidence that using an attentive eating smartphone app outside of the laboratory had an
effect on energy intake or weight loss over 8 weeks.

Objective: This research examined trial participants’ experiences of using an attentive eating smartphone app and whether app
usage was associated with energy intake and weight loss outcomes over 8 weeks.

Methods: We conducted thematic analysis of semistructured interviews (N=38) among participants in the attentive eating
smartphone app group of the trial who completed the 8-week assessment. Linear regression models examined the associations
between energy intake and weight loss outcomes at 8 weeks and app usage.

Results: Participants reported several barriers and facilitators to using the smartphone app, including repetition of app content,
social setting, motivation, and habitual use of the app. Participants believed that using the app had some beneficial effects on
their eating behavior and diet. Exploratory analyses indicated that more frequent recording of eating episodes in the app was
associated with lower body weight (B=–0.02, P=.004) and greater self-reported energy intake (B=5.98, P=.01) at 8 weeks, but
not body fat percentage or taste-test energy intake. Total audio clip plays, gallery views, and percentage of food entries recorded
using an image were not significantly associated with energy intake or weight.

Conclusions: Frequent recording of eating episodes in a smartphone app was associated with greater weight loss. There are
barriers and facilitators to frequent use of an attentive eating smartphone app that may be useful to address when designing dietary
behavior change smartphone apps.

Trial Registration: ClinicalTrials.gov NCT03602001; https://clinicaltrials.gov/ct2/show/NCT03602001; Open Science
Framework DOI 10.17605/osf.io/btzhw; https://osf.io/btzhw/

(JMIR Mhealth Uhealth 2020;8(10):e16780)   doi:10.2196/16780
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Introduction

Lifestyle factors are the biggest contributors to
disability-adjusted life years (DALYs) lost, with most DALYs
lost attributable specifically to dietary factors (including excess
body weight) having increased significantly from 2005 to 2015
[1]. In high-income English-speaking countries, obesity
currently exceeds 30% in men and women [2]. Interventions
are therefore needed that support people to change their diet
and lose weight.

Smartphones are a viable way to deliver health interventions.
For example, a large percentage (76%) of UK adults now own
a smartphone [3], and smartphone apps can be used to deliver
behavior change interventions [4]. However, sustained use of
such apps may be needed for behavior change [5], as minimal
usage could undermine effects of potentially successful
interventions [4,6]. For example, Mattila and colleagues [5]
found that sustained users of technology-based tools targeting
a range of health behavior risk factors showed a greater
reduction in body fat percentage and waist circumference than
nonsustained users. Qualitative research has been used to explore
factors associated with the use of smartphone apps designed to
promote behavior change [7,8]. The results of such research
can be used to identify reasons for poor or nonsustained use
and can be used to inform future development of health behavior
change smartphone apps. For example, the use of health
behavior change apps has been found to depend on the app being
user friendly, intuitive, accessible, and well structured, as well
as having personalized features [7,9,10]. The ability to access
novel and updated content and receiving feedback on progress
toward goals have also been found to motivate app use [7,11].

Paying more attention to food being consumed, termed attentive
eating, has been found to reduce snack intake 2-3 hours later
in some [12-15], but not other [16-18], laboratory studies. If
eating attentively is sustained over longer periods, it may support
people in eating less and losing weight. We developed and tested
the feasibility of a smartphone-based attentive eating app
designed to encourage a more attentive eating style in daily life.
In a feasibility trial, participants with overweight and obesity
used the app and reported in qualitative interviews that they
found the app easy and acceptable to use, and it increased their
awareness of what they had been eating [19]. We subsequently
conducted a randomized controlled trial testing the efficacy of
the multicomponent, attentive eating smartphone app plus
standard dietary advice, compared to standard dietary advice
only, to support weight loss in adults with overweight and
obesity [20]. We found no significant effect of using the
attentive eating smartphone app, compared to the control
condition, on weight loss (−0.10 kg, 95% CI −1.6 to 1.3) or
energy intake after 8 weeks of usage. At the end of the trial
period, semistructured interviews were conducted with
participants who had used the attentive eating smartphone app
in order to understand user experiences. Here we report the
results of qualitative analyses of these interviews. These results

showed that some participants experienced benefits of using
the attentive eating app, which may suggest that specific patterns
of app use may be associated with dietary change and weight
loss. Therefore, we also conducted exploratory analyses to
examine whether greater use of specific app functions was
associated with greater reductions in energy intake and weight
during the trial; the results are reported here.

Methods

Design and Sample
The trial was prospectively registered on the Open Science
Framework [21] and retrospectively registered at
ClinicalTrials.gov (NCT03602001). A full description of the
trial design and methods are reported elsewhere [20]. In brief,
this was an 8-week randomized controlled trial. Adults with

overweight and obesity (mean BMI ≥25 kg/m2) were
randomized to use a multicomponent attentive eating smartphone
app, along with receipt of standard dietary advice delivered via
a booklet and text messages once a week (intervention group),
or to receive standard dietary advice only (control group).
Standard dietary advice only for the control group was similar
to previous studies [22]. Participants were also required to have
no history of eating disorders or food allergies, self-reported by
participant; be aged 18-65 years; be fluent English speakers;
not be taking medication that affects appetite; not be pregnant;
not be scheduled for weight loss surgery during the trial; own
an Android or Apple smartphone (Android operating system
versions 4.4-7.1; Apple operating systems iOS 8-10); and not
currently be on a structured weight loss program or using other
weight loss apps.

Intervention Components

Standard Dietary Advice
All participants were provided with a booklet based on British
Heart Foundation materials [23] containing tips on healthy
eating (eg, the importance of a balanced diet, reducing calories
and lower energy swaps, eating fruits and vegetables, reducing
intake of high-fat and high-sugar foods and drinks, shopping,
and eating out) and brief information about physical activity.
Participants also received a text message once a week that
repeated the information in the dietary advice booklet.

Attentive Eating App
The attentive eating smartphone app was designed to encourage
a more attentive eating style by requiring users to photograph
food and drink being consumed and then review this information
when making dietary decisions throughout the day. Prior to
eating and drinking, users accessed the camera function of their
phones via the app and took a photograph of what they were
about to consume. Alternatively, users could enter a description
of the food or drink or upload a photo taken previously. Once
they had finished eating and drinking, users answered questions
about their consumption experience (ie, “Did you finish it all?”
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and “How do you feel?”). Once these questions had been
answered, the food and drink entry was completed and the
consumption episode, along with the photograph and answers
to the consumption experience questions, were logged in a food
gallery section of the app. Prior to deciding what and how much
to eat for a meal, users of the app reviewed their consumption
episodes for the day up to that point by navigating through the
photographs and information about their consumption
experiences stored in the food gallery. While eating and
drinking, users were encouraged to listen to a 2.5-minute audio
clip that prompted them to pay more attention to what they were
eating. The audio clip did this by asking listeners to pay attention

to the smell, taste, and texture of the food, as well as how full
they felt. Users were also encouraged to eat slowly, one
mouthful at a time, and to periodically think about how much
food was on their plate at the beginning and how much they
had eaten. To foster positive feedback, users received daily
in-app stars for using the key functions of the app at appropriate
times (eg, reviewing the gallery shortly before a meal) and
received a daily badge if they obtained all of the stars in a day
(see Figure 1 for screenshots of the app). Participants also
received a short leaflet that explained the principles of attentive
eating and other ways to eat attentively, such as avoiding eating
while distracted.

Figure 1. Screenshots of the key functions of the smartphone app: a) The food gallery; b) Photographing a meal; c) The attentive eating audio clip; d)
Consumption experience questions; and e) Star and daily badge achievements.

Outcomes
We used four measures collected at baseline and at the 8-week
follow-up: (1) body weight, (2) body fat percentage (3),
self-reported 24-hour energy intake, and (4) laboratory-measured
bogus taste-test energy intake. Body weight and body fat
percentage were measured with the Tanita BC-418 MA body
composition analyzer (Tanita Corporation). Self-reported
24-hour energy intake was measured using myfood24, an online,
automated 24-hour dietary assessment system developed and
validated for use in the United Kingdom [24,25]. In the
laboratory-measured bogus taste test, participants were provided
with three bowls of three different kinds of biscuits, 50 g
each—Maryland chocolate chip cookies, ~249 kcal; Cadbury’s
chocolate fingers, ~240 kcal; and McVitie’s digestives, ~241
kcal—broken up into small pieces. In the laboratory, participants
were given 10 minutes to rate the biscuits on 100-point visual
analog scales, ranging from not at all to extremely, on a number
of features (eg, crunchiness and flavorsome) and were told that
they could eat as many biscuits as they wished [26]. Participants
were asked not to eat for 1 hour prior to the assessment sessions
in order to standardize hunger. Hunger was measured
immediately before the taste test using a 100-point visual analog
scale, ranging from not at all to extremely. The biscuits were
weighed afterward in order to calculate the amount of biscuits
consumed, and weights were converted to total kcals.

Interviews
During the study visit at the 8-week follow-up, semistructured
interviews were conducted with participants in the intervention
group (ie, standard dietary advice and attentive eating app) to
understand their experiences of using the attentive eating app.
Participants were asked to be as honest as possible, were told
that the researcher was interested in their experiences and
opinions, and were told that there were no right or wrong
answers. Participants were then asked what using the app was
like for them and how they managed to include using the app
into their lives. Participants were also asked what influenced
how regularly they were able to use the app and whether using
it affected awareness of what they were eating and/or what they
ate. Interviews lasted approximately 10-30 minutes.

Analyses
Semistructured interviews were audio recorded, transcribed
verbatim, and imported into NVivo (QSR International) for
analysis. Thematic analysis was conducted, following the steps
of Braun and Clark [27]. The data were first coded using a
systematic and inductive approach; initial codes were then
aggregated into overarching themes by a single researcher (IK).
The appropriateness of each theme and each code aggregated
into a theme was then reviewed by a second researcher (VW).
Any disagreements were resolved through discussion.

Ordinary least squares linear regressions were used to examine
the relationship between app usage variables (ie, independent
variables: total eating episodes recorded, total audio clip listens,
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total gallery views, and percentage of eating episodes recorded
using an image) and each 8-week trial outcome (ie, dependent
variables: body weight, body fat percentage, self-reported
24-hour energy intake, and taste-test energy intake), while
controlling for baseline measurement of the dependent variables,
total number of days in the trial, and hunger (in the analyses
with taste-test energy intake as the dependent variable). The
rationale for inclusion of independent variables was derived
from the thematic analysis presented in the Summary of
Thematic Analysis section. We analyzed the total number of
food entries, audio plays, and gallery views, as participants were
asked to complete these functions as often as possible. We
analyzed the proportion of food entries that were photographed,
as participants were asked to photograph as many of their meals
as possible. A Bonferroni correction was used to account for
multiple comparisons in statistical testing (0.05/4 regression
models = 0.0125).

Data Availability
The dataset for the quantitative analyses is available on the
Open Science Framework [28]. The qualitative interview data
are available upon request.

Results

Sample
Interviews were conducted with all 39 participants in the
intervention group that attended the 8-week visit; however, due
to equipment malfunction we were unable to transcribe one of
the interviews, leaving 38 interviews. The exploratory
quantitative analyses included all participants in the intervention
group who completed all assessment sessions (N=39); see Table
1 for characteristics of the analyzed sample.

Table 1. Baseline characteristics of the analyzed sample.

Value (N=39), mean (SD) or n (%)Characteristic

41.7 (10.3)Age (years), mean (SD)

31 (79)Gender (female), n (%)

35 (90)Ethnicity (White), n (%)

Education level, n(%)a

0 (0)Entry level or equivalent

6 (15)General Certificate of Secondary Education or equivalent

8 (21)Advanced (A) or Advanced Subsidiary (AS) level or equivalent

15 (38)Undergraduate degree or equivalent

7 (18)Higher degree or equivalent

3 (8)Other

35.2 (7.2)Baseline BMI (kg/m2), mean (SD)

99.5 (22.7)Baseline weight (kg), mean (SD)

42.4 (8.5)Baseline body fat (%), mean (SD)

118.3 (98.4)Baseline taste-test energy intake (kcal), mean (SD)

2047.0 (726.0)Baseline self-reported energy intake (kcal), mean (SD)

aPercentages do not add up to 100 due to rounding.

Summary of Thematic Analysis
Two overarching themes were identified: (1) barriers and
facilitators to app usage and (2) effects of the app. See Table 2
for example quotes.
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Table 2. Table of themes and supporting quotes.

Supporting quotesTheme

Theme 1: barriers and facilitators to app usage

PPa 103: “I didn’t really see any effect of doing it so it just seemed like it wasn’t worth
the effort.”

Subtheme 1: believing that the app was effective

PP 34: “It made me more aware to use the app rather than just like, ‘oh, I’ll just put that
in later,’ it was like ‘no, I need to get my badge today.’”

PP 64: “If you’ve messed up once in a day you tend to then think ‘well, I can’t get all the
stars now today’ so you know you're not going to get the trophy. So you sort of don't feel
quite as competitive about getting them, but if you get them from the beginning of the
day, you think ‘right, I want to get them all today.’”

Subtheme 2: motivation to get the daily badge

PP 53: “I’d got into a routine that when I was in the kitchen or when I was doing meals
the phone came, the picture came, everything came, but if I went out of the routine I was
in, then I wouldn’t think to do it.”

Subtheme 3: habitual, routine app use and distractions

PP 53: “If I'm out socially with friends, family, or whatever and then to just kind of inter-
rupt and say, ‘I have to listen to this for five minutes,’ it didn’t feel right to do it.”

PP 35: “I think that’s a real age thing, I am not someone who posts my food on Instagram.
Also feeling a bit embarrassed that I didn’t want to have to explain to people if they said,
‘why are you taking a picture of your dinner?’”

Subtheme 4: not using full app in social situations

PP 90: “I wanted it to look like a good gallery and not a bad one just for my own personal,
I don't know, pride, satisfaction” and “it would make me want to eat more of those nice
fresh homemade things.”

PP 96: “I kind of stopped using it 'cause I was like ‘don't judge me.’”

Subtheme 5: wanting a good-looking food gallery

PP 64: “I ended up writing the description in more than the picture towards the end.”

PP 03: “Where I’d forgotten to take a photo I was trying to write in the description. But
I don’t think that that worked as well as it would have done if I had of taken a photo in
terms of looking back over it.”

Subtheme 6: meal descriptions used for retrospective
entries

PP 103: “It was quite repetitive so I didn’t want to listen to the same thing over and over.”Subtheme 7: repetition of the audio clip

Theme 2: effects of the app

PP 92: “I had leeks last night on my carvery, which I never would have picked.”Subtheme 1: making healthier food choices

PP 7: “I had rice and a sweetcorn dish last night, and normally I’d put two big spoons
on, and last night it was just the one and the one spoon was plenty.”

PP 71: “I bought a smaller plate; I said, ‘right that’s mine,’ so I am more aware of the
portion size.”

Subtheme 2: eating smaller portions

PP 78: “If I was hungry, I would look back to see what I've eaten, ‘ah yeah, you’ve ate
plenty,’ and that would stop me.”

PP 34: “I’ve noticed I’m very very bad at eating late at night.”

Subtheme 3: reviewing the gallery informed eating

PP 63: “I’ll stop because I’m full, and I’m not eating the full thing because I’m actually
full halfway through it.”

Subtheme 4: greater attention to hunger and fullness

PP 4: “It’s helped me to slow down when I’m eating.”Subtheme 5: eating more slowly

PP 56: “Even though I’m not listening to it, I know what it asks me to do every time. So,
yes, it would get ingrained in you and you would do it.”

PP 98: “Even when I’m not out with the app, I definitely chew slower.”

Subtheme 6: eating attentively when not listening to
the audio clip

PP 22: “I noticed that I was tasting the food more and experiencing the food more.”Subtheme 7: enhanced eating experience

aPP: participant; participant numbers exceed 39, as 104 participants (across arms) took part in the trial.

Barriers and Facilitators to App Usage
Key barriers to using the app included feeling that using the
app in social settings was inappropriate, in particular, not
wanting to be seen taking pictures of one’s food. We noted that
older participants were more likely to describe these as barriers
to using the app (see Table 2). Believing that the app was
effective was identified as a motivator and facilitator to using
the app, whereas appearing to not get anything out of using the

app reduced motivation to use it. When a person was following
their usual daily routine and had incorporated using the app into
this routine, they found it easier to remember to use the app,
while distractions reduced its use. Those who found the in-app
stars and daily badge rewarding described these as motivators
to use the app more frequently. However, missing out on a star
achievement early in the day reduced motivation to continue
using the app for the rest of the day. For some, wanting to have
a good-looking diary motivated them to eat “healthier,” to eat
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nicer looking food, and to make sure they recorded this. For
others, wanting to impress the researcher or feeling like their
food gallery was going to be judged meant that they recorded
food intake less often if they were going to eat food they
considered incompatible with their goals. Being able to write
descriptions of food consumed when someone had forgotten or
was unable to take a photograph was helpful because it meant
that participants could still complete their task even if they did
not photograph the food. However, participants tended to take
fewer photographs as time went on, despite finding it more
difficult to remember how much they had eaten from the
description than the photograph. Users found it boring to listen
to the same audio clip repeatedly and this demotivated them to
keep doing so.

Effects of the App
Participants reported that using the app helped them eat more
slowly, pay more attention to hunger and fullness, make
healthier food choices, and eat smaller portion sizes, and it
enhanced the enjoyment of eating. Some participants described
continuing to follow the focused attention principles described
in the audio clip even when not listening to it during a meal,

such as eating slowly. Participants also described using the food
gallery to inform their eating choices and to increase awareness
of their eating patterns.

Exploratory Analyses
Usage of the app functions was generally reasonable: median
total food entries was 136.0 (IQR 98), median total times
listened to audio was 42.0 (IQR 66), and median percentage of
food entries recorded using an image was 78.6% (IQR 28.1).
However, median total gallery views (45.0, IQR 56) was
low—the trial period lasted 56 days. VIF (variance inflation
factor) (<0.96) and tolerance statistics (<4.33) showed that levels
of multicollinearity were acceptable. There was no evidence
that the number of audio clip plays, gallery views, or percentage
of food entries recorded using an image were associated with
taste-test or self-reported energy intake, weight, or body fat
percentage at the 8-week follow-up (see Table 3). However,
recording more food entries was associated with lower body
weight and greater self-reported energy intake at 8 weeks. The
number of entries recorded was not significantly associated with
taste-test energy intake or body fat percentage.

Table 3. Regression results for app usage variables as predictors of trial outcomes at 8 weeks.

Percentage of food entries us-
ing an image

Total gallery viewsTotal audio playsTotal food entriesOutcome

P valueB (95% CI)P valueB (95% CI)P valueB (95% CI)P valueB (95% CI)

.660.01

(–0.03 to 0.04)

.060.04

(–0.002 to 0.08)

.46–0.01

(–0.03 to 0.01)

.004–0.02

(–0.04 to –0.01)

Weight (kg)

.840.002

(–0.02 to 0.03)

.500.01

(–0.02 to 0.04)

.620.004

(–0.01 to 0.02)

.05–0.01

(–0.02 to –0.0007)

Body fat (%)

.384.50

(–5.88 to 14.89)

.24–7.55

(–20.49 to 5.38)

.16–4.59

(–11.12 to 1.93)

.015.98

(1.50 to 10.46)

Self-reported energy
intake (kcal)

.74–0.19

(–1.37 to 0.99)

.210.94

(–0.56 to 2.44)

.58–0.21

(–0.96 to 0.54)

.82–0.06

(–0.58 to 0.46)

Taste-test energy in-
take (kcal)

App Use Across the Trial Period
Total number of food entries was the only app usage variable
significantly associated with any trial outcomes and was,
therefore, plotted to explore usage over the trial period. The

median number of food entries recorded per day declined over
the trial period, with between three and four food items being
recorded per day at the beginning of the trial, down to one to
two per day toward the end of the trial (see Figure 2).
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Figure 2. Median number of food entries across trial days for participants enrolled in the trial (0-55 days).

Discussion

Principal Findings
We aimed to examine participants’ experiences of using an
attentive eating smartphone app, and we conducted exploratory
analyses into the associations between usage of individual app
functions and trial outcomes. Overall usage of app functions
was reasonable (ie, total food entries, audio listens, and
percentage of meals recorded using an image), except for total
food gallery views, which was lower than expected: the median
was less than one gallery view per day. Participants reported
several barriers and facilitators to app use that could inform
future research. Participants found that incorporating the use of
the attentive eating app into one’s routine meant they were more
likely to continue using it. This is in line with Ahtinen and
colleagues [11], who found that once use of an app became
routine, the app was easy to use. Future research should,
therefore, include design of smartphone apps in such a way that
facilitates their inclusion into a person’s routine; researchers
may benefit from encouraging participants to use the app as
part of their day-to-day habits early on in order to foster greater
app usage throughout a study. The ability to access new and
updated content has been found to motivate continued app usage
[7,11], which is in line with our finding that boredom with the
same audio clip may have led to reduced use of this function
of the app. Further, believing that the app was effective was a
motivator for continued use in this trial, as it was in another
trial [11]. One way for future research studies to demonstrate
app effectiveness to participants is to provide feedback on
progress toward goals [7,11,29]. For example, feedback on
weight loss would demonstrate app effectiveness to participants
and likely bolster motivation to continue using the app. This
study also found that some participants felt uncomfortable using
the app in social situations. There was a notable age difference
here, where younger participants were less likely to be
concerned about being seen taking photographs of their food

in social situations. Therefore, mobile phone apps to promote
dietary change will benefit from being designed in ways that
overcome concerns about their use in public. Further, some
participants found the in-app rewards and badges motivating,
whereas others did not. Future work should make such features
optional or allow participants to personalize them.

Participants reported effects of using the app that were in line
with the hypothesized mechanisms of action of the app. For
example, participants reported using the food gallery to
introspect on what they had eaten earlier and to inform
subsequent food choices. Participants also described eating
more slowly and stopping eating before finishing their food due
to greater awareness of hunger and fullness, most likely due to
the attentive eating audio clip that encouraged listeners to eat
slowly and pay attention to their hunger and fullness levels.
These findings are in contrast to the results of our main trial
analyses, which found no effects on trial outcomes at the 8-week
assessment, including weight and energy intake in the full
sample and among a subsample of participants that were
categorized as having used the app as intended [20]. Our
exploratory analyses reported here found that the frequency of
recording food consumed was significantly associated with
lower body weight at the 8-week assessment but was not
significantly associated with body fat percentage. This was a
clinically relevant effect, with each additional food entry
equating to 0.02 kg of weight loss. Recording four entries per
day (ie, three meals and one snack) compared to recording only
one entry per day would equate to an additional 3.6 kg of weight
loss over a 2-month period. This amount of weight loss would
be in line with recommendations on healthy weight loss of 0.5-1
kg per week [30]. We also found that the frequency of recording
food consumed was significantly associated with greater
self-reported 24-hour energy intake but not with taste-test energy
intake. This was a small effect, with each additional food entry
recorded equating to an additional 6 kcal consumed. Given the
association with weight, we presume this may be a measurement
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artefact (ie, participants who diligently recorded meals in the
app may have been more likely to diligently complete the dietary
recalls).

Further examination of the number of food entries recorded
over the entire trial period showed that while the number of
food entries recorded was high at the beginning of the trial, it
tended to decline over time. The decline in recording of food
consumed may partially explain why the trial did not find any
effects on main trial outcomes in the planned analyses. This
finding is in line with previous work that found sustained use
of technology-based interventions to be associated with better
health outcomes [5]. More frequent entry of eating episodes
allows for more frequent self-monitoring, and this may explain
the association with weight, as self-monitoring is a known
predictor of weight loss [31]. We found no association between
how frequently participants viewed entries or listened to the
attentive eating audio clip and weight, which may suggest that
the act of recording behavior, as opposed to eating more
attentively (ie, remembering food eaten and paying attention
during eating), may explain why a greater number of eating
episodes was associated with lower body weight. However, an
alternative explanation is that more highly motivated participants
were more likely to record their consumption episodes and were
also more likely to lose weight.

Strengths and Limitations
The use of qualitative research methods to examine participants’
experience of an attentive eating smartphone app is a strength
of this work, as we have identified barriers and facilitators to
using smartphone apps designed for dietary change and weight
loss. Although our sample size was reasonable for qualitative
analyses [32], it was small for our exploratory quantitative
analyses and, for this reason, these results should be interpreted
accordingly. Future confirmatory work is needed. A further
limitation is that our measures of energy intake are prone to
error and may, therefore, not accurately reflect energy intake
during the trial, as one was self-reported and the other an
objective laboratory measure of consumption of a single type
of snack food.

Conclusions
In conclusion, frequent recording of eating episodes using an
attentive eating smartphone app was associated with greater
weight loss during an 8-week randomized controlled trial. There
are a number of barriers and facilitators to frequent use of an
attentive eating mobile phone app that may be useful to address
when designing dietary behavior change mobile phone apps.
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Abstract

Background: Although personal health devices (for example, smartwatches, fitness trackers and intelligent bracelets) offer
great potential to monitor personal fitness and health parameters, many users discontinue using them after a few months. Thus,
it is critical to study the postadoption behaviors of current users to enhance their engagement with personal health devices and
use behaviors. However, there is little empirical research on the factors affecting users’ engagement in beneficial use behaviors.
Mindfulness and identity are not new topics, but the applications of these concepts in the field of information systems are emerging
themes. Information technology (IT) mindfulness has been conceptualized in previous studies; however, little is known about
the antecedents and consequences of IT mindfulness in the mobile health (mHealth) context.

Objective: The main aim of this study is to explore both IT identity and IT mindfulness to develop a new ground for research
in the domain of mHealth postadoption. Thus, we aim to explain why users should be fully mindful of their engagement with
PHDs and what could be the consequences and implications.

Methods: This study proposes that IT mindfulness can play an important role in improving the use behaviors of users. Through
a web-based survey with 450 current users of a personal health device, this paper tests the relationship between IT identity and
IT mindfulness in the postadoption stage of using personal health devices.

Results: We found that IT identity significantly shapes IT mindfulness associated with PHDs. Moreover, the IT identity–IT
mindfulness relationship is negatively moderated by individuals’ perceived health status (P=.003). Finally, the results of this
study show that IT mindfulness can significantly predict automatic use behaviors (eg, continued intention to use), active use
behaviors (eg, feature use and enhanced use behaviors), and commitment behaviors in using personal health devices (eg, positive
word-of-mouth intention).

Conclusions: The findings of this study provide implications for both research and practice. This study can contribute to our
current understanding of IT mindfulness by developing and empirically testing a research model that explains the determinants
and outcomes of the IT mindfulness construct in the context of personal health devices. The results imply that IT mindfulness
significantly helps individuals express their alertness, awareness, openness, and orientation in the present in their postadoption
interactions with smart devices used for health care purposes. Finally, our findings may assist practitioners and IT developers in
designing mindfulness-supporting PHDs. Owing to the impact of IT mindfulness on postadoption behaviors, its 4 dimensions
could be used for developing PHD technologies. Moreover, PHD developers may need to direct their efforts toward increasing
IT mindfulness by reinforcing IT identity to serve and retain a wide range of target users.

(JMIR Mhealth Uhealth 2020;8(10):e18122)   doi:10.2196/18122
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Introduction

Background
Mobile health (mHealth) has tremendously changed how people
are involved in performing different roles in their social relations
[1]. In recent years, the use of personal health devices (PHDs)
as platforms for monitoring and controlling health conditions
has grown significantly. Many manufacturers (eg, Samsung,
Jawbone, and Fitbit) have developed smartwatches and
intelligent bracelets to help individuals fulfill their health-related
goals. Use of information technology (IT) allows individuals
to feel competent and accepted in social networks of
relationships in which their roles are defined based on cultural
expectations and norms [2]. For instance, PHDs can enable
individuals to monitor their health status, manage chronic
diseases, control fitness as well as wellness, and view personal
health information in real time [3]. In this study, PHDs are
defined as smart devices used for monitoring and controlling
health status, not for providing diagnoses and medical treatment
remotely. People may continuously engage with their PHDs to
monitor their health status or check their health care information
[4]. Thus, the use of PHDs is beneficial to people because these
devices provide them with additional resources in managing
personal health care, which is highly important to them. These
devices can verify identity by providing broad applications
across a wide range of technology networks and social contexts.
These smart devices can be integrated into an individual’s sense
of self, as one may spend a significant portion of their time
interacting with the devices as a repeated behavior. This is
consistent with the findings of Reychav et al [5] that repeated
behaviors can directly contribute to identity construction.

Technology can be manifested in different ways, for instance,
technology interface or what the technology can afford. This
study does not focus on the technology interface, but we
examine technology in terms of how people use the platform
to identify the underlying application, purpose, and function.
Individuals may interact with many technologies daily but may
consider only certain IT devices as an inherent part of
themselves, which can influence their behavioral choices [6].
A PHD (eg, a wearable smart device or an intelligent bracelet)
is a consumer IT, which could become part of people’s identities
because of its everyday use for self-monitoring and
self-management purposes [7]. The adoption and the use of
patient self-management tools are consistent with the notion of
patient-centered eHealth apps, which revolves around patients
as pivotal actors in the health care ecosystem [8]. However,
recent studies highlight that many users discontinue using PHDs
after only a few months [9]. Little is known about the factors
that motivate users to actively use such electronic devices and
explore more features and functions for additional health-related
tasks [10]. Thus, further research is required to investigate
individuals’ beliefs and behaviors during the postadoption of
PHDs to uncover users’ requirements and preferences for
eHealth services and to propose suggestions for the construction
of effective smart devices, interactive mHealth apps, and
efficient eHealth systems.

To fill this gap, we use the concept of IT mindfulness as a
theoretical foundation to delineate how PHD users perform
postadoption behaviors. Mindfulness is a multidimensional
concept that explains constant examinations, expectation
refinement, recognition of new changes, and exploration of
novel aspects of a phenomenon [11]. According to Weick and
Sutcliffe [12], mindfulness refers to focusing on the present,
paying attention to details, considering alternative perspectives,
and willingness to investigate for understanding system failures.
In line with a study by Ndubisi [13], people who are mindful
are very sensitive to different contexts and have the ability to
continuously create new categories in awareness and
interpretation of the world. In contrast, individuals who engage
in mindless behaviors have a premature commitment to rigid
beliefs and preexisting categories [14].

Mindfulness promotes being in a watchful and vigilant state of
mind [14]. A study by Sun et al [15] suggests that IT
mindfulness may influence technology adoption decisions and
continuance. Their results indicate that mindful users
continuously compare an IT with existing technologies to be
aware of its uniqueness and make more rational postadoption
decisions in the light of task-technology fit. A mindful process
of experimenting with IT can articulate how individuals extract
value from technologies [16]. IT mindfulness may reduce the
addictive use of technology and help individuals feel
comfortable with their use of IT systems. Previous research
indicates that domain-specific mindfulness (eg, in situations
related to personal health) could predict individual behaviors
[17]. IT mindfulness, as an IT-specific trait, influences users’
behaviors with a given technology [18]. As IT mindfulness is
considered a dynamic IT-specific trait, this class of trait likely
influences technology-related behaviors such as user acceptance
of technology and postadoption use behaviors.

Previous studies provide significant evidence to show that IT
mindfulness shapes future behavior by explaining how
awareness and flexibility of users can alter their future
interactions with the IT system [19]. People with high levels of
mindfulness tend to continually monitor the current situation
to find new ways of using IT, which helps them complete their
tasks [20]. Beliefs and behaviors are affected by personality
traits (at different hierarchical levels). Previous studies indicate
that dynamic and context-specific traits (rather than broad traits)
are more likely to change specific behaviors [21]. However,
little is known about the effects of information system
(IS)–specific traits (such as IT mindfulness) on IT-specific
beliefs and use behaviors. Moreover, there is an increase in
studying the causes and consequences of mindfulness in
different research areas [22]. However, most of these studies
are conducted in the organizational context and are considered
organizational factors and interventions [22]. Another stream
of research focuses on mindfulness in a collective context, such
as a group setting, rather than examining mindfulness at the
individual level [23]. Thus, more studies are required to examine
the antecedents and resultant effects of IT mindfulness at the
individual level in the context of using consumer IT.
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Objectives
The main goal of this study is to highlight the ways in which
the application of the IT mindfulness concept in studies of
mHealth device design and use can contribute to the realization
of its antecedents and outcomes in the PHD context. We propose
that IT mindfulness may provide a possible basis for answering
questions about how individuals can hope to efficiently use
smart devices to achieve reliable health-related results. We argue
that positive use behaviors are possible when a mindful approach
permeates an individual user. In doing so, we develop a research
model by drawing on the recent appearance of the concept of
mindfulness in the IS literature and adapting it for application
to postadoption of PHDs. In brief, this study addresses the
following research questions:

1. How does IT mindfulness influence individuals’
postadoption interactions with PHDs?

2. What are the antecedents of IT mindfulness in the context
of PHDs?

3. How do health factors (ie, perceived health status) moderate
the influencing chain from IT identity to IT mindfulness?

Literature Review

IT Mindfulness
Mindfulness is a psychological trait that has roots in the
cognitive abilities of the individual [20]. Mindfulness has been
used in IS studies with different themes, such as IT innovation,
IT management, IT use, and outcomes [24]. Swanson and
Ramiller [20] suggest that the concept of mindfulness can be
incorporated into the adoption, implementation, and assimilation
of an IT innovation. As a result, IT mindfulness arises when
people are working with IT. When people are aware of IT
capabilities and open to its various functions, they elevate their
mental mindset to become mindful of value-adding applications
of IT. People with cultivated IT mindfulness are likely to focus
on the present IT functionalities, search for more details about
its applications, explore more uses of IT, and examine IT
features [25]. When a person mindfully accepts a technology,
they are aware of the given technology, its functions, and their
needs. Thus, they are more likely to search for more details and
information about the technology and the acceptance decision
and possible implications [26].

Sternberg [27] describes the concept of mindfulness as (1)
alertness to distinction, (2) awareness of multiple perspectives,
(3) openness to novelty, and (4) orientation in the present.
Consistent with previous studies, we consider IT mindfulness
as a second-order construct that consists of 4 reflective
dimensions [25,28]. The first first-order dimension is alertness
to distinction, which refers to the ability to define, appreciate,
and make judgments about IT applications and their potential.
This factor helps individuals identify the differences between
the old and new features of an IT application and seek new ways
to use the system. The second dimension is awareness of
multiple perspectives, which helps individuals analyze IT system
applications and features from different or even opposing
viewpoints. This dialectical thinking may lead to innovative
solutions to IT-related problems. The third dimension is the
openness to novelty, which involves curiosity and flexibility in

a user’s interactions with an IT system’s features and
applications. This factor is instrumental in cultivating in a user
the ability to reason about new types of stimuli, consider a large
number of IT applications, and explore fewer familiar features.
The last factor is an orientation in the present, which manifests
the degree to which an individual pays more of his/her attention
to his/her current situation instead of envisioning future
possibilities or concentrating on past events. This factor may
increase people’s sensitivity to the immediate context and adapt
their responses and system used to the current situation. As a
second-order construct with reflective dimensions, IT
mindfulness requires capturing all 4 dimensions. Higher levels
of IT mindfulness will lead to greater levels of the 4 dimensions.
We cannot assume that a change in IT mindfulness will lead to
the same amount of change across the 4 dimensions [29].
Although the indicators of dimensions may covary, each
dimension has a separate conceptual foundation [30].

IT Identity
Prior researchers have studied the topic of IT and identity and
their relationship based on different approaches. Carter and
Grover [31] conceptualize IT identity using theories on social
structures and self-concept to describe how people categorize
themselves in relation to an IT object. They define IT identity
as the extent to which the use of IT is saliently related to who
people think they are (self-identification). IT can change
individuals’ self-perceptions by recognizing their original selves
in using the capabilities and resources offered by the IT device.
For instance, in the presence of IT, people may feel empowered,
productive, autonomous, and accessible. According to Carter
et al [32], adults’ interactions with their mobile phones lead to
enhanced perceptions of empowerment, self-authenticity, and
autonomy. In the context of PHDs, the self-concept and personal
resources of users can be expanded by the capabilities provided
by the devices. For example, wearable smart devices can be
used to reduce time and place constraints in controlling fitness
and wellness, measuring different physical changes, and
handling emergency cases. These functionalities may enhance
individuals’ original self-perceptions and may make them feel
independent, empowered, and smart.

Previous studies on IT identity suggest that the construct of IT
identity is expressed through 3 first-order factors: relatedness,
dependence, and emotional responses of individuals in relation
to IT [31]. Relatedness refers to a sense of connection felt when
interacting with an IT device. For instance, a strong feeling of
connection with an IT device can turn individuals’ perceptions
about the self to what they can do with the IT [33]. Emotional
energy indicates the levels of emotional attachment, enthusiasm,
and confidence that an individual attributes to an IT when
thinking about his/her interaction with it. Long-term interactions
with an IT system can raise individuals’ levels of emotion and
confidence in relation to the IT experienced and help them to
be more spontaneous with the IT [34]. Dependence explains
the extent to which people rely on IT to represent their
self-perceptions. For instance, people rely on digital forms of
communication to manage their interactions and relationships
with others to satisfy social expectations [35].
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Hypothesis Development

IT Identity and IT Mindfulness
Using the hierarchical structure of personality traits, broader
IS-specific traits (ie, qualities or characteristics belonging to a
user that developed and were enacted because of using a
particular technology) can influence narrower dynamic traits
[36]. For instance, previous studies suggest that context-specific
traits are closely related to dynamic IT-specific traits (such as
IT mindfulness) [22]. Owing to the malleability of this trait,
personal interactions with technology may nurture IT
mindfulness and encourage users to gain more value from PHDs.
In line with this rationale and based on the scope of IT identity
and IT mindfulness, we propose that IT identity will help shape
IT mindfulness. IT identity is a broad trait because it is the first
step that users will attach dependence, emotion, and relatedness
to a technology. This IS-specific trait may encourage users to
gather more information about the applications and functions
of that technology, analyze its applications and features, and
seek new ways to use the system.

Users who hold a higher level of IT identity associated with a
PHD will be generally dependent on their device, have an overall
sense of connection when interacting with it, and develop
emotional energy toward using it. IT identity can change
individuals’ self-perceptions by recognizing their original selves
in using the capabilities and resources offered by the IT device.
For instance, in the presence of IT, people may feel empowered,
productive, autonomous, and accessible. These feelings function
broadly because of the sense of independence, and the feeling
of being smart or productive can nourish their overall
self-perceptions [37]. The self-concept (which is influenced by
IT) can then reinforce the users’ readiness to increase their
understanding of the functions of a specific IT, vigilance to its
differences, sensitivity to its current task context, and curiosity
to its features. Therefore, using the hierarchical structure of
personality traits, we contend that IT identity may be placed at
a higher hierarchical level, and it could be an antecedent of
shaping IT mindfulness.

A PHD user with a strong IT identity is highly dependent on
his/her device [38]. This leads the IT identity holder to be greatly
alert to distinction and such a user tends to identify new ways
to accomplish health-related tasks by using his/her device (alert
to the distinction). A higher level of IT identity makes users
have a strong feeling of connection with a PHD. This makes
them more willing to get involved when using their PHD and
to keep a constant eye on the big picture to differentiate between
usage contexts (orientation to the present) [25]. Users with
strong IT identity develop higher levels of emotional attachment,
enthusiasm, and confidence that they attribute to a PHD when
thinking about their interaction with it [31]. This feeling enables
users to be open to new ways of using a PHD and be more eager
to learn new ways of using it (awareness of multiple
perspectives). IT identity holders rely highly on a PHD to
manage their health metrics to satisfy their personal
health-related expectations. This self-concept encourages users
to explore new potential or features within their device
(openness to novelty) [18].

Interacting with an IT device that contributes to
self-identification can be a considerable opportunity for IT users.
When a person considers a PHD as an integral part of the self,
he/she may quickly recognize the capabilities and potential of
a PHD, the differences between its features, and the utility of
its new/updated features. A strong IT identity can motivate users
to attribute higher levels of emotional attachment, enthusiasm,
and confidence in his/her medical device and, in turn, become
involved in the PHD usage through constant adoption of its new
features. An IT identity holder may seek more information,
increase his/her knowledge about its features, and hold diverse
perspectives toward the potential usage of a PHD and become
inspired to develop innovative solutions using these different
perspectives. A higher level of IT identity may impart more
confidence to the users to rely on PHDs to explore new features
within a PHD and be flexible to new features of their PHD.
Thus, we posit that IT identity affects the degree to which users
develop mindfulness in using their PHDs.

Our first hypothesis is as follows:

• H1: IT identity positively influences the IT mindfulness of
PHD users.

The Moderating Role of Perceived Health Status
According to Bansal and Gefen [39], individuals’characteristics
(such as current health status) significantly affect the way they
analyze the utility of using IT. Perceived health status is a
common health factor that highlights overall individual health
[40]. Previous research highlights the effects of perceived health
status in different contexts. For instance, personal health status
evokes privacy concerns related to health information disclosure
and the tools used to share such information [41]. Previous
research highlights that mindfulness is positively related to
higher levels of well-being [42]. Most studies on mindfulness
suggest that mindfulness will lead to pleasant psychological
effects. For instance, acting mindfully is closely related to
improved psychological health [43]. Brown and Ryan [44]
reported that mindfulness could improve self-esteem and
optimism and reduce anxiety. Cash and Whittingham [45]
demonstrated a negative relationship between mindfulness and
depression. A study by Raes et al [46] also showed that
mindfulness positively influences cognitive reactivity. A review
study contends that mindfulness-oriented interventions are
significantly associated with positive psychological effects,
such as better subjective well-being, reduced psychological
distress, and improved behavioral regulation [47].

However, little is known about whether the overall evaluation
of a person about his/her health status can affect the
development of IT mindfulness and IT identity. We argue that
perceived health status may change the way people think about
themselves, their capabilities, and the world around them.
Unhealthy individuals (eg, with chronic diseases) perceive more
strain because of the presence of physical/mental infirmity, and
this health condition makes them more anxious and vulnerable
to the digital devices surrounding them. People in good health
tend to assume less severe demands on their strength or abilities,
perceive more control, and experience less mental/emotional
strain [48].
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Therefore, the impact of IT identity on IT mindfulness in a given
situation may depend on a user’s perception of his/her health
status. We expect that the IT identity–IT mindfulness
relationship may vary depending on the current health status of
users. In doing so, the overall sense of well-being can influence
the level of PHD users’ attachment, reliance, and dependence
on their devices to perform health-related tasks. In turn, it may
induce changes in the degree of awareness of various features,
attention to the present moment experience, alertness to
differences, and openness to new information. On the basis of
the moderating effect of perceived health status, we posit that
people with high IT identity levels may not always tend to
remain high in IT mindfulness, and their perceptions about their
well-being may change the strength and direction of this
relationship. For instance, in the PHD context, an IT identity
holder may think of using the body temperature function, high
heart rate notifications, or insulin delivery features to monitor
their health status rather than making an appointment with a
physician. By doing so, he/she will enact his/her identity as a
competent person who can leverage a PHD to keep records of
his/her health conditions. However, current studies cannot
answer whether this high IT identity will always be translated
into high IT mindfulness. Thus, we propose that the IT
identity–IT mindfulness linkage could be moderated (augmented
or attenuated) by perceived health status.

Our second hypothesis is as follows:

• H2: Perceived health status moderates the relationship
between IT identity and IT mindfulness in using PHDs.

IT Mindfulness and Postadoption Behaviors
In line with previous research [44], mindfulness is a state of
consciousness that facilitates the fulfillment of basic
psychological needs. In turn, mindfulness is a good predictor
of self-regulated behaviors. Consequently, IT mindfulness as
an IT-specific trait can be used to study IT-related beliefs and
behaviors. Previous studies examined the impact of mindfulness
on the formation of people’s beliefs about using technology
[26]. For instance, IT mindfulness strongly shapes the perception
of technostress [22]. Previous research demonstrates the
significant effects of mindfulness on innovating with IT [20].
Thatcher et al [25] demonstrated that IT mindfulness
significantly influences deep structure usage and attempts at
innovation.

We also tested the relationships between IT mindfulness and
important systems use constructs. In this study, the postadoption
system use behavior is represented by feature use, enhanced
use, continued intention, and positive word-of-mouth (WOM)
intention. Active system use refers to a situation in which people
ponder the system and knowingly modify how to use it [49]. In
previous studies, automatic system use usually implies habitual
behaviors where people use the system unconsciously without
thoughtful assessments and focused analyses related to their
use [50]. However, in this research, automated system use
reflects continued intention to use a PHD based on a mindful
consideration of alternatives, not the addictive use of technology.
Therefore, more active system use is denoted by feature use as
well as enhanced use behaviors, and automated system use is
represented by continued intention to use.

According to Sun et al [15], mindful IT users are more willing
to use different features of IT. When being mindful, the user is
more likely to actively explore and discover additional useful
features and functions of a technology [26]. Individuals who
are mindfully engaged in a health-related task using a PHD are
more motivated to explore a wide range of perspectives.
Engagement in feature use behaviors requires sharp user
alertness and dynamic awareness of how the use of various
features and applications can contribute to task completion [51].
Involvement in enhanced use entails users to explore previously
unused features of a PHD to use it for performing additional
tasks [52]. Mindfulness helps people scan the context for
interpreting the context-relevant information of all conditions
[14]. People with higher levels of mindfulness tend to know
their context as well as their ability, and they are more open to
deliberately search for new features to complete further
health-related tasks.

Hypotheses 3 and 4 are as follows:

• H3: IT mindfulness positively influences feature use
behavior of PHD users.

• H4: IT mindfulness positively influences enhanced use
behavior of PHD users.

Continued intention implies the extent to which people are likely
to use familiar technology in the future. Mindful thinking
increases people’s willingness to process information and
continue to use the features of IT in an alert and open way [28].
Mindful PHD users are more likely to have a sense of control
when using this technology because they clearly know what
they can and cannot do with their smart devices. According to
Wong et al [53], mindfulness indicates being open to new
information about the technology at hand, being aware of
various perspectives, and being involved in the continuous
creation of options. Mindful people are more likely to be
receptive to new information and compare the technology being
used with others [26]. In addition, mindful users are more likely
to recognize all the consequences of their decisions (eg, both
the pros and cons). Given that they have more information about
the system, as long as the current technology seems beneficial,
mindful users are likely to continue using the same system
compared with individuals who use the system mindlessly.

Hypothesis 5 is as follows:

• H5: IT mindfulness positively influences continued
intention to use PHD.

Mindfulness reinforces learning from interpreting related
outcomes [24]. When acting in a mindful way, one pays more
attention to every detail of IT applications at hand and becomes
sensitive to the context. By exploring new aspects of IT and
understanding its capabilities and potentials, the user will be
open to resolving any challenging situation to accomplish his/her
tasks more effectively. Thus, IT mindfulness may positively
influence user satisfaction with the technology used to
accomplish his/her tasks [18]. Consistent with Fiol and O'Connor
[14], mindful users actively analyze how a PHD fits their own
contexts and needs rather than blindly follow others in using it.
As a result, they may be more inclined to describe the features
and functions of PHDs to others and encourage them to use
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these smart devices to fulfill their health-related needs.
Achieving a fit between the technology and the task may
encourage users to be committed to PHDs and become more
likely to make positive comments about the mobile system they
are using. Thus, we hypothesize that IT mindfulness can enhance
positive postadoption behaviors (ie, active use behaviors,
continued use behaviors, and positive WOM intention of PHD
users).

Hypothesis 6 is as follows:

• H6: IT mindfulness positively influences the positive WOM
intention of PHD users.

Research Model
We bring IT identity and IT mindlessness together in a
theoretical synthesis in which these concepts are seen to interact

in ways that help shape the postadoption behaviors of PHD
users. The research model indicates that IT identity with PHDs
can build IT mindfulness and, in turn, will lead to positive
postadoption use behaviors. However, according to Carter and
Grover [31], individuals do not always attempt to use IT to
exhibit who they are to others even when the IT is advantageous
to them. Moreover, previous studies suggest that mindfulness
skills are significantly related to aspects of health status [54].
Thus, we suggest that the verification of IT identity–IT
mindfulness linkage in relation to the use of PHDs may depend
on the health status of people. As the probability of IT identity
and IT mindfulness may be evoked by perceived health status,
the relationships between IT identity and IT mindfulness can
be moderated by this health factor. Figure 1 shows the proposed
research model.

Figure 1. Research model. IT: information technology; WOM: word-of-mouth.

Methods

Definition of Variables
The final measure items (ie, all the items included in the survey)
are listed in Multimedia Appendix 1. Table 1 provides the
definitions of the constructs used in this study.
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Table 1. Operationalization of variables.

SourceConstruct definitionConstruct

Carter and Grover [31]The degree to which the use of an IT (ie, a PHDb) is meaningfully related to who people think
they are (self-identification).

ITa identity

Thatcher et al [25]The degree to which a user is involved in the present context, alert of details, aware of other
potential uses, and open to investigating IT (ie, a PHD) features and failures.

IT mindfulness

Bansal and Gefen [39]The extent to which an individual believes that the overall status of his/her health and wellness
is good.

Perceived health status

Maxham III [55]The degree to which a user shares a positive assessment of his/her experience with a PHD
with others.

Positive word-of-mouth in-
tention

Bhattacherjee [56]The degree to which a user feels he or she will keep using a PHD.Continued intention to use

Lucas Jr and Spitler
[57]

The extent to which an individual uses various features and functions of a PHD in different
situations.

Feature use behavior

Bagayogo et al [52]The extent to which an individual explores previously unused features of a PHD to use it for
performing additional tasks.

Enhanced use behavior

aIT: information technology.
bPHD: personal health device.

Measurement of Variables
This study drew on the existing literature to measure the
constructs included in the model, and minor changes were made
to the instrument to fit the PHD context. Consistent with prior
studies, we consider IT identity as a second-order construct with
3 reflective factors [58]. The rationale behind this measurement
is that IT identity is reflective of the 3 dimensions as well as
the expected interactions among them. Therefore, all these
dimensions can reflect the same theme and may covary. To
measure the 3 interrelated dimensions of IT identity (ie,
relatedness, emotional energy, and dependence), we adapted
the items reported in Carter and Grover [31]. According to
Kayhan [59], reflective modeling is a better option than
formative when first-order factors are expected to interact,
correlate, or share a common theme. Thus, a set of
interrelationships among these factors is an essential component
for measuring IT identity. For instance, dependence, which
defines a person’s sense of reliance on a PHD, may be related
to the emotional energy dimension that describes the feelings
of attachment in relation to the device.

In line with a study by Langer and Ngnoumen [60], IT
mindfulness is also modeled as a second-order construct
composed of 4 reflective first-order dimensions: (1) alertness
to distinction, (2) awareness of multiple perspectives, (3)
openness to novelty, and (4) orientation in the present. Thus,
each dimension has a distinct conceptual foundation, and the
items of these 4 dimensions may covary and become
interchangeable. On the basis of reflective modeling, individuals
with higher levels of IT mindfulness are more likely to exhibit
higher levels of alertness to distinction, awareness of multiple
perspectives, openness to novelty, and orientation in the present.
A change in the IT mindfulness construct may not lead to the
same amount of change across all 4 dimensions [29]. Thus, in
this study, IT mindfulness is operationalized as a construct that
requires capturing all 4 dimensions. We adapted reflective items
from a study by Thatcher et al [25] to measure the 4 dimensions
of IT mindfulness.

The outcome variables studied in this research are feature use
behavior, enhanced use behavior, continued intention to use,
and positive WOM. These outcome variables are considered as
different types of postadoption behaviors. Items reflecting
feature use behaviors were adapted from a study by Lucas and
Spitler [57], and items measuring enhanced use behaviors were
adapted from a study by Bagayogo et al [52]. Items measuring
continued intention to use were adapted from studies by
Venkatesh and Goyal [61] and Bhattacherjee [56]. We adapted
the items reported in a study by Hoehle and Venkatesh [62] to
measure positive WOM intention. Finally, items measuring
perceived health status were adapted from the scale developed
by Bansal and Gefen [39].

Participant Recruitment
Data were collected in October 2019 from Amazon’s
Mechanical Turk (MTurk) to obtain a representative group of
subjects in the United States. As PHDs may not be considered
as a routine technology for many individuals, to obtain more
robust, reliable, and applicable findings, we specified 2 more
qualifications that individuals had to meet to participate in the
survey. First, we defined a screening question to only include
individuals who have been using a PHD. We attempted to
distinguish between PHDs (hardware device) and mHealth apps
(software app) and only include users of a mobile smart device.
The logic behind this screening is that we defined IT as a unit
of technology (hardware device and software app). Accordingly,
the dimensions of IT mindfulness and IT identity can be properly
measured and examined, resulting from interactions with devices
(as a unit) and not through interaction with application
environments or software apps. For example, participants of
this study were users of any PHDs (such as wearable smart
devices, wearable activity monitors, and intelligent bracelets).
When individuals use a PHD, they are exposed to their features
and characteristics. Therefore, the likelihood that they become
more familiar with its functions and mechanisms is greater, and
IT mindfulness as well as IT identity are more likely to be
enacted. Thus, we ensured that the participants had used PHDs
when they took part in this study. The incentive for participation
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was a monetary reward (US $3). At the beginning of the
web-based survey, a detailed description of PHDs was provided
to ensure that respondents completely comprehended the context
and purpose of the study. In total, 462 individuals attempted
the survey.

Second, as mentioned in previous studies, one general concern
in data collection is a potential lack of attention and random
responses [63]. Consistent with other studies, we used some
attention trap questions to prevent and identify careless, hurried,
or haphazard answers [64]. On the basis of answers to these
attention-trap questions, 12 responses were dropped. This ratio
is similar to those reported in previous studies that used MTurk
for data collection [65]. Thus, concerns that web-based
respondents might reply randomly or haphazardly to complete
the survey quickly were alleviated. After excluding responses
that failed the response quality questions, the final sample
consisted of 450 usable and valid questionnaires. We also used
Mplus to assess the power of the analysis and determine the
sample size [66]. Given the number of observed and latent
variables in the model, the anticipated effect size (0.3), the
desired probability (0.8), and statistical power levels (α=.05
and power β=.95), the minimum sample size for the model
structure is 400. Therefore, this study was adequately powered,
as 450 respondents could be sufficient to reduce possible
sampling errors and minimize type 2 errors. This is consistent
with both the ratio of indicators to latent variables approach and

the function of minimum effect, power, and significance
suggested by Westland [67].

Results

Descriptive Statistics
Table 2 depicts the respondents’ characteristics. The
demographic characteristics show that most respondents were
female (270/450, 60.0%), White (301/450, 66.9%), with a
full-time job (311/450, 69.1%), and had a bachelor’s degree
(257/450, 57.1%). Approximately 69.7% (314/450) of
respondents were aged between 20 and 39 years, and
approximately half had an annual household income between
US $25,000 and US $74,999. Regarding experience, frequency,
and length of use, the results imply that the respondents of this
study were familiar with a PHD. All participants had used a
PHD before, and most (276/450, 60.8%) rated themselves as
either very experienced or extremely experienced with an
mHealth device. Overall, 62.0% (279/450) of respondents used
PHD daily, and approximately 52.2% (235/450) used PHD for
more than a year. Finally, respondents were asked to indicate
the type of their PHDs and the purpose of using them. Fitbit
(176/450, 39.1%), Apple Watch (90/450, 20.0%), and Samsung
Galaxy Fit (81/450, 18.0%) were the top 3 PHDs used by
respondents. Controlling fitness and diet (203/450, 45.1%)
followed by monitoring blood pressure and checking the
cholesterol level (122/450, 27.1%) received the highest
percentage of responses regarding the purpose of use.
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Table 2. Sample characteristics (N=450).

Value, n (%)Variables

Gender

180 (40.0)Male

270 (60.0)Female

Age (years)

5 (1.1)<20

157 (34.9)20-29

157 (34.9)30-39

82 (18.3)40-49

36 (8.0)50-59

13 (2.9)≥60

Annual household income (US $)

72 (16.0)<25,000

115 (25.5)25,000-49,999

112 (24.8)50,000-74,999

75 (16.6)75,000-99,999

76 (16.8)≥100,000

Education

22 (4.9)Less than high school

45 (10.0)High school graduate

77 (17.1)Some college

35 (7.7)2-year degree

257 (57.1)Bachelor’s degree

14 (3.1)Graduate degree

Employment status

311 (69.1)Employed full time

73 (16.3)Employed part time

33 (7.4)Unemployed

10 (2.2)Retired

23 (5.1)Student

Race and ethnicity

301 (66.9)White

51 (11.4)African American

27 (6.0)Asian

66 (14.6)Hispanic

5 (1.1)Mixed

Experience with mobile devices (eg, phone, tablets)

8 (1.7)Slightly experienced

77 (17.1)Moderately experienced

145 (32.3)Very experienced

220 (48.9)Extremely experienced

Experience with PHDsa

40 (8.9)Slightly experienced
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Value, n (%)Variables

134 (29.7)Moderately experienced

172 (38.3)Very experienced

104 (23.1)Extremely experienced

Frequency of use

8 (1.7)Rarely

44 (9.7)Monthly

119 (26.6)Weekly

279 (62.0)Daily

Length of use

84 (18.6)<6 months

131 (29.1)6 months to 1 year

110 (24.6)1-2 years

125 (27.7)>2 years

PHDs used by participants

176 (39.1)Fitbit

90 (20.0)Apple Watch

81 (18.0)Samsung Galaxy Fit

58 (12.8)FitTech Smart Watches

27 (6.0)Garmin Fitness Watches

18 (3.9)Other Smart Fitness Trackers

Purpose of use

203 (45.1)Controlling fitness and diet

122 (27.1)Monitoring blood pressure and checking the cholesterol level

54 (12.0)Controlling or quitting smoking

45 (10.0)Monitoring chronic diseases (eg, diabetes and heart disease)

26 (5.8)Controlling depression or anxiety

aPHD: personal health device.

Instrument Validations
Before data were statistically analyzed, normality was evaluated,
as this is important for the distribution of data to exhibit this
trait, to facilitate unbiased and consistent models [68]. Thus,
all the constructs used in the model were scrutinized against the
normality assumptions. An examination of the skewness and
kurtosis of the constructs showed a skewness range from 0.045
to 1.164 and a kurtosis range from 0.017 to 1.531. On the basis
of these findings, all the values fall within the prescribed limit
and maximum acceptable levels of 2 for skewness and 7 for
kurtosis tests [69].

To test the proposed research model, we apply a two-step
assessment process using SmartPLS: measurement model and
structural model assessments [70]. The SmartPLS method
simultaneously assesses the theoretical propositions and
properties of the underlying measurement model. To validate
the survey instrument, we performed a confirmatory factor

analysis on all the constructs to assess the measurement model.
We used SmartPLS (version 3.0) to test the convergent and
discriminant validity. According to Gefen et al [71], convergent
validity can be tested by examining the standardized factor
loading, composite reliability, and average variance extracted
(AVE). Table 3 shows the results of the convergent validity
test. All values of composite reliabilities were more than the
threshold value of 0.7, which highlighted that the reliability of
the constructs was adequate [72]. According to Hair et al [73],
a factor loading of 0.7 or greater is acceptable. In this study, all
reported standardized factor loadings were greater than 0.7. The
AVE of each construct was calculated using standardized factor
loadings. All reported values of the AVE were also greater than
0.5, which met the minimum requirement [74]. These measures
indicated that the convergent validity of the measurement model
was acceptable. As the instrument validation results were
satisfactory, the scales were not purified, and no items were
excluded from further analysis. Thus, Table 3 includes all items
used in the questionnaire.
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Table 3. Results of convergent validity.

Average variance extracted (>0.5)Composite reliability (>0.7)Standardized factor loading (>0.7)Construct and items

ITa identity

0.7060.9230.83ITI–REL1b

N/AN/Ac0.80ITI–REL2

N/AN/A0.87ITI–REL3

N/AN/A0.86ITI–REL4

N/AN/A0.84ITI–REL5

0.6890.9170.80ITI–EMO1d

N/AN/A0.85ITI–EMO2

N/AN/A0.83ITI–EMO3

N/AN/A0.82ITI–EMO4

N/AN/A0.85ITI–EMO5

0.6980.9200.86ITI–DEP1e

N/AN/A0.87ITI–DEP2

N/AN/A0.76ITI–DEP3

N/AN/A0.79ITI–DEP4

N/AN/A0.89ITI–DEP5

IT mindfulness

0.6900.8700.79ITM–ALT1f

N/AN/A0.82ITM–ALT2

N/AN/A0.88ITM–ALT3

0.6900.8690.80ITM–AW1g

N/AN/A0.86ITM–AW2

N/AN/A0.83ITM–AW3

0.7870.9170.90ITM–OP1h

N/AN/A0.86ITM–OP2

N/AN/A0.90ITM–OP3

0.6290.8360.80ITM–OR1i

N/AN/A0.79ITM–OR2

N/AN/A0.79ITM–OR3

Perceived health status

0.7370.9180.80PHS1j

N/AN/A0.89PHS2

N/AN/A0.84PHS3

N/AN/A0.90PHS4

Feature use behavior

0.6810.8950.86FEAT1k

N/AN/A0.81FEAT2

N/AN/A0.80FEAT3

N/AN/A0.83FEAT4

Enhanced use
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Average variance extracted (>0.5)Composite reliability (>0.7)Standardized factor loading (>0.7)Construct and items

0.7270.9140.83ENH1l

N/AN/A0.87ENH2

N/AN/A0.85ENH3

N/AN/A0.86ENH4

Continued intention to use

0.8010.9530.82CIU1m

N/AN/A0.92CIU2

N/AN/A0.92CIU3

N/AN/A0.88CIU4

N/AN/A0.93CIU5

Positive word-of-mouth intention

0.7120.8810.82PWOM1n

N/AN/A0.87PWOM2

N/AN/A0.84PWOM3

aIT: information technology.
bITI–REL: IT identity–relatedness.
cN/A: not applicable.
dITI–EMO: IT identity–emotional energy.
eITI–DEP: IT identity–dependence.
fITM–ALT: IT mindfulness–alertness to distinction.
gITM–AW: IT mindfulness–awareness of multiple perspectives.
hITM–OP: IT mindfulness–openness to novelty.
iITM–OR: IT mindfulness–orientation in the present.
jPHS: perceived health status.
kFEAT: feature use behavior.
lENH: enhanced use.
mCIU: continued intention to use.
nPWOM: positive word-of-mouth intention.

We also tested the discriminant validity of the constructs (Table
4). All the diagonal values (the square roots of the AVEs) were
greater than 0.7 and exceeded the correlations between any pair

of constructs [75]. Therefore, the result indicates that the model
fulfills the requirements of discriminant validity, and it is
assumed that the model also has adequate discriminant validity.
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Table 4. Results of discriminant validity.

PWOMlCIUkENHjFEATiPHShITM-

ORg
ITM-

OPf
ITM-

AWe
ITM-

ALTd
ITI-

DEPc
ITI-

EMOb
ITI-

RELa
SDMeanCon-

struct

N/AN/AN/AN/AN/AN/AN/AN/AN/AN/AN/An0.840 m1.003.37ITI-
REL

N/AN/AN/AN/AN/AN/AN/AN/AN/AN/A0.830 m0.5901.033.34ITI-
EMO

N/AN/AN/AN/AN/AN/AN/AN/AN/A0.835 m0.6390.6151.023.43ITI-
DEP

N/AN/AN/AN/AN/AN/AN/AN/A0.830 m0.4640.4790.3231.013.46ITM-
ALT

N/AN/AN/AN/AN/AN/AN/A0.830 m0.6630.3780.4210.3560.853.96ITM-
AW

N/AN/AN/AN/AN/AN/A0.887 m0.6340.6710.4460.3930.2290.973.85ITM-
OP

N/AN/AN/AN/AN/A0.793 m0.5260.6180.5460.3990.3730.3150.873.76ITM-
OR

N/AN/AN/AN/A0.858 m0.1840.1980.2840.1680.1220.1230.1431.033.86PHS

N/AN/AN/A0.825 m0.2720.5530.5220.5960.4780.5150.4640.4510.833.89FEAT

N/AN/A0.852 m0.5230.2700.4850.5170.5160.4970.4960.5310.5460.923.67ENH

N/A0.89 m0.5110.5450.4010.4540.4530.5230.2710.3220.2570.2440.844.25CIU

0.843 m0.5590.5470.5610.3360.4900.5700.5440.4170.4570.4490.4510.844.00PWOM

aITI-REL: IT identity–relatedness.
bITI-EMO: IT identity–emotional energy.
cITI-DEP: IT identity–dependence.
dITM-ALT: IT mindfulness–alertness to distinction.
eITM-AW: IT mindfulness–awareness of multiple perspectives.
fITM-OP: IT mindfulness–openness to novelty.
gITM-OR: IT mindfulness–orientation in the present.
hPHS: perceived health status.
iFEAT: feature use behavior.
jENH: enhanced use.
kCIU: continued intention to use.
lPWOM: positive word-of-mouth intention.
mGreater than 0.7 and higher than the correlations between any pair of constructs.
nN/A: not applicable.

Control Variables
Factors that do not represent the core variables (ie, those
included in the causal model) of this study, which may affect
the interrelationships between the core variables, have been
controlled for. As mentioned previously, we controlled for age,
gender, race, income, employment, education, the purpose of
use, and experience with a PHD. Although the causal model
seems to represent individuals’ active, automatic, and
commitment use behaviors, we found that the effects of control
variables were not negligible. On the basis of the findings, age
and education influence feature use (β=−.20; P=.008; and β=.12,
P=.02), which implies that younger users with higher education
levels may exhibit a greater extent and breadth of use. Among
the control variables, only education level influenced enhanced
use (β=.19; P=.006). This result indicates that users with higher

education backgrounds are more likely to use a formerly unused
set of features for additional tasks. Age was the only control
variable affecting continued intention to use (β=−.13; P=.03),
indicating that older users are more likely to continue to use
their PHDs. Finally, gender positively influences positive WOM
intention (β=.18; P=.004). However, no effects of race, income,
and purpose of use were found on any of the 4 use behaviors.

Structural Model
SmartPLS (version 3.0) was used to test the hypotheses within
a structural equation modeling framework. According to Ho
[76], the goodness-of-fit statistics can evaluate the entire
structural model and assess the overall fit. The findings indicated
the normed chi-square value of 2.5, which was between the
recommended values of 1 and 3 [77]. The values for indices,
that is, comparative fit index of 0.92, normed fit index of 0.91,
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relative fit index of 0.93, and Tucker-Lewis index of 0.90, were
above 0.9, and the index values for standardized root mean
residual of 0.05 and root mean square error of approximation
of 0.06 were below 0.08 [78]. The value of adjusted
goodness-of-fit index (GFI) was 0.91, which exceeded 0.90.
All these measures of fit were within the acceptable range, and
only the GFI of 0.82 was marginal and could not meet the

expected threshold value (which is >0.90). However, based on
a study by Kline [79], at least four of the statistical values met
the minimum recommended values, which supported a good fit
between the hypothesized model and the observed data. Figure
2 displays the standardized path coefficients of the structural
model under investigation.

Figure 2. Model paths. IT: information technology; WOM: word-of-mouth.

In this study, IT identity comprises 3 interrelated dimensions
(relatedness, emotional energy, and dependence), and IT
mindfulness comprises 4 interconnected dimensions (orientation
in the present, alertness to distinction, awareness of multiple
perspectives, and openness to novelty). The main reason for
modeling the first-order constructs as reflective constructs is
the expectation of interaction among the dimensions of the
second-order construct [80]. This expectation was later
confirmed by the presence of significant positive correlations
between the 3 dimensions (Table 4). In a reflective construct,
the dimensions have positive and significant intercorrelations
as they share the same pattern [81]. Moreover, the findings show
that all 3 dimensions of IT identity as first-order factors load
significantly on the second-order construct, as the loadings were
0.92 for emotional energy, 0.89 for dependence, and 0.91 for
relatedness. Similarly, the 4 dimensions of IT mindfulness as
first-order factors load significantly on the second-order
construct, as the loadings were 0.81 for orientation in the
present, 0.78 for alertness to distinction, 0.87 for awareness of
multiple perspectives, and 0.89 for openness to novelty. Thus,
the combination of 4 dimensions reflects IT mindfulness in
relation to PHDs. These characteristics are more indicative of
a reflective construct.

To perform the partial least squares (PLS) structural equation
modeling analysis, we determined one particular indicator per
construct as a dominant indicator that correlates positively with
the construct [82]. This approach avoids the issue of sign
indeterminacy in PLS path modeling. The structural model was
assessed by examining the path coefficients. We used
bootstrapping to determine the significance of each path through
t tests. The results of the hypotheses testing are summarized in
Table 5. The findings support H1 by showing a significant
positive relationship between IT identity and IT mindfulness
(β=.604; P<.001). We analyzed the interaction terms to examine
whether perceived health status moderates the impact of IT
identity on IT mindfulness. One path goes from the interaction
term to IT mindfulness; this path tests whether perceived health
status moderates the relationship between IT identity and IT
mindfulness (H2). To examine the moderating effect, we used
the product indicator approach. As recommended by Henseler
and Chin [83], when the exogenous or the moderator variable
or both are formative constructs, the two-stage PLS approach
for estimating moderating effects is a better approach than the
product indicator approach. In this study, as none of the
exogenous or moderator variables is formative, the product
indicator method is preferred. Moreover, the product indicator
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approach is suggested to be easily implementable in PLS path
modeling [84]. The product term serves as an indicator of the
interaction term in the structural model. This analysis indicates
that the moderation hypothesis is supported (H2: β=−.105;
P=.003). Therefore, the path from the interaction term has

significant negative beta coefficients, indicating that the
relationship between IT identity and IT mindfulness is
negatively moderated by perceived health status. The t value
for perceived health status’s moderating effect was 2.623.

Table 5. Results of hypotheses testing.

Resultst statistics
(df=25)

Standard errorP valueStandardized coefficientPathHypothesis

Supported15.0860.040<.001.604ITIa→ITMbH1

Supported2.6230.040.003−.105ITI→ITM (moderating effect of perceived
health status)

H2

Supported16.1410.042<.001.674ITM→feature use behaviorH3

Supported16.7190.038<.001.637ITM→enhanced useH4

Supported9.4040.055<.001.517ITM→continued intention to useH5

Supported15.4420.041.007.639ITM→positive WOMc intentionH6

aITI: information technology identity.
bITM: information technology mindfulness.
cWOM: word-of-mouth.

H3 is also supported where higher IT mindfulness in relation
to PHDs leads to feature use behaviors (β=.674; P<.001). The
findings provide enough evidence to support H4, which indicates
that IT mindfulness significantly reinforces enhanced use
behaviors (β=.637; P<.001). The analysis also demonstrates
that individuals’ mindfulness with a PHD positively influences
continued intention to use behaviors (β=.517; P<.001), and this
positive linkage supports H5. The path coefficient of the
relationship between IT mindfulness associated with PHDs and
positive WOM intention is significant, supporting H6 (β=.639;
P=.007).

Finally, the variables explained 48% of the variance in IT
mindfulness, 30% of the variance in continued intention to use,
51% of the variance in enhanced use behaviors, 56% of the
variance in feature use behaviors, and 45% of the variance in

positive WOM intention. The R2 scores reflect that the model
provides relatively strong explanatory power to predict the
variance in postadoption behaviors in the context of PHDs.

Discussion

Principal Findings
In this study, we adopt IT mindfulness as a theoretical lens to
articulate factors affecting postadoption behaviors of PHD. We
develop a research model (including determinants and outcomes)
to gain a comprehensive view of the role of IT mindfulness
during the postadoption usage of PHDs. Consistent with
previous studies [22], the results confirm that IT mindfulness,
as a domain-specific concept, can be used by IS studies to
predict context-specific behaviors. By describing IT
meaningfulness and explaining its relationships with active,
automated, and commitment use behaviors, IS researchers can
provide practitioners and developers with practical
recommendations about how to advance users’ value derived
from PHD and how to retain and increase potential users. The
results of this study contribute to the IS research on the area of

mindfulness by examining the implications of IT mindfulness
for PHD user performance.

We validated the second-order conceptualization of the IT
mindfulness construct and demonstrated its utility in the context
of smart health devices. As shown in the Results section, all 4
dimensions of IT mindfulness (ie, awareness, alertness, openness
to novelty, and orientation in the present conditions) strongly
contribute to the operationalization of this concept. With a better
understanding of IT mindfulness, PHD system designers may
be in a better position to design systems that support mindful
use. Moreover, from a managerial perspective, characterizing
PHD features in terms of mindfulness raises questions about
how this aspect of IS operations should be managed.
Practitioners and PHD developers can consider the malleability
of these factors to cultivate IT mindfulness and improve
consequent use behaviors. For instance, developers can add
features to the PHD software to make users ready to become
more mindful of PHD functionality. Previous research reports
that critical thinking about how things can be done is likely to
predict mindfulness, and some attributes of IT, such as the use
of highly specific instructions, can hinder mindfulness [28].
One suggestion to raise IT mindfulness could be paying attention
to flexible software structure so that instructions do not seem
coercive to users and technical issues can be detected quickly.

Mindfulness theories indicate that excessive automation and
routines are not desirable [28]. Offering customizable features
and using gamification techniques coupled with defining an
acceptable level of challenge for performing health-related tasks
are likely to increase IT mindfulness. For example, PHD vendors
can design health-related games that include multiple simple
and complex steps and encourage users to participate in these
challenges. The use of promotional efforts, such as providing
participants with opportunities to gain points and redeem
rewards in exchange for active participation, can enhance users’
experience with smart devices. These features can elevate the
state of users’ awareness of PHD capabilities, alertness to the
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device’s distinction, engagement in the immediate health-related
task context, and flexibility in system use. Another suggestion
is to design factors that are integrated into social media
platforms [85] that may improve IT mindfulness and enhance
our understanding of how individuals explore and use PHD
features. This suggestion is consistent with Junglas et al [86],
indicating that adding social components and socially enabled
features to digital devices can enhance the use behaviors of
those technologies.

Theoretical and Practical Implications
One of the main theoretical contributions of this research is the
identification of a cause of IT mindfulness. We show that IT
identity is a strong antecedent of IT mindfulness. The results
of this study contend that higher IT identity related to PHD will
lead to stronger IT mindfulness associated with PHD use.
Therefore, one practical way to enhance IT mindfulness in the
context of smart devices could be by elevating users’ IT identity.
For instance, PHD vendors can stimulate users’ sense of
connection, levels of enthusiasm, and reliance on their PHD to
increase their IT mindfulness, such as by continually introducing
new features of PHDs [49]. It is valuable for practitioners to
consider the dimensions of IT identity to establish specific
guidelines and mechanisms to foster the IT mindfulness of PHD
users.

Another theoretical implication of this research is to study the
consequences of IT mindfulness and examine its effects on
users’ beliefs and behaviors. The findings shed more light on
the explanatory power of IT mindfulness in predicting
postadoption behaviors. Our study provides empirical evidence
that IT mindfulness can be a significant factor affecting
postadoption PHD use. On the basis of the results, IT
mindfulness can explain additional variance in active system
use (ie, enhanced use and feature use behaviors) than
commitment behaviors and continued system use. Continued
use defines the automatic extension of current PHD use, but
active system use is finding new opportunities for changing
existing use behaviors. Our results show that the relationship
between IT mindfulness and active use behavior is stronger than
its linkage with automated system use. In line with previous
studies, mindfulness can nurture active rather than passive as
well as a mechanical thinking process and motivate individuals
to use an IT device to its fullest potential [50]. People with a
higher level of IT mindfulness may pay more attention to their
current context than obligations that restrict freedom of use
behaviors [28]. Therefore, they may be more likely to
accommodate their PHD use based on the situations they are
experiencing. PHD developers can improve users’ IT
mindfulness by providing updated and well-formatted
information about the features of this technology, explaining
why their devices differ from others and articulating how these
systems can be used for performing different health-related
tasks.

Previous studies report that IT mindfulness empowers users to
apply their knowledge in a flexible manner in new and
unfamiliar situations [25]. In line with the literature, the results
indicate that IT mindfulness enables individuals to innovate
with their PHD to enhance their feature use. Therefore,

IT-mindful people are expected to explore new and untested
features to perform additional health-related tasks. Moreover,
we show that IT mindfulness allows individuals to find new
opportunities for using the current PHD features. The
dimensions of IT mindfulness will increase the possibility of
reaching more in-depth usage of familiar PHD features. Thus,
we provide evidence that IT-mindful people have a greater
tendency to use the existing features of their PHD in various
situations.

This research is the first in the stream of IS use that hypothesizes
a distinct impact of IT mindfulness on commitment behaviors.
The findings demonstrate that IT mindfulness in the context of
PHD use is a significant predictor of positive WOM intention.
A possible justification is that IT-mindful individuals tend to
monitor the task environment and keep abreast of new features
and novel ways of using a system to perform different tasks
[87]. Thus, they may not constrain themselves to current ways
of using technology and will exhibit a greater likelihood of
suggesting a PHD and its unique features to others. Their
elevated awareness of the system’s functionalities and
applications may encourage them to form a larger level of
commitment to their PHDs. This finding is consistent with
results from previous studies, suggesting a strong relationship
between awareness and WOM [88]. These results suggest that
PHD developers consider IT mindfulness notions in their
marketing campaign to promote usability as well as the value
of their smart devices and increase the use rate. Specific
marketing strategies in PHD companies can be developed to
enhance users’ state of being alert and aware of improving their
affective commitment and positive WOM intention.

To highlight the health-related context of PHD usage and
explore the contingent nature of the relationship between IT
identity and IT mindfulness, we use perceived health status as
a health factor. These findings imply that IT identity may lead
to greater IT mindfulness, particularly among users with chronic
physical or mental diseases. The moderating role of perceived
health status demonstrates that IT mindfulness is dynamic and
amenable to change through manipulation of individuals’health
status perceptions. This is in line with previous studies,
suggesting that IT mindfulness is a dynamic trait; thus, it can
help vendors learn how IT can facilitate agility and flexibility
rather than merely assuming that IT must benefit agility [89].
Our results show that the IT identity–IT mindfulness relationship
is less substantial for users who perceive themselves to be
healthier. Consequently, the likelihood that they will engage in
active, automated, and commitment behaviors is lower.
Therefore, users of a PHD who perceive a poor health status
will exhibit higher IT identity and develop further awareness
and alertness about its applications and tend to engage in a more
nuanced use. The possible rationale is that poor perceptions of
health status may drive unhealthier individuals to attach
themselves more to their PHD and become mindful users of it
in hopes of receiving promising health consequences.

There is considerable interest in understanding the interplay
between perceived health status and IT mindfulness. We believe
that our findings can be a useful means for exploring this
relationship in greater depth. Regarding the moderating role of
perceived health status, the IT identity–IT mindfulness linkage,
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and in turn, the use behaviors of individuals are likely to vary.
This makes it difficult for a single vendor to be able to generate
health-related content and features that are comprehensive
enough to embrace a wide range of health issues and topics.
Thus, vendors need to decide the optimal scope of health-related
functions and features on which their PHDs desire to focus.
They can choose to offer a broader set of functions to cover a
variety of health conditions or to focus on specific health issues
(chronic diseases or typical ailments). Therefore, PHDs need
to be relevant to the users, and developers should consider the
target audience when designing their features, functions, and
applications. For instance, a PHD may only offer the features
and applications required to quit smoking or alcohol use.
Another example would be a device that is required to monitor
more severe issues such as cancer or HIV. According to the
findings, we can argue that more focused devices with functions
and applications devoted to a particular health situation may
increase the chances of encouraging target users to exhibit
beneficial use behaviors.

Limitations and Future Studies
It should be mentioned that the study is based only on a sample
of respondents drawn from the United States. Therefore, the
results may not be generalizable to all users of PHDs. It is
recommended that future studies consider drawing samples
from wider geographical areas, including other countries. Our
study used a web-based survey to recruit participants digitally.
As a self-rated sample of participants on MTurk was used, there
is a small chance that some individuals were not completely
aware of mobile technology and formed their mental construal
of the IT artifact. Therefore, we suggest that further studies use
a different method to ensure that subjects are knowledgeable
about PHDs. For instance, future research can recruit informed
patients who are directly referred by providers using patient
self-management tools. Moreover, our study used a web-based
survey to recruit participants digitally, which might induce
sample selection bias. Thus, we only considered individuals
who could access a computer, mobile devices, and the internet
to participate in the web-based survey. Future studies can use
other data collection means and sampling strategies to reach
out to a sample that is generalizable to a wide range of health
care consumers.

This study could also serve as a starting point for design science
studies in the context of individual adoption of smart devices.
In addition, this study could be viewed as an opening gate for
research in the design of technology and assessing how
investigated factors could shape actual performance and use of
technology. In this study, no specific PHD was examined, but
the general concept of a PHD was studied. For instance, it would
be interesting to investigate how alternative PHD brands
influence IT mindfulness enactment and, in turn, affect user
positive WOM intention. Moreover, as there are many forms
of consumer technologies (such as smartphones, tablets, and
computers) with different IT characteristics, one promising
research avenue would be to explore the effects of IT
mindfulness in other contexts rather than PHDs. In this study,
we defined IT as a unit of technology (hardware and software),
and IT identity as well as IT mindfulness were examined in the
context of general PHDs. Another promising area of research

is expanding this study by examining IT identity and IT
mindfulness for users of mHealth apps (software app) and
analyzing the plausible differences. Our results are interpreted
as personal identities and attitudes, as demonstrated by the
instrument used in this study. By using this instrument, we
cannot explain the results as diagnostic of some neurobiological
or invariant cognitive constructs to which the individuals are
condemned. It would be interesting for other studies to consider
this area of research.

It should be mentioned that 3 demographic factors (ie, age,
gender, and education level) that directly influence outcome
variables are considered as control variables in our conceptual
model. These effects could be viewed as a limitation of this
study, as they may have affected the results. Future research
could include these factors in the model and test their direct
relationships with outcome variables. In this study, we discussed,
modeled, and examined a positive relationship between IT
identity and IT mindfulness. However, as a prospect for future
studies, we also suggest that further research can investigate
the possible effects of IT mindfulness on IT identity. This study
highlights the significant moderating role of perceived health
status between IT identity and IT mindfulness. Future studies
could expand this moderating effect. For instance, additional
research with a new study design is required to address what
dimensions of IT identity could play a more significant role in
shaping IT mindfulness in light of perceived health status
effects. Future research should also compare the effects of
specific health status (eg, physical and mental health stability)
to deeply articulate whether a lack of physical and mental health
stability could exert different effects on IT identity and its
relationship with IT mindfulness. Furthermore, the results
indicate that together, the factors were able to explain 48% of
the variance in IT mindfulness. Although we controlled for
confounding variables through randomization, we need to
acknowledge the possible confounding effects of age, gender,
education level, technology experience, and employment status
in the proposed model. Another research avenue to consider is
examining additional factors that may enhance the amount of
variance in IT mindfulness explained (eg, trust in smart devices,
personal innovativeness in IT, and computer self-efficacy).

Conclusions
IT mindfulness is a relatively new concept in IS research. This
study contributes to IS research by validating the concept of IT
mindfulness as a second-order construct with 4 reflective
dimensions. We also develop a research model to examine the
antecedents and implications of IT mindfulness for user
performance in the context of PHDs. Through an empirical
study, we offer evidence to highlight the importance of the IT
mindfulness construct for studying individuals’ resultant
adoption behaviors within the domain of wearable health
devices. Our results suggest that IT mindfulness could be
cultivated through IT identity and relate closely to postadoptive
PHD use. Furthermore, we demonstrate that perceived health
status negatively moderates the relationship between IT identity
and IT mindfulness associated with PHDs. Thus, we suggest
that the link between IT identity and IT mindfulness is stronger
for individuals who perceive themselves as unhealthier. The
findings of this study provide insights into the phenomenon of
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IT mindfulness formation and add to the literature on IT
mindfulness, eHealth, mHealth, self-management tools, and
health informatics. Owing to the impact of IT mindfulness on
postadoption behaviors, its 4 dimensions could be used for
designing PHD technologies. Moreover, vendors may need to
put their efforts into means of increasing IT mindfulness by

reinforcing IT identity to serve and retain a wide range of target
users. Theoretical and practical contributions of this study are
noticeable because they could result in a deeper understanding
of human beings in relation to IT systems in an evolving digital
world.
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Abstract

Background: Mobile health apps are increasingly available and used in a clinical context to monitor young people’s mood and
mental health. Despite the benefits of accessibility and cost-effectiveness, consumer engagement remains a hurdle for uptake and
continued use. Hundreds of mood-monitoring apps are publicly available to young people on app stores; however, few studies
have examined consumer perspectives. App store reviews held on Google and Apple platforms provide a large, rich source of
naturally generated, publicly available user reviews. Although commercial developers use these data to modify and improve their
apps, to date, there has been very little in-depth evaluation of app store user reviews within scientific research, and our current
understanding of what makes apps engaging and valuable to young people is limited.

Objective: This study aims to gain a better understanding of what app users consider useful to encourage frequent and prolonged
use of mood-monitoring apps appropriate for young people.

Methods: A systematic approach was applied to the selection of apps and reviews. We identified mood-monitoring apps (n=53)
by a combination of automated application programming interface (API) methods. We only included apps appropriate for young
people based on app store age categories (apps available to those younger than 18 years). We subsequently downloaded all
available user reviews via API data scraping methods and selected a representative subsample of reviews (n=1803) for manual
qualitative content analysis.

Results: The qualitative content analysis revealed 8 main themes: accessibility (34%), flexibility (21%), recording and
representation of mood (18%), user requests (17%), reflecting on mood (16%), technical features (16%), design (13%), and health
promotion (11%). A total of 6 minor themes were also identified: notification and reminders; recommendation; privacy, security,
and transparency; developer; adverts; and social/community.

Conclusions: Users value mood-monitoring apps that can be personalized to their needs, have a simple and intuitive design,
and allow accurate representation and review of complex and fluctuating moods. App store reviews are a valuable repository of
user engagement feedback and provide a wealth of information about what users value in an app and what user needs are not
being met. Users perceive mood-monitoring apps positively, but over 20% of reviews identified the need for improvement.

(JMIR Mhealth Uhealth 2020;8(10):e18140)   doi:10.2196/18140

KEYWORDS

mood monitoring; engagement; mobile applications; mHealth; mental health; smartphone; qualitative research; mobile phone

Introduction

Young people are leaders in adopting new technology, with
recent statistics highlighting that 96% of those aged 16-24 years

own a smartphone [1], and mobile phone usage among teenagers
is increasing more than any other age group [2]. The smartphone
revolution has not only changed the way young people
communicate and acquire new information [3] but also
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encouraged a rapid increase of mobile apps with varying
functions. This growth is notable in the field of mobile health
(mHealth) apps that deliver health and wellness technologies;
as of 2017, consumer app stores had >325,000 mHealth apps
available for download [4].

There has been increasing interest in using digital technology
to administer interventions and monitor mental health symptoms
in young people [5]. A particular area of mHealth growth lies
in mood-monitoring apps. Mood monitoring is a widely used
technique within nonclinical populations, provides insight into
the development and trajectory of common mental health
difficulties [6-8], and is an embedded technique in existing
self-management techniques and evidence-based mental health
treatments [9]. Self-tracking mood encourages users to actively
engage in their health care management, provides a sense of
autonomy [10,11], and increases awareness and self-regulation
of emotional well-being [12,13]. There are several reviews
exploring mood monitoring in adult populations [14-17];
however, much less is known about their use in child and
adolescent populations. Although mood-monitoring apps are
potentially cost-effective, accessible, and convenient, there
remains a lack of evidence on how acceptable existing
mood-monitoring apps are and particularly what features and
functions engage younger populations.

This lack of understanding is further compounded by a limited
consensus on how to measure user engagement. It is widely
acknowledged within the literature that app engagement metrics
and reporting remain unstandardized and heterogeneous [18,19].
The term acceptability often ranges from proxy markers, that
is, adherence rates and utilization data [20], to participants’
experience of burden [16], rather than understanding the features
and functions that motivate and satisfy users. A recent
systematic review evaluating mobile mood-monitoring apps in
young people further demonstrates these inconsistencies [21].
A total of 9 studies of the 25 reviewed considered participants’
perception of the apps, with only 3 studies specifically referring
to acceptability, which was not explicitly defined; these used
utilization and completion data as a proxy, which were
interpreted by the authors as demonstrating broad acceptability
[16,20,22]. The review demonstrated that young people
generally positively perceive mood-monitoring apps and view
them as user friendly, convenient, noninvasive, and useful;
however, technological difficulties were reported to negatively
affect user experience [16,23-25]. The review concluded that
very few high-quality studies were available for inclusion and
there is a need for more qualitative research to broaden our
understanding of factors pertinent to the uptake of
mood-monitoring apps.

The adoption of digital tools can also be evaluated by theories
of technology acceptance, which argue that a person’s intent to
use and actual use of a technology is predicated by the person’s
perceptions of the technology’s usefulness and ease of use
[26,27]. The technology acceptance model (TAM) [26] has been
used more recently to explore mHealth whereby perceived
helpfulness, perceived ease of use, perceived trust, and perceived
security were all found to directly influence user intention to
use mHealth services [28]. However, the use of the TAM has
been criticized for its weaknesses in explaining users’ behavior

and oversimplification of user perceptions to usefulness and
ease of use [29].

It is important to gain a deeper understanding of user
engagement with mHealth apps, particularly if young people
are going to be using publicly available products unaccompanied
and on a large scale. It is also crucial that young people are not
set up to fail through poorly designed health apps or engagement
with well-designed but ineffective digital treatments. Although
small-scale qualitative studies have explored young people’s
views of mental health apps [30], more extensive research is
needed to understand the nuances of user engagement. Written
user reviews on mobile app stores contain a wealth of
information about user experience and expectations and are a
potentially untapped source of information in research, despite
being used by smartphone owners to consider whether to
download and engage with a given app [31]. We can, therefore,
explore rich user reviews to understand what makes a
mood-monitoring app acceptable to end users and what features
are most prominent in positively reviewed apps.

The analysis of publicly available app reviews has been
successfully used in recent literature to investigate user attitudes
toward existing apps and their feature requests [32-34].
However, only a handful of studies have analyzed mHealth app
reviews. These investigations have tended to assess app content
quality for specific disorders [35], app functionality and user
experience of a specific intervention [36], or apps targeting
medication adherence [37]. Consumer perspectives of apps for
bipolar disorder [35] found mostly positive feedback but also
a large number of requests for desired functions. Users valued
apps that were helpful, supportive, and easy to use and often
integrated them into their health management and clinical care.
Interestingly, users often did not consider the evidence base or
clinical effectiveness of the app. User experience of cognitive
behavioral therapy apps for depression [36] found that users
valued the app in supporting their mental well-being and used
the app as an adjunct to treatment. Concerns were also
highlighted, particularly surrounding the importance of privacy,
security, and trust. User experience of medication adherence
apps [37] again found that users valued customization, the ability
to monitor health information, and the ability for apps to support
health care visits. Negative user experiences included technical
difficulties, confusing app navigation, and inflexibility in the
reminder setup.

In this paper, we perform a qualitative content analysis of user
reviews to explore what app users consider useful to encourage
frequent and prolonged app usage of mood-monitoring apps
appropriate for young people.

Methods

Data Collection
A systematic review framework was applied to the search,
screening, and assessment of apps. We searched the 2 major
commercially available app stores: Google Play and Apple
iPhone Operating System (iOS) store, by using the application
programming interfaces (APIs) on these platforms [38,39]. We
first used manual keyword searches to create a set of seed apps,
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and then, we used a combination of API methodologies to
identify and refine a set of relevant mood-monitoring apps on
each platform. We then used API data scraping methods to
collect all available user-generated reviews for the relevant apps
identified. We used a combination of keyword searches to define
a set of seed apps, followed by a snowball sampling technique
to collect a series of similar apps. A full description of the API
data collection methods can be found in Multimedia Appendix
1 [36,40-44].

Apps that met the following criteria were included: (1)
self-reported mood-monitoring was the app’s primary purpose,
(2) the app was suitable for young people (aged less than 18
years) as described via the app store age rating, and (3) the app
was available in English. Apps designed for health conditions
other than mood disorders were excluded.

In total, 53 apps had 15,825 reviews. To gain a feasible number
of reviews to manually appraise, we systematically selected a
subsample of reviews. Both app stores provide different ways
of sorting reviews, such as by date (most recent) or by the
helpfulness of a review rated by other users (most helpful). After
establishing that there was no significant difference between
star rating distributions between the two ranking systems (see
Multimedia Appendix 1 for full description), we ranked the
reviews by most helpful and retrieved the top 50 reviews from
each app. Where apps had less than 50 reviews, all reviews were
collected. This resulted in a subset of 11.39% (1803/15,825)
reviews: 1092 Google and 716 iOS. Figure 1 shows a flow
diagram detailing the review process and results at each stage.

Figure 1. Flow diagram illustrating the selection of apps and user reviews. CBT: cognitive behavioral therapy.

Qualitative Content Analysis
Given the exploratory nature of this study, we conducted a
qualitative content analysis to interpret themes in the app user
reviews. Content analysis techniques have been widely used to
understand user-generated review data, particularly in fields of
research where existing theory is limited [45-47]. Given the
rarity of content analyses of consumer perspectives on mobile
apps within the literature, the majority of the analysis used an

inductive approach to developing a coding framework [48].
Although the existing literature on analyzing mHealth app user
reviews is limited, a smaller-scale deductive approach was
carried out by using existing themes drawn from what published
research was available to further inform our content analysis
framework [11,21,35,49]. Following the guidelines on inductive
analysis approaches in previous studies [21,35], we developed
a database of coded user reviews. Our approach to the analysis
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followed established coding techniques [50] across 3 phases:
(1) data immersion, (2) data reduction, and (3) interpretation.

A preliminary sample of 500 reviews was randomly selected
to ensure adequate coverage of a range of apps. Three coders
(EW, CG, and LC) each coded the reviews for positive, negative,
or neutral sentiment and noted whether the review highlighted
a specific feature of engagement. This allowed the coders to
become familiar with the informational content and to generate
first-stage concepts.

After initial sentiment and feature identification, the coders
developed a preliminary framework to organize codes (code
name, description guidelines, and example quotes). Each
researcher then used the codebook on an additional 100
randomly selected reviews. All researchers then met to revise,
refine, and finalize the codes.

Interpretative notes were made and discussed, particularly
around exploring word usage and the range of meanings. A set
of themes and subthemes was subsequently revised and
reordered during the interpretation phase. A coding framework
was finalized, and 2 researchers (EW and CG) then
independently coded the subset of user reviews (n=1803).

Results

Research Rigor
A substantial level of intercoder reliability across all codes was
observed (κ=0.68), with high agreement for the themes adverts
(κ=0.85), reminders (κ=0.86), and transparency (κ=0.89).
Substantial intercoder agreement was observed for reflecting
on mood (κ=0.72), technical (κ=0.72) accessibility (κ=0.71),
recommendation (κ=0.79), and recording/representation of
mood (κ=0.71). There were moderate levels of intercoder
agreement for design (κ=0.61), developer (κ=0.65), health
promotion (κ=0.61), flexibility (κ=0.64), social support

(κ=0.51), and user requests (κ=0.59). A poor level of intercoder
agreement was observed for games/gamification (κ=0.29). As
this theme occurred in less than 1% of the reviews, it was
subsequently removed from the coding framework.

Review Sentiment
Of the subset of 1803 user reviews, 1474 (81.7%) had a positive
sentiment, that is, featured positive commentary on the app.
However, positive reviews often included a contrasting
statement, most commonly a user request for an additional
feature. A total of 20% of positive reviews were general in
nature and did not provide specific details on which features of
the app were valued. A total of 8.9% (162/1803) of user reviews
had a negative sentiment, and 9.2% (167/1803) of the reviews
had a neutral sentiment. Over a third of the reviews with a
negative sentiment included user feedback surrounding technical
difficulties.

Description of Apps and Reviews
A total of 14 themes were identified in the data. Eight themes
were prevalent in over 10% of the coded reviews (ranging from
34% prevalence to 11%), and 7 themes were present in less than
10% of the reviews (ranging from 7% to 1%). Codes with >10%
prevalence were named major themes, whereas codes with <10%
prevalence were named minor themes. Multimedia Appendix
2 shows the full coding framework describing all themes,
subthemes, and illustrative quotes. Table 1 shows the frequency
and percentage presence of all 14 themes within the user
reviews. Multimedia Appendix 3 shows all 53 apps included in
the analysis as well as app metadata. The included apps spanned
4 different categories: lifestyle (29/53, 55%), health and fitness
(20/53, 37%), medical (2/53, 4%), and productivity (2/53, 4%).
Across all 53 apps, there was an average star rating of 4.35,
with 33 out of 53 apps rated 4.5 stars or above. Out of 53 apps,
47 were free of charge. The 6 apps that charged users ranged
from $0.99 to $4.99.
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Table 1. Prevalence of major and minor themes identified in user reviews (N=1803, categories not exclusive)

Prevalence of theme in reviews, n (%)Themesa

Major themes

614 (34.05)1. Accessibility

370 (20.52)2. Flexibility

322 (17.86)3. Recording/representation of mood

302 (16.78)4. User requests

291 (16.14)5. Reflecting on mood

284 (15.75)6. Technical feature

225 (12.48)7. Design

186 (10.32)8. Health promotion

Minor themes

130 (7.21)1. Notifications/reminders

115 (6.37)2. Recommendation

102 (5.66)3. Privacy, security, and transparency

69 (3.82)4. Developer

55 (3.05)5. Adverts

38 (2)6. Social/community

aIn 366 (20.30%) reviews, no engagement feature was coded.

Major Theme 1: Accessibility
Over a third of reviews centered around accessibility of the app.
Users valued simplicity and frequently praised a simple and
straightforward design that was easy to use. Users also
frequently praised apps they perceived as fast and efficient;
however, they expressed frustration with inefficient or slow
apps.

Cost was also an important aspect; overall, users appreciated
apps that were free of charge, but users often seemed happy to
pay for premium versions if the app met their needs. However,
users were frustrated when there were hidden subscription costs
or when they had to pay for an app that did not meet their needs.
Other users disagreed with developers charging at all for mental
health–related apps.

Major Theme 2: Flexibility
The second most prevalent theme was flexibility. Users
frequently referenced the need for the app to offer personalized
and customizable features to suit individual user needs. This
theme largely centered on 4 main features, the first of which
was the ability for users to create their own personalized
emotions or mood descriptions. Second was the ability for users
to enter as many mood entries as they wished to in 1 day. Third
was the ability for users to edit/modify/delete a previous entry,
and the fourth one was that users preferred no
restrictions/character limits being placed on free text entries.

Major Theme 3: Recording/Representation of Mood
How users record and represent their mood within the app was
the third major theme. Of particular importance to the user
within this theme was the variety of options available to
represent mood, linking in with the theme of flexibility. Users

often highlighted the complexity of moods and the need for
multiple mood entries as well as custom scales. Similarly, users
often described how a predetermined list of moods or emotions
did not allow them to accurately represent their feelings and
often requested the ability to elaborate on their mood using free
text descriptions in their own words. Interestingly, some users
also indicated the need for a balance between choice and
specificity, for example, finding it helpful having a list to choose
from when feeling confused over their own emotions but also
the need to be able to name a mood of their choice.

Major Theme 4: User Requests
Approximately 1 in 5 reviews contained a request to the app
developer. These requests were often a user wish list and
requested features to improve their app experience. The most
common requests centered on the theme of flexibility and
personalization, such as customizable emotions, multiple entries
per day, and editing entries.

Major Theme 5: Reflecting on Mood
The ability of users to reflect on their mood and mood entries
over time was another main feature of engagement. Users
particularly valued seeing their mood entries in the form of a
graph or diagram. Users described how a visual display of mood
over time allowed them to reflect on their good and bad days
and value the ability to observe patterns and link moods to
particular activities. Users frequently described the positive
effect of reviewing their moods and experiences.

Major Theme 6: Technical Feature
Technical features largely referred to technical issues within
the apps, such as data loss, inability to share mood entries across
devices, or difficulties accessing or using the app. The technical

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e18140 | p.123http://mhealth.jmir.org/2020/10/e18140/
(page number not for citation purposes)

Widnall et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


features theme, therefore, often referred to barriers to
engagement with the app.

Due to the personal nature of data entered into mood-monitoring
apps, users had frequent concerns surrounding loss of data and
difficulties backing up or saving data. Many users reported
experiencing significant amounts of data loss.

The ability to export or share data with different devices as well
as with friends, family, and medical professionals was valued
by users. When a mood-monitoring app did not include an export
or share feature, this was frequently requested by users.

Major Theme 7: Design
The design of the app was important to users particularly in
terms of the user interface being visually appealing, described
by users with terms such as “beautiful,” “pretty,” and “sleek.”
Design preferences included a clean, simple design, which was
intuitive and easy to navigate. Users valued simplicity and
minimal designs over a cluttered screen.

Major Theme 8: Health Promotion
Users valued the ability of mood-monitoring apps to facilitate
health promotion. Health promotion had 4 categories: (1) the
mood-monitoring app itself being therapeutic for users and
aiding self-awareness; (2) the ability to share mood entries with
health care professionals to aid clinical appointments and
facilitate discussions around their mood; (3) the ability for apps
to provide psychoeducation, for example, understanding
components of cognitive behavioral therapy; and (4) apps
including signposting materials to available support services.

Minor Theme 1: Notifications/Reminders
Overall, users were positive around the use of notifications and
reminders in apps and found this a helpful way of keeping on
track with their mood monitoring. Some users even mentioned
that a notification would promote a positive thought. It was also
important that users were given the option to tailor their
notifications/reminders to suit them.

Minor Theme 2: Recommendation
Written reviews also consisted of a number of recommendations
to other users. These recommendations were indicative of their
appreciation and positive experience with mood-monitoring
apps. Users would often make recommendations to friends or
family members as well as the wider app community. Users
would also sometimes mention that their health care professional
had recommended the app to them, which was typically followed
by a positive review.

Minor Theme 3: Security, Privacy, and Transparency
Security and privacy mechanisms within mood-monitoring apps
were important to users, and mistrust became an important issue,
particularly surrounding the use of Facebook. The lack of
openness regarding how and where data were stored was also
a concern for some users. Transparency was rarely explicitly
mentioned by users (<1% reviews), but it became a significant
issue within individual apps, for example. Reviewers sometimes
implicitly discussed themes of transparency, although this often
conflated with trust, security, and privacy. Although
transparency does not appear to be a crucial theme for

engagement, knowledge of breeches, although rare, is key for
rapid disengagement.

Minor Theme 4: Developer
App developers were an important factor for users, and
comments to developers included praise and thanks, particularly
commenting on timely responses from app developers. Users
also demonstrated frustrations when app developers were not
responsive to technical issues within the app, which led to users
leaving a negative review surrounding developer communication
itself rather than a specific feature of the app.

Minor Theme 5: Adverts
The use and frequency of adverts was important to many users
who typically preferred apps with no adverts. Users generally
disliked intrusive adverts, particularly those that interrupted the
design or visual display of the app. Users were happy with being
presented with optional adverts, particularly if wanting to
support app developers.

Minor Theme 6: Social/Community
A number of reviews referred to the community aspect. Some
mood-monitoring apps provided a peer support network feature,
which was generally positively reviewed by users with a sense
of listening to others as well as being listened to. Reviews also
often included requests from users for app developers to include
a support network to be built into apps that did not have one.
Where there was a peer network available, some users described
feeling limited in the way they were able to offer support. Users
wanted to offer encouraging words but felt unable to, for
example, some apps would limit user communication to emojis,
which some users felt was not encouraging enough.

Discussion

Principal Findings
The aim of this study was to summarize and evaluate the main
features of engagement within publicly available
mood-monitoring apps appropriate for young people (aged less
than 18 years) using app store user reviews. To our knowledge,
this is the first exploration of consumer perspectives on
mood-monitoring apps appropriate for young people using
publicly available review data.

User feedback on mood-monitoring apps could generally be
summarized by 8 main themes and 6 minor themes. Reviews
varied in length, sentiment, and specificity, with many providing
detailed and informative feedback about what engages and
disengages users in mood-monitoring apps. Although 1 in 5
reviews did not contain a specific feature of engagement, the
majority of reviews that did contain a feature of engagement
contained multiple themes, demonstrating the complex and
multifaceted nature of user needs.

The proportion of reviews containing positive and negative
sentiments was similar to previous results in both general and
mHealth apps whereby the majority of reviews contained
positive sentiment [21,35]. The central positive features of
engagement consisted of accessibility and
personalization/customization of app content, which are in line
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with previous findings of user reviews [30,35,36,49]. The main
content of negative reviews in this study also supports previous
findings, which cite functionality issues, lack of features, and
crashing/data loss as the most common complaints
[16,21,24,35,36]. These findings are broadly consistent with
TAMs, in that users are more likely to adopt apps with
high-quality design that is usable (easy to use, simple, and
efficient) and useful (ability to reflect on mood and therapeutic
features).

Although the majority of reviews had positive sentiments, the
number of user requests (1 in 5 reviews) suggests room for
improvement in currently available mood-monitoring apps to
adequately address user needs. The frequency of user requests
is in line with recent findings from user reviews of apps for
bipolar disorder [35] and indicates that users have evolving
needs and requirements when engaging with health apps. Users
also hold an expectation that developers should address their
needs and requests, which has also been found in previous
literature [35,51,52]. This expectation also supports the findings
that app stores serve as a communication channel between users
and developers [52]. There appears to be a user-developer
community, which highlights the potential for engaging end
users throughout the app development process to ensure that
the apps meet user needs before being made publicly accessible.
User co-design poses obvious advantages for app function,
uptake, and use by the target community [53-55].

Themes of accessibility (free and easy use), design (appearance
and content), and social support (peers) show similarity with a
recent study exploring adolescents’ needs from mental health
mobile apps as well as the importance of young people being
in control, which is reflected in our theme of
recording/representing mood and the significance of users
having ownership over how they record their complex and
changing moods [51]. Interestingly, social support, however,
was much less prominent within this study compared with
previous adult and adolescent studies [35,49,56]. This
discrepancy could be due to our focus on generic
mood-monitoring apps rather than clinical intervention apps or
those designed for specific mental health conditions. This
finding could also indicate the facilitation of self-management
within mood-monitoring apps, which has been demonstrated in
previous research, as well as creating a sense of greater control
and autonomy around health management [11,49].

Although there may be a sense of self-management and
autonomy within personal mood-monitoring apps, several
reviews mentioned the benefit of being able to share their mood
data with general practitioners, therapists, or counselors. This
demonstrates joint partnerships and facilitation of
communication between mHealth apps and health care
providers. Users mentioned the ease of using app data within
their clinical appointments to better communicate their mood
over time as well as how different events had been affecting
their mood. This two-way communication with health care
providers perhaps demonstrates mHealth apps as a
complementary tool to facilitate patient-provider relationships,
which is in line with previous findings [37,49].

As found in user reviews of bipolar apps [35], there was a clear
absence of discussion of scientific quality within user reviews.
This also relates to previous qualitative research whereby users
were motivated by information about whether or not an app
would help them, but this information was not necessarily
evidence based [30]. Again, this may be due to the study
focusing on generic mood-monitoring apps, but it could also
represent a disinterest in the scientific basis of mental health
apps or a lack of health app regulation knowledge among users.
It could also suggest that users implicitly trust apps that are
publicly available on the app store, which highlights the
importance of mHealth app literacy among users regarding
evidence and data privacy.

The results of this study demonstrate a range of features that
engage users in mood-monitoring apps but also highlight
existing barriers that may prevent successful engagement. The
positive features of engagement found in this paper include
personalization and customization, a simple and intuitive design,
features allowing users to reflect on their mood, and the
facilitation of both self-management and communication with
health care providers. The main barriers to engagement include
concerns around privacy and security and technical difficulties
surrounding data loss and app bugs/errors.

Limitations
Our results should be considered in light of the following
limitations. First, the data used in this study were publicly
available reviews. Our sampling frame for contributors and the
representativeness of the views expressed are unknown. User
reviews on app stores do not provide demographic data;
therefore, we are not aware of the age of users submitting
reviews. Although we based this study on apps available to
those aged less than 18 years, the user reviews analyzed may
be from a wide variety of age ranges, including adults. This is
a limitation of using publicly available app data; hence, the
engagement features we reviewed cannot be generalized to
youth populations specifically.

Another limitation of looking at written user reviews is that
they lack data surrounding user retention rates and periods of
user engagement. It is, therefore, not possible to determine if
reviews have been written after limited or extensive use of an
app. Further research is needed to explore additional variables
such as level of usage, understanding intent to start using
mood-monitoring apps, and social influences.

This was an exploratory study of a relatively new area; therefore,
specific research questions or hypotheses were not defined
before the study. It is possible that important user attitudes may
have been omitted from the publicly available reviews. It is also
likely that there may be an element of bias in publicly available
user reviews, for example, iOS does not make all written reviews
publicly available [57]. However, given the intricacy of reviews
and the number of reviews analyzed, we are confident that our
findings represent users’ likes and dislikes of mood-monitoring
apps.

As app stores are very dynamic and frequently changing, the
apps available, their features, and user review feedback are
subject to change. Therefore, it is important for future research
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to develop effective methodologies that can rapidly evaluate
user feedback within this field. We were able to automate the
identification and extraction of apps and reviews; however,
developing an automated analysis of user reviews would be a
valuable advancement in future research.

Conclusions
In this study, a content analysis framework was applied to a
subsample of 1803 publicly available user reviews from 53
mood-monitoring apps appropriate for children and young
people (based on app store age ratings). App store user reviews
provide a valuable repository of anonymous, self-driven, and
unstructured feedback. This paper provides a unique perspective
on user attitudes and expectations toward mood-monitoring
apps and allows an in-depth evaluation of the main features of

engagement and potential barriers to adoption. Users value apps
that can be personalized to their needs, have a simple and
intuitive design, and allow accurate representation and review
of complex and fluctuating moods.

Future studies should explore qualitative feedback from
specifically recruited samples of children and adolescents using
publicly available apps to explore whether the main features of
engagement discovered in this study generalize to a defined
child- and adolescent-only group and whether further details
might be obtained from more reflective content. We hope these
findings can support future guidelines on how apps are
developed for end users, and we highlight the importance of
including young people within the app design process to address
disparities between end user perspectives and actual provisions
within mHealth apps.
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Abstract

Background: Activity tracking devices have significant potential in assisting older adults’ health care and quality of life, but
this population lags behind in the adoption of these devices. While theoretical frameworks have been introduced to explain and
increase the adoption of this technology by older adults, little effort has been made to validate the frameworks with people in
other age groups.

Objective: The goal of this study was to validate the theoretical framework of technology acceptance by older adults that we
previously proposed through a direct comparison of the attitudes to and experiences of activity trackers in older and younger
users.

Methods: Semistructured interviews were conducted with 2 groups of 15 participants to investigate their experiences of using
activity trackers. The recruitment criteria included age (between 18 years and 24 years for the younger participant group or 65
years and older for the older participant group) and prior experiences of using mobile devices or apps for activity tracking for 2
months and longer.

Results: Our findings showed that the phase of perceived ease of learning as a significant influencer of the acceptance of activity
trackers existed only in the older participant group, but this phase never emerged in the younger participant group. In addition,
this study confirmed that other phases exist in both age groups, but 2 distinct patterns emerged according to age groups: (1) the
social influence construct influenced the older participants positively but the younger participants negatively and (2) older
participants’ exploration in the system experiment phase was purpose-driven by particular needs or benefits but for younger
participants, it was a phase to explore a new technology.

Conclusions: This study confirms the validity of the proposed theoretical framework to account for the unique aspect of older
adults’ technology adoption. This framework can provide theoretical guidelines when designing technology for older adults as
well as when generating new investigations and experiments for older adults and technology use.

(JMIR Mhealth Uhealth 2020;8(10):e18312)   doi:10.2196/18312

KEYWORDS

older adults; technology acceptance; activity tracker; fitness tracker; mHealth; health care; quality of life

Introduction

Background
Activity tracking devices that enable continuous monitoring of
physical activities and physiological parameters have become
widely available, allowing people to monitor their daily activity
and overall health. People are now able to track their steps, heart

rates, sleep patterns, and even engage in social forms of health
tracking by using activity trackers [1]. With the collected data
and presented information on these devices, not only can people
gain insight into their daily activities but also be empowered to
proactively manage and monitor health concerns, as physical
activity helps reduce the risk of chronic diseases such as
cardiovascular diseases, obesity, and diabetes [2].
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The use of activity trackers by older adults is an area of
particular research interest, since monitoring physical activity
is a valuable parameter to define if persons are performing
enough physical activities to prevent age-related chronic diseases
or if they are manifesting early symptoms of those diseases [3].
However, there remains a notable digital divide between young
adults and older adults. While over half of the Americans
reported using a wearable fitness tracker at least once a day,
only a little over 20% of the older adults owned an activity
tracker in the United States as of 2016 [4]. In fact, low adoption
of technology by older adults is not specific to activity trackers
but is common with regard to any personal computing devices.
While the adoption rates of computers and the internet by older
adults are steadily increasing (from 12% in 2000 to 67% in
2016), these rates are significantly lower when compared with
90% of the general adult population using web-based services
regularly [5]. Therefore, it is important to understand how older
adults perceive and use new technology to meet their needs and
to increase the adoption of new technology among older adults.
To achieve this goal, studies have sought to understand how
and why older adults maintain the use of new technology such
as activity trackers and why they choose not to use or stop using
this technology [6,7]. However, little comparative evidence
exists with regard to the usage patterns and perspectives of older
adults on new technology in a direct comparison with those of
persons of other age groups.

Over the decades, technology acceptance models have been
developed and refined to theoretically conceptualize the factors
that influence the decision of whether to adopt new technology
[8-13]. Within the context of technology adoption and the aging
population, researchers have attempted to conceptualize older
adults’ technology acceptance [14-16]. As part of this effort,
we proposed a new framework to account for older adults’
acceptance of mobile technology for health care in our previous
work [7], wherein perceived ease of learning had a significant
influence on older adults’ technology acceptance behavior,
which did not appear in the existing frameworks. This study
aimed to validate this framework by directly comparing the
attitudes to and experiences of activity trackers in older and
younger users.

Literature Review

Mobile Technology and Older Adults
Mobile technology is increasingly focused on the development
of apps and tools to support health care, healthy living, and
quality of life [17]. Wearable devices and other mobile
technology for health care allow users to continuously track
and manage health data without having to see their health care
provider, such as diabetes management [18] and weight loss
[19]. There is also a plethora of mobile apps for health care; as
of 2019, there were over 45,000 apps for health care available
for download from Apple app stores [20].

With regard to older adults and mobile technology, older adults
are increasingly becoming savvy consumers of
smartphone-based health solutions and information. With the
increased desirability for aging in place, numerous technologies
have emerged with the aim of supporting aging-related health
concerns, including Alzheimer and dementia care [21], palliative

care [22], monitoring fall risks [23,24], and osteoarthritis [25].
Moreover, research has shown that older adults hold positive
views toward technology and have taken the steps for technology
adoption [26,27]. For instance, Puri et al [28] showed that older
adults were mostly accepting wearable activity trackers once
they had a clear understanding of its value for their lives, and
Preusse [29] showed that the adoption of activity trackers can
be increased by addressing the barriers to acceptance. Despite
the potential benefits and the increasing interests in mobile
technology for health care, their adoption rates among older
adults are still low [30]. Thus, researchers have extensively
investigated how and why older adults decide to adopt and use
mobile technology and why they choose not to use or stop using
it. For instance, Lee and Coughlin [31] reviewed studies of older
adults’ technology acceptance and identified factors that are
critical for older adults’ acceptance of technology, including
value, usability, affordability, accessibility, technical support,
social support, emotions, independence, experience, and
confidence. However, relatively little effort has been put to
directly compare older adults’ adoption of a new technology
with those of the younger populations, with few exceptions
[32,33].

Technology Acceptance Models for Older Adults
Technology acceptance models have been developed and refined
over last couple of decades to explain technology adoption
practices of different user groups [34] in various contexts [35]
since the advent of foundational models, that is, Technology
Acceptance Model [8] and the Unified Theory of Acceptance
and Use of Technology [13].

Extending these models, researchers have sought to
conceptualize older adults’ technology acceptance practice,
though there are only few [14,36,37]. As part of this effort, we
previously proposed a new theoretical framework to explain
older adults’ acceptance of mobile technology for health care
as an extension of the predecessor theories by investigating the
experiences and perspectives of 2 groups of older adults who
were aged 60 years or older: technology adopters and
nonadopters [7]. This framework introduced the perceived effort
of learning as a significant obstacle for older adults’ technology
acceptance, which has been noted in prior research but has never
been incorporated into any prior models of technology
acceptance. For instance, Heart and Kalderon [38] suggest that
special attention needs to be paid to teaching and training senior
citizens to use new technology, and Yusif et al [39] pointed out
lack of training as an area of concern in older adults’ technology
adoption. In Klimova and Poulova’s literature review [15], they
found that the existing technology acceptance models are
suitable as the foundational theoretical basis for empirical
studies, but more attention should be paid to forms of training
for older adults. While these empirically grounded works are
critical, there is no theoretical model that includes learning as
an important phase of older adults’ technology acceptance.

The theoretical framework we proposed comprises 4 phases,
that is, (1) perception of use, the phase in which a user forms
the intention to use a system; (2) perception of learning, the
phase in which a user forms the intention to learn a system; (3)
system experimentation and exploration, the phase in which a
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user explores and experiments with a system, and (4) decision
making, the phase in which a user decides whether to accept or
reject a system (Figure 1). This framework suggests that
availability of facilitating conditions, including peer support,
conversion readiness, and self-efficacy, is critical for older adults
to take the first step into the digital world of learning a new
technology, thereby echoing prior work [36,40]. While Davis
[9] previously highlighted learning as an important construct
to account for technology acceptance, he regarded “ease of
learning” as a substratum of the ease of use construct, while our
framework proposed that perceptions about use and learning
are not necessarily related. Our previous finding demonstrated
a clear distinction between “perceived ease of learning” and

“perceived ease of use” among older participants; older adults
tend to think that the device might be easy to use for young
people but not necessarily for them. Thus, they tend to give up
learning new technology regardless of it being perceived as
useful [7]. The limitation of our proposed framework is that it
has not been validated with the young population to assure its
unique application in older adults. Further, there has been no
research, to the best of our knowledge, that has evaluated the
validity of any existing models with people in other age groups.
Therefore, this study aims to validate our framework for older
adults’ acceptance of mobile technology by conducting a
comparison study with people in different age groups.

Figure 1. The proposed procedural model for older adults’ acceptance of mobile technology for health care. The red-boxed section is a new phase with
accompanying constructs that is proposed to be crucial for older adults.

Methods

Data Collection
This study employed semistructured interviews and short
questionnaires with 2 groups of 15 participants. The recruitment
criteria included age (between 18 years and 24 years for the
younger participant group or 65 years and older for the older
participant group) and prior experiences of using mobile devices
or apps for activity tracking for 2 months and longer.
Semistructured interviews explored topics related to their
everyday experiences of using activity trackers, including how
they acquired the device, experiences of learning and using,
resources for support, and when applicable, reasons for attrition.
A questionnaire was administered prior to the interviews to
record demographic information and the type of device the
participant was using or has used before. These questionnaires
were used as prompts to supplement the interview questions.

The first group, that is, “younger participant group” consisted
of 15 college students and the second group, that is, “older
participant group” consisted of 15 older adults. The younger

participant group consisted of 10 males and 5 females with a
mean (SD) age of 20.1 (1.5) years (age range, 18-24 years).
Their mean (SD) duration of use of the device was 19.3 (17.6)
months (range, 2 months to 6 years). They were recruited
through flyers posted at the university’s student centers and the
mailing lists. They were using a variety of activity tracking
devices, including smartwatches, wristband-type activity
trackers, and mobile apps for health care. The older participant
group consisted of 4 males and 11 females aged 65 years or
older with a mean (SD) age of 71.5 (6.3) years. Their mean
(SD) duration of the use of the device was 38 (19.3) months
(range, 2 months to 6 years). They were recruited through flyers
posted at local libraries and senior centers. Device usage in this
group, unlike that in the younger participant group, gravitated
toward wristband-type activity trackers (eg, Fitbit) and mobile
apps for health care (eg, the iPhone’s Health app) and nobody
used smartwatches (see Table 1 for demographic information
on the participants). Each interview lasted approximately an
hour and participants were compensated for their participation.
All interactions were audio recorded and transcribed. The study
was reviewed and approved by the institutional review board.
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Table 1. Demographics of the participants and the devices they used.

Older (O) participant groupYounger (Y) participant group

Duration of useType of deviceAge
(years)

GenderIDDuration of useType of deviceAge
(years)

GenderaID

3 yearsFitbit89FO11 yearFossil smartwatch20MY1

4 yearsFitbit69FO22 yearsFitbit19FY2

4 yearsiPhone Health app69FO32 yearsFrontier smartwatch21MY3

5 yearsFitbit72FO42 yearsFitbit19MY4

6 monthsFitbit69FO57 monthsFitbit21FY5

2 yearsFitbit66MO61 yearFitbit22MY6

3 yearsFitbit, iPhone
Health app

78MO73 yearsApple watch19MY7

1 yearFitbit80FO82 monthsGarmin smartwatch24MY8

3 yearsiPhone Health app71FO918 monthsFitbit20FY9

5 yearsFitbit, H-Band70FO102 yearsFitbit21FY10

6 yearsFitbit72FO113 monthsFitbit18MY11

5 yearsiPhone Health app67MO121 yearFitbit, MyKronoz20MY12

2 monthsiPhone Health app69MO132 yearsFitbit, iPhone Health
app

20MY13

1 yearFitbit65FO1418 monthsApple watch19MY14

3 yearsFitbit, Weight
Watchers app, My
Fitness Pal app

67FO156 yearsiPhone Health app,
Apple watch, Lose it
app

19FY15

aGender: male (M), female (F).

Data Analysis
The interview data were analyzed using inductive and deductive
approaches informed by grounded theory and other thematic
analysis methods [41,42]. The themes and categories were
identified deductively based on our proposed framework.
Because the aspects and perspectives relating to perceived
learning emerged as unique components that were critical to
older adults’ technology acceptance but are not presented in
existing models, these were the focus of the validation. Then,
the interview transcripts were open-coded and analyzed both
inductively to identify new themes that emerged from the data
and deductively to validate the themes related to learning. Both
authors read and discussed the interview transcripts and
developed codes to describe important concepts that emerged
directly from the data. We coded independently with frequent
discussions to reach consensus. We then analyzed the data to
verify the themes and to ensure we had reached data saturation
until no new themes or concepts emerged.

Results

Definitions
We described our findings of the attitudes to and experiences
of activity trackers in different participant groups by the first 3
phases of our framework, that is, perception of use, perception
of learning, and system experimentation. The term learning
used in this section refers to the acquisition of knowledge or
skills by being taught from external resources and tinkering

refers to a self-guided, hands-on, trial-and-error–based process
to acquire knowledge or skills.

Perception of Use
The first phase toward technology adoption in our framework
is to formulate the perception about its use, which is influenced
by its perceived usefulness and perceived ease of use. There
were significant evidences to support the existence of these
constructs from both participant groups.

Perceived Usefulness
Both participant groups acknowledged the perceived usefulness
of activity trackers. All participants agreed on the potential
utility of activity trackers to manage and improve health
concerns (In the excerpts, “Participant O#” refers to the #th
interviewee in the older participant group and “Participant Y#”
refers to #th interviewee in the younger participant group).

…I think it’s a good thing because it helps you to
understand how healthy you are and what you’re
doing with yourself during the day to keep yourself
healthy as you get older. [Participant O12]

…In general, I think Fitbit is very useful...It really is
a great device for tracking for people getting into
shape and steps and anyone who is calorie counting.
[Participant Y2]

While the perceived “general” usefulness of activity trackers
was unanimous across the groups, its perceived “personal”
usefulness reflecting on one’s own potential benefits was
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divergent. Older participants described the perceived usefulness
as a potential personal benefit to fulfill their own needs and
deed, whereas younger participants perceived the devices to be
useful for people other than themselves. This is not surprising
since people generally become more vigilant about health
concerns as they age, and young populations tend not to attend
health care unless they have particular health problems. Prior
work has shown that young adults have significantly lower rates
of health care system utilization compared to older adults [43].

…I was excited because I could see that it was going
to measure how many steps I was walking, how many
times I was going up and down my steps, because I
have about 14 steps in my house. So it was going to
measure how many times I’m going up and down. I
thought that was fascinating. You don’t realize how
many times you go up and down a step and how many
steps you take every day when you walk… But this
makes me conscious of all of that. [Participant O8]

…I don’t need all the fancy stuff about my health data,
like how much I sleep, my nutrition, my laboratory
results, and my reproductive health. Also, I definitely
don’t need to have my health records on my phone…
That’s not something I would want to do. [Participant
Y6]

While both prior experience and social influence emerged as
significant constructs that influence the perceived usefulness
in both groups, social influence was found to influence the
perceived usefulness in different ways in different groups. For
older participants, social influence positively impacted their
perceived usefulness, as peers and other people in their close
social network helped them discover and understand the
potential utility of activity trackers. However, for some younger
participants, social influence played a negative role, as an
activity tracker was stereotyped as a tool for those with health
concerns or weight management issues and thus using it was
perceived to break a social norm of being healthy and active
adolescents.

…My grandson gave it to me as a gift and I’ve had it
about 2 or 3 years. He explained to me how it was
working because he had one already and he thought
that it would be a good idea for his old grandmother
and his aunts to have one, so we all have one.
[Participant O1]

…You don’t want to be seen with a Fitbit in high
school. It would make you look 30. A suburban soccer
mom trying to get into shape, I assume, would love
the Fitbit. Kids don’t want to do stuff like that. I didn’t
really see anyone else with a Fitbit because people
are going to be like oh, why is he tracking his steps?
Is he like a soccer mom who just got it to get active?
[Participant Y14]

Perceived Ease of Use
The theme of perceived ease of use emerged as a significant
factor to distinguish the adoption of activity trackers, though
directions and perspectives were different in each group. All
younger participants said that they would never expect any

difficulty in interacting with new devices, while many older
participants expressed a general fear of interacting with new
technology, which is not an exception for the case of activity
trackers.

…I know with computers you can lose everything. I
mean if I lose something, I have no idea how to find
it. Or, if I change a setting and I can’t find or go to
where I want it to go anymore so that’s why it is
intimidating for me. [Participant O9]

…The general idea of it (Fitbit) and the main features
that I would be working with all of them are very easy
to understand. It’s very intuitive. And, it was pretty
well organized. There wasn’t much I had to work on
to use it. [Participant Y3]

Perception of Learning
Our findings confirmed that the perceived ease of learning phase
exists only among older participants as a primary negative
influencer in their adoption of activity trackers. It was evident
that learning was perceived as a significant challenge for older
participants. Older participants were hesitant to learn about
using a new technology because they perceived that a new
technology might be too difficult for them to learn, and some
participants even thought that they are not capable of learning
at all. Consequently, they refused to learn a new technology,
regardless of its perceived usefulness. While a prior work by
Renaud and Biljan [14] proposed ease of learning as an
important construct in their model of seniors’ technology
acceptance, our finding is different in that their notion of ease
of learning occurs as part of the actual system use phase,
whereas ours is “perceived” ease of learning that is formulated
prior to the actual system experimentation and exploration.
Meanwhile, there was no comment related to learning
throughout the entire transcripts of the younger participants.

…At this age, to learn everything is not possible. I do
emailing and certain things by myself, but I don’t
want to learn everything because I may not be able
to remember all that. But, certain things, if it is
required for my Fitbit, I try to learn that. I will have
to catch up with my grandson. [Participant O8]

…I know technology is useful, but I don't make an
effort to learn it. If you go to the phone company,
they’ll help you… I'm afraid to touch buttons because
I might throw the whole thing out of whack. I just feel
like I can't do it. [Participant O11]

Our framework has 3 constructs that were proposed to influence
older adults’ perception of learning (and using) a new
technology, that is, peer support, conversion readiness, and
self-efficacy. The findings from this study confirmed that all 3
constructs have a significant influence on older participants’
perception of learning how to use activity trackers but none of
these emerged in the data of the younger participant group. The
first construct, peer support, refers to support from people in a
close social network. Our findings confirmed that older
participants rely primarily on peer support when interacting
with activity trackers for the first time.
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…My husband shows some functions (of Fitbit) to me.
Then, I understand, I operate, and I work with that.
After a few hours or few days, however, I forget that,
and I will again ask him if he shows me again. It was
not that easy to be familiar with that. [Participant O2]

…I had to take help of my grandson to figure out how
to set this up. Because this Fitbit is installed by my
grandson and he knows when he goes to fix. I don’t
know. [Participant O6]

However, receiving support from other people was not
something that older participants were always in favor of. In
fact, they wanted to avoid seeking help from other people, if
possible, which echoes the findings of prior work [7].
Researchers have found several reasons for older adults to be
hesitant in receiving support from other people; older people
are unwilling to reveal their lack of knowledge [44], a
generational attitude of self-sufficiency exists, and the older
adults prefer keeping their problems to themselves [45], or they
do not want to bother people or interrupt people at what they
consider to be crucial times [46]. While our findings did not
demonstrate all these reasons, at least it was obvious that older
participants tried to minimize seeking help from other people
as much as possible, but most of the times, support from others
was inevitable for them at least in the first few interactions with
an activity tracker.

…Unfortunately, as much as I hate to admit, I will
ask my friend for help. I really don't like asking him
because I want to know how to do it on my own. But
if I'm really stuck, then I'll ask him and then I can
continue. [Participant O5]

…I don’t like to bother my son too often because he’s
very busy at work. So, when we see him maybe on
Sunday morning at brunch where we get together for
breakfast or something, I’ll ask him. [Participant O7]

The second construct, conversion readiness, refers to the degree
to which a person is ready to accept a new thing. Prior work
demonstrated that older adults are resistant to changing their
current practices regardless of how useful a new technology is
because they are set to their own ways of doing things without
the use of technology [7]. Our findings confirmed that this
construct exists among older participants, negatively influencing
the intention to learn and adopt a new technology. Since they
were satisfied with the current way of doing things, they did
not even attempt to find out about the capabilities or benefits
of new technologies, all of which did not appear among younger
participants.

…I think the people and my friends at this age are
more satisfied with what they have. I think, on
average, the youngsters are enthusiastic with having
more and more and more. That is the difference
between those youngsters and we the people in the
age ranges of 60 and 65 years. We are happy with
what we have and what is needed, that’s it.
[Participant O11]

The third construct, self-efficacy, refers to the degree to which
a person believes to be capable of accomplishing a task. Our
findings confirmed prior work that older participants lack

self-efficacy in a new technology, which negatively influences
their intention to learn how to use a new technology [29]. When
a technology did not operate properly, older participants blamed
themselves for the problem, which resulted in feeling “scared”
or “afraid” of using a new technology. Again, these tendencies
never emerged in the data of the younger participant group.

…I’m afraid to set it up myself because then I might
mess up something else. I’m afraid if I enter
something and everything gets messed up. So, I would
not try it on my own. That’s why it’s always good to
watch my son set some of the stuff up for me.
[Participant O15]

While perceived ease of learning was found to be a significant
challenge for older participants’ adoption of a new technology,
they quickly became its active users once they successfully
overcame this barrier. Several older participants who
experienced difficulty in using activity trackers in their first
acquisition reported that they now “feel comfortable” with using
activity trackers because they “know what to do now.”

…At first, it was difficult to navigate through it
because there is like, you press this, you get this menu
and then you get this menu and then you get if you
wanted to enter information, then you have to do all
these things. But now I learned all and feel
comfortable with using it. [Participant O4]

…At first, I was paranoid, scared, whatever but after
doing it and asking questions a couple of times, maybe
3 or 4 times, and it’s the same thing over and over.
But now, I don’t have to keep bothering anybody what
to do anymore. I know what to do now. [Participant
O9]

System Experimentation
The system experimentation phase was confirmed to exist in
both groups, though its pattern was different. Younger
participants expressed a strong propensity to explore or tinker
with a new technology rather than learning it when they first
interacted with it as part of their efforts to figure out the features
and functionalities of a device. A few younger participants
searched information on the internet about how to use the device,
but most of them jumped right into exploring and experimenting
the features in their first interaction with it. Such explorations
led to serendipitous discoveries of new functions and how to
operate the features. Exploration and tinkering played as a key
theme in which younger participants deepen their knowledge
of the device. Numerous comments were received that
demonstrated younger participants’ practices of tinkering with
or exploring a device when they first acquired it throughout the
entire transcript.

….I didn't read the manual. I just synced it (Fitbit)
up with my phone and started using it. When I was
looking for something, I could figure out myself or
looked it up online. [Participant Y2]

…I just messed around with it. I started play around
with the features and see what other stuff it did by
just pressing the buttons on the app, like the different
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icons, to see what I can do. Like I found out about
that alarm menu in there. [Participant Y6]

…I was toying around with all the features and such.
I just press around the different icons to see what I
can do. Like I found out about that alarm menu and
there were a bunch of other options...I fiddled around
with it for about 15 minutes, but I wouldn’t say there
are any difficulties or complications with the device.
So that’s what I did the first couple times I used the
Fitbit. [Participant Y8]

Older participants also commented on their practices of
exploring a new technology as part of an attempt to find new
technologies. However, their exploration patterns were distinct
from those of the younger participants in that the older
participants’exploration was purpose-driven by particular needs
or identified benefits, while younger participants’ exploration
was more of serendipitous and random experimentation.

…There’s a lot of functions on it that I don’t even
understand. At my age, I don’t explore that much but
whatever I want to do, I try to investigate and find
out like as I said the email, the—the phone, the
texting, and the health part of it—that’s mainly what
I use all the time. And that’s the benefit from having
it, why I really wanted to have another one when the
first one broke. [Participant O12]

Discussion

Principal Findings
Our findings validated significant differences in the process
through which people in different age groups accept or reject a
new technology, using an activity tracking device as an
exemplar. The phase of perception of learning existed among
older participants as a significant influencer of their technology
adoption but did not exist in younger participants. While older
participants exhibited needs for some form of support for
learning after acknowledging the perception of use but before
system exploration, younger participants started to explore and
tinker with activity trackers in their first acquisition of an
activity tracker. This tendency can be explained by the fact that
today’s generations of older adults have not grown up using the
contemporary personal technologies since their childhood;
therefore, they are not familiar with the technologies [7]. Thus,
there might be a natural confounding factor associated with age
and experience, since “today’s older adults are exposed to these
technologies at a different point in their lives than today’s young
adults” [47]. Our findings suggest that this natural confounder
results in the emergence of perception of learning a new
technology as a unique phase to facilitate older adults’
technology acceptance. The learning point of view is important
because there will always be new technologies and new
generations of older adults who have to learn how to use these.
Therefore, in the development of new technologies, the learning
perspective should be considered crucial to avoid exclusion of
users of older groups.

Even though the phase of perception of learning was a
significant challenge for older participants, it was not difficult
to overcome. During the learning phase, older participants

exhibited a strong reliance on peer support to either learn or
get away from learning how to use an activity tracker, most of
which successfully turned their final decision making into
acceptance. This implies that it is crucial to provide older adults
with easy access to facilitating conditions to lessen their tension
and concern about learning a new technology [48]. While our
data included only family members and friends as a resource
of peer support, prior research has demonstrated a wide variety
of resources within neighborhood groups and community groups
that older adults can use to overcome learning-related
difficulties, such as senior centers, local libraries, and local retail
stores [49]. Offering classes lectured by older adult peers or
peer-collaborative workshops through local community centers
would be a way to lower older adults’ perceived effort of
learning as well as helping them reduce the burden of asking
for help to other people. Fostering older adults’ participation in
such events will help technically isolated older adults find
potential peer support for technology adoption.

Lastly, this study showed that all phases of technology adoption
except learning exist in both age groups, but the patterns of
how some phases and constructs influence technology adoption
were different in different age groups. First, our findings
demonstrated that the social influence construct had a significant
influence on technology adoption but varied in different age
groups; social influence positively influenced older users’
technology, but it negatively influenced younger participants
because an activity tracking device was negatively positioned
for its use among some young generations. Second, the system
experiment phase existed in both age groups, but the purpose
was different; older user’s exploration was driven by particular
needs or benefits after learning it, whereas younger users
explored a new technology to tour available features and
functionalities and to figure out how to use it as a first step into
its use. This illustrates that more in-depth investigation and
discussion of how a theoretical framework of technology
adoption applies to different age groups, since the same factors
can have a different (or even opposite) influence on technology
adoption in different age groups.

Limitations
The analyses presented in this paper are of a qualitative and
explorative nature, providing in-depth insights into the issues
older adults experience when using and learning to use activity
trackers, in comparison to those experienced by college-age
users. Small-scale qualitative studies have the advantage that
they provide a rich picture of the ideas and experiences of the
participants, but they are not able to provide a complete and
representative picture of all the issues that are involved.
Therefore, our results must be evaluated within the context of
several study limitations. First, our sample size of patients was
small (n=15 per group), and thus our participant pool may not
be representative of a general population. In particular, all the
younger participants were college students; therefore, they may
not be representative of the entire young population. However,
it is common in the sociology literature to regard college
students as a representative of young adults when investigating
age-related technology use practices since they are the major
users of information and communication technologies [50,51].
In addition, other factors that might have influenced the results
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were not investigated, such as gender difference [52], difference
by levels of technology expertise [53], or difference by the
duration of device use [54]. In particular, further research would
be helpful to explore the perspectives by usage durations since
our participants had varying durations of activity tracker use;
our data relied on participants’ memory, and memory could
change over time. Lastly, all participants were recruited from
an eastern metropolitan area of the United States. Therefore,
our results may not generalize to the larger population of
participants.

Conclusion
In an aging society, technological advances can have a positive
impact on promoting the quality of later life. An activity tracking
device is a type of electronic wearable device that holds
significant potential in assisting older adults’ health care by
allowing to monitor and track health-related metrics. However,
this population still shows slow rates of its adoption. While
theoretical frameworks have been introduced to explain and
promote the adoption of technology for older adults, little effort
has been made to validate the frameworks with people in other
age groups. Thus, we previously proposed a theoretical
framework that sought to explicate technology acceptance for

older adults [7], and this study aimed to validate this framework
by directly comparing the attitudes to and experiences of activity
trackers in older and younger users.

Our findings confirmed that the phase of perceived ease of
learning as a significant influencer on the acceptance of activity
trackers existed only among older users, but it never emerged
among younger users. In addition, this study confirmed that
other phases exist in both age groups, but 2 distinct patterns
emerged by age groups: (1) the social influence construct
influenced older participants positively but the younger
participants negatively, and (2) older participants’ exploration
in the system experiment phase was purpose-driven by particular
needs or benefits, but for younger participants, it was a phase
to explore a new technology’s features and functionalities. Based
on these findings, we confirmed the validity of our proposed
theoretical framework to account for the unique aspect of older
adults’ technology adoption. This framework can provide
theoretical guidelines when designing a technology for older
adults as well as when generating new ideas for investigations
and experiments about older adults and technology use. We are
hopeful that our findings will be useful toward expanding the
knowledge and practices for leveraging emerging personal
technologies to support the aging society.
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Abstract

Background: Diabetes is one of the leading causes of death in developing countries. Existing mobile health (mHealth) app
design guidelines lack a description of the support of continuous self-monitoring of health status, behavior change to improve
and adopt a healthy lifestyle, and communication with health educators and health care professionals in case of any need.

Objective: This paper presents the development of a specialized set of heuristics called heuristic evaluation for mHealth apps
(HE4EH) as an all-in-one tool and its applicability by performing a heuristic evaluation of an mHealth app.

Methods: An extensive review of heuristics and checklists was used to develop the HE4EH. The HE4EH was evaluated by
domain experts for heuristics, checklist items, severity ratings, and overall satisfaction. The OneTouch app, which helps individuals
with diabetes manage their blood glucose levels, was evaluated using HE4EH to identify usability problems that need to be fixed
in the app.

Results: The expert evaluation of HE4EH revealed that the heuristics were important, relevant, and clear. The checklist items
across the heuristics were clear, relevant, and acceptably grouped. In terms of evaluating the OneTouch app using the HE4EH,
the most frequently violated heuristics included Content, Visibility, Match, and Self-monitoring. Most of the usability problems
found were minor. The system usability scale score indicated that the OneTouch app is marginally acceptable.

Conclusions: This heuristic evaluation using the OneTouch app shows that the HE4EH can play a vital role for designers,
researchers, and practitioners to use HE4EH heuristics and checklist items as a tool to design a new or evaluate and improve an
existing mHealth app.

(JMIR Mhealth Uhealth 2020;8(10):e20353)   doi:10.2196/20353

KEYWORDS

mHealth; eHealth; heuristic evaluation; expert evaluation; self-monitoring; behavior change; design guidelines; framework

Introduction

The leading reason for morbidity and mortality, especially in
developing countries, is chronic disease [1]. About 80% of these
deaths in developing countries are due to cardiovascular disease
and diabetes mellitus, a proportion that is higher than in
developed countries. It is expected that this number will increase
further to 85% by 2030. The World Health Organization has
reported that the number of people with these diseases increased

from 108 million in 1980 to 422 million in 2014 [2]. At least
17% of the population in all the Gulf countries, including Qatar
(location of the workplace of both authors of this manuscript),
has diabetes. Researchers at Weill Cornell Medicine-Qatar have
predicted that the prevalence rate of type II diabetes will increase
from 12% in 2012 to at least 24% by 2050 [3]. One main
reported finding is that most cases are due to obesity. This shows
a need to support affected individuals with health care education
and lifestyle changes such as a healthy diet and increasing
physically active to improve their quality of life. Beratarrechea
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and colleagues [1] conducted a systematic review on mobile
health (mHealth) apps in developing countries and highlighted
that mHealth apps address health care system constraints related
to increased demand and limited resources. Developing countries
have barriers, including limited health care human resources,
insufficient finances, increasing populations, and an inability
to reach the portion of the population living in remote areas,
among others. Proper adherence to chronic disease management
is essential to improve an individual’s quality of life and
health-related outcomes [4]. Hamine and colleagues [4] also
conducted a systematic review of the impact of mHealth on
interventions and found that mHealth apps are increasingly
accessible and highly acceptable tools for patient
communication, monitoring, and education. They are also
effective means to facilitate self-management. Other barriers,
including language, literacy, access to a smartphone, cost, access
to the internet, or mobile network, are typically present
everywhere. This shows that there is a need to design mHealth
tools with these barriers in mind so that targeted patients can
easily use the developed mHealth solution with minimal training
or support. To keep patients motivated in using mHealth
solutions on a regular basis throughout the treatment or
intervention, gamification is increasingly adopted, as it facilitates
self-management of chronic conditions [5]. Thus, an app needs
to support an individual to continuously self-monitor his or her
health status, change behavior to improve his or her lifestyle,
and communicate with health educators and health care
professionals in case of any need.

Designers typically use an existing set of guidelines or heuristics
as a base to design a new app; they also evaluate and improve
the usability aspects of a developed app in light of an existing
set of guidelines or heuristics. A search on guidelines and
heuristics did not reveal an all-in-one package that supports
self-monitoring, behavior change, and communication with
health care professionals, as already mentioned, but it did reveal
related guidelines and heuristics. These include mHealth apps
[6], privacy of mHealth apps for self-tracking [7], electronic
medical records [8,9], personal health records [10], eHealth
[11], patient safety [12], and electronic health records [12]. To
the best of our knowledge, there is no existing set of guidelines
or heuristics that can be used to serve the purpose of evaluating

an app that supports self-monitoring, behavior change, and
communication with health care professionals.

Once an app is developed, a potential end user of the app or a
domain expert can be recruited to evaluate the app. End users
are typically exposed to the app towards the last stage of app
development; therefore, the expertise of domain experts is
utilized to quickly evaluate the app on behalf of end users. In
this research, domain experts evaluated the OneTouch app.
Methods that can be used for an expert evaluation include
heuristic evaluation [13]; cognitive walkthrough [14,15]; goals,
operators, methods, and selection [16]; keystroke-level model
[17]; or using results of a previous study as the basis to prove
or disprove different aspects of the design. Among these
methods, heuristic evaluation is not only quick but also
inexpensive and easy to perform in comparison to other
methods.

This paper presents the development of a specialized set of
heuristics based on existing heuristics, called the heuristic
evaluation for mHealth apps (HE4EH), that can be used as a
tool to design or evaluate an mHealth app. This paper is
structured as follows. The Methods section presents the mHealth
app design framework. The Results section presents the
evaluation of the HE4EH by domain experts and its applicability
to evaluate the OneTouch app. Last, the article is concluded in
the Discussion section.

Methods

Compilation of Heuristics
To compile the heuristics, we searched for existing sets of
mobile heuristics, mHealth heuristics, behavioral change, and
self-monitoring of blood glucose in electronic databases,
including Scopus, Web of Science, PubMed, and Google
Scholar. The research revealed 8 sets, by Shneiderman [18],
Nielsen [19], Gómez et al [6], Lacerda et al [20], Dourado and
Canedo [21], Monkman and Kushniruk [22], Abraham and
Michie [23], and the International Diabetes Federation [24].
Figure 1 presents the compilation of heuristics retrieved from
the results. The single word from each heuristic that is written
in square brackets is used as the shorter name of the heuristic
in the following sections.
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Figure 1. Compilation of heuristics.

Intraset Heuristics
There are similar heuristics across the sets; for instance,
consistency and standards, strive for consistency, and
consistency mean the same thing. Similarly, flexibility and
efficiency of use, efficient interaction, customizability, and
efficiency also mean the same thing. There are also other
examples. Therefore, all such heuristics were grouped together
using a concept similar to an affinity diagram.

Interset Checklist Items
Once all the related heuristics were grouped, it became obvious
that there would be multiple related checklist items. The next
step was to identify all those related checklist items and group,
merge, and expand the checklist items wherever needed. The
checklist items were mostly in the form of statements. Each
statement was converted into a question, so the checklist items
could be used to identify which items satisfied, did not satisfy,
and were not applicable for the app to support the researchers
and practitioners in evaluating the mHealth app.

mHealth Heuristics Framework
Figure 2 shows the framework of an mHealth heuristics. The
25 heuristics in the set were classified into 7 types of heuristics.
The framework consists of a set of components where each
component contains specific details and the interconnection
between the components form a structure of the framework.
Similarly, the heuristics and their checklist items can be
associated with the components and their details, respectively,
and the interconnection between a group of heuristics to a type
of heuristics forms a structure of the framework. Furthermore,
the checklist items associated with each heuristic can be adapted
to meet more or specific needs. Multimedia Appendix 1 presents
the distribution of the heuristics and checklist items. An
accessibility heuristic contains one checklist item only.
However, there are various accessibility guidelines in the
literature that can be used; the most used accessibility guidelines
in recent years are the Web Content Accessibility Guidelines
1.0, 2.0, and 2.1. Similarly, in the context of this research, the
checklist items of the self-monitoring heuristics are specific to
diabetes; however, they can be adapted with a set of guidelines
specific to any other chronic disease such as cancer, HIV, or
cardiovascular disease or acute, but equally life-threatening,
conditions such as ongoing coronavirus disease.
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Figure 2. Mobile health (mHealth) heuristics framework.

Expert Evaluation Study 1
This subsection presents the overall study design of the expert
evaluation study 1, while the results are presented in the Results
section.

Participants and Recruitment
Experts are widely used in research studies to mainly gather
their opinion and improve the instrument based on their
feedback. Experts were also used in this research to improve
the instrument (ie, a set of heuristics and checklist items). All
the participants were recruited through convenience sampling
and snowball sampling.

Instruments Used
The HE4EH is a proposed set of heuristics that contains 25
heuristics (see Figure 1) and a total of 436 checklist items (See
Multimedia Appendix 1).

The prestudy questionnaire included questions related to the
demographic information of the experts. The demographic
questions included gender; occupation; industry; experience (in
years); familiarity with types of diabetes; level of

human-computer interaction (HCI), usability, user interface, or
user experience design experience; experience working with
patients with diabetes; and involvement in a number of projects
for patients with diabetes.

The expert review questionnaire consisted of 4 parts, namely
heuristics, checklist items, severity ratings, and satisfaction. A
brief description of each follows.

The heuristics part of the expert review questionnaire presents
all 25 heuristics provided to the experts; for each heuristic, the
expert had to answer one question each for the importance of
the heuristic, the relevancy of the heuristic, and clarity of the
heuristic in the set. Each question was rated using a 5-point
Likert scale. The items corresponding to an odd-numbered value
for importance were “Not Important,” “Moderately Important,”
and “Very Important”; similarly, the items corresponding to an
odd-numbered value for relevancy included “Not Relevant,”
“Moderately Relevant,” and “Very Relevant.” Last, the items
corresponding with odd-numbered values for clarity were “Very
Poor,” “Barely Acceptable,” and “Very Good.”

A total of 436 checklist items were presented to the experts in
the expert review questionnaire. Similar to the heuristics, for
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each checklist item, the expert had to answer one question each
for the clarity, grouping, and relevance of the checklist item.
Each question for clarity, grouping, and relevance was rating
using a 5-point Likert scale. The items associated with
odd-numbered values for clarity included “Very Poor,” “Barely
Acceptable,” and “Very Good”; similarly, the items associated
with odd-numbered values for grouping were “Strongly
Disagree,” “Undecided,” and “Strongly Agree.” Last, the items
associated with odd-numbered values for relevance were “Not
Relevant,” “Moderately Relevant,” and “Very Relevant.”

Researchers in this space typically use a 5-point severity rating
scale where 0 means “No problem,” 1 means “Cosmetic,” 2
means “Minor,” 3 means “Major,” and 4 means “Catastrophe.”
We decided to investigate 3 alternate severity rating scales. For
the individual items in the 3 alternative scales, experts were
asked to choose a suitable option on a 5-point Likert scale from
“Very Difficult” to “Very Easy.” Then, we used descriptive
statistics to identify the most suitable of the 3 scales.

The first alternative scale was scored as follows: 0, “No
Violation”; 1, “Low”; 2, “Moderate”; 3, “High, Severe.” The
second alternative scale was scored as follows: 0, “Not
Applicable”; 1, “No Violation”; 2, “Minor”; 3, “Major” 4,
“Catastrophe.” The third alternative scale was scored as follows:
0, “No Violation”; 1, “Low”; 2, “Medium”; 3, “High.”

The last part of the expert review evaluation asked the expert
about their level of satisfaction in terms of using HE4EH for
the evaluation of an mHealth app. They were asked to answer
13 questions (see Multimedia Appendix 2) using a 5-point Likert
scale from 1 for “Strongly Disagree” to 5 for “Strongly Agree.”

Study Protocol
Each expert received a separate email to provide consent for
the evaluation of a set of heuristics and the checklist items. In
the email, they were briefly informed about the background of
the study and its objectives and were introduced to the set of
heuristics and its checklist items. The experts who agreed to
participate in the study were sent another email with 3

instruments: (1) prestudy questionnaire, (2) heuristics and
checklist items, and (3) expert review questionnaire. They were
asked to complete the prestudy questionnaire first and then
review all the heuristics and associated checklist items. Last,
they were asked to complete a comprehensive expert review
questionnaire and return the completed questionnaires via email.

Data Analysis
Microsoft Excel software was used to analyze the data collected
in this study.

For each heuristic, checklist item, severity rating, and
satisfaction rating, the expert was asked to answer one or more
questions using a 5-point or 4-point Likert scale. The frequency
was calculated as a sum of responses for each Likert-scale score
for each question.

Expert Evaluation Study 2
This subsection presents the overall study design of expert
evaluation study 2, while the results are presented in the Results
section.

Participants and Recruitment
In studies evaluating heuristics, at least 3 participants are
recommended, as they can contribute to identifying ≥75% of
the usability problems in the app or the system used for the
evaluation [13]. In this research, a total of 7 participants took
part in the evaluation. The approach used to recruit participants
was like that of expert evaluation study 1. Initially, 10
participants were recruited and divided into 2 sets of 5 groups,
and only 1 participant was in the group. Three participants using
an Android smartphone informed us they were unable to
download the app. The Google Play Store was giving the
following error message: “This item isn’t available in your
country” as shown in Figure 3. This shows that access to the
app was possibly restricted for certain countries; therefore, the
participants from Malaysia and Pakistan could not download
the app. It was then decided to proceed with the 7 participants
from Qatar. The group-related details are described in Results:
Expert Evaluation Study 2.
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Figure 3. Error message for the app in the Google Play Store.

App Selection
Websites with rankings of apps to manage diabetes were
searched. The selection criteria used to choose a webpage and
the app were as follows: (1) webpage provided the names and
descriptions of apps to manage diabetes, (2) app was available
for both Android and iOS devices, (3) app was free to download,
and (4) app did not have in-app purchases.

One of the pages entitled “The best diabetes apps of 2019” [25]
was also part of the results. This webpage provided details for
13 apps, of which 3 apps met the aforementioned criteria,
namely the Sugar Sense Diabetes app, OneTouch Reveal, and
BeatO. The first app was excluded because it was not found in
the Google Play Store. The iOS and Android ratings for the
remaining 2 apps were 4.7 and 4.0, respectively, and 2.7 and
4.5, respectively. Based on the ratings for both platforms, the
OneTouch app was selected for the evaluation in this research.
The details of the OneTouch app are described in the next
subsection.

Instruments Used
The proposed set of heuristic HE4ED and its checklist were
used as the instruments in this research. The details of heuristics
and checklists are discussed in detail in the earlier sections.

The OneTouch app helps manage blood glucose levels; this app
complements the OneTouch Verio Flex meter. Once the blood
glucose readings are added, the app automatically searches for
and highlights trends and provides push notifications so the user
can take the necessary actions. Physicians have access to their
patients’ data; physicians can change their patients’ diet plans
based on their history. The app also provides the opportunity
to share data about progress with family members and friends.
Furthermore, users can log in to their accounts online from their
desktop or laptop. This app was carefully chosen because it may
be useful for an individual with diabetes and obesity in the
Middle East and North Africa region.

The prestudy questionnaire contained questions related to
demographic information. The questions included gender, age,
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highest degree or level of education, designation (if working),
HCI-related courses taken, previously evaluated apps, and set
of heuristics or guidelines used.

The usability problem reporting form allowed participants to
report identified usability problems with the OneTouch app.
For each identified problem, the participant needed to report
the broken heuristic and checklist, description of the problem,
possible solution from their perspective, and severity rating.
The severity rating ranged from 0 to 4 inclusive: “not a
problem,” “cosmetic problem only,” “minor usability problem,”
“major usability problem,” and “usability catastrophe.” The
typical severity rating scale was chosen for 2 reasons. First, the
experts’ opinions on the severity rating scales were almost the
same. Second, the new ratings may not have given a better
picture as each expert only received about 25% of the checklist
items. Researchers conducting heuristic evaluation studies
typically use the same severity scale mentioned in this
subsection rather than the one proposed in this study.

The system usability scale (SUS) by Brooke [26] was used as
the poststudy questionnaire. The usability measurements
included in the SUS cover effectiveness, efficiency, and user
satisfaction. The questionnaire includes 10 statements, and for
each statement, the respondent needs to select the best possible
choice based on a 5-point Likert scale from “strongly disagree”
to “strongly agree.”

Study Protocol
We sent an email to the participants to brief them about the set
of heuristics developed and the evaluation of the OneTouch
app. They were informed that they would be divided into 5
groups, with 1 participant in each group, and groups would be
randomly formed. They were asked to give consent by replying
to the email. The participants consenting to participant were
sent another email with the following:

• Set of instructions to download and install the OneTouch
app on their Android or iOS device and to register an
account for themselves. They were informed that they would
evaluate the app on their own.

• Set of heuristics and either 107 or 108 checklist items (ie,
about 25% of the total checklist items). We provided about
one-fourth of the checklist items to limit workload and, at
the same time, define a minimal set of checklist items that
could be useful to evaluate the app. These checklist items
were equally distributed in a way that each heuristic has
one or more checklist item. There were some similarities
in the checklists between groups.

• Pre-study questionnaire, usability problems reporting form
for the OneTouch app, and poststudy questionnaire. They
were informed to complete these in the following order:
prestudy questionnaire, the evaluation of the OneTouch
app and reporting of usability problems in the reporting
form, and poststudy questionnaire. We requested that they
return all completed files via email.

They were also informed that, in case of any confusion or query,
they could always communicate via email, and a Skype call
could be initiated for discussion, if needed. They were also
asked to nominate a potential list of participants who would be
interested in evaluating the app.

Data Analysis
Microsoft Excel software was also used to analyze the data
collected during expert evaluation study 2.

For each heuristic, the usability problems represent the sum of
usability problems found for all the severity ratings.

For each heuristic, the average severity rating represents the
average of usability problems found for all the severity ratings.

The standard calculation method for the SUS score was used
in this research.

Results

Expert Evaluation Study 1
Table 1 shows the demographic information of all the experts
who participated in the study.

Table 1. Demographic information of the experts who participated in expert evaluation study 1.

ProjectsbHCIa expertiseExperience (years)IndustryOccupationParticipant

N/AcIntermediate18EducationAssistant professorExpert 1

1Intermediate10ITdSenior software engineerExpert 2

0Intermediate17EducationAssistant professorExpert 3

2Expert20EducationAssociate professorExpert 4

2Expert23EducationAssociate professorExpert 5

aHCI: human-computer interaction.
bNumber of projects with patients with diabetes.
cN/A: not applicable.
dIT: information technology.

Heuristic
Multimedia Appendix 3 shows the expert opinions for the 3
questions (importance, relevance, and clarity of the heuristic)

asked for all 25 heuristics of the set. The first column shows
the serial number, while the second column shows the full name
of the heuristic. The remaining 9 columns show the sum of the
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opinions for the aforementioned 3 questions. The sum of the
expert opinions is shown in 3 columns for each question.

The numeric values in the 3 columns (from left to right) for the
importance of a heuristic represent the number of responses for
“Very Important,” “Important,” and “Moderately Important,”
respectively. Similarly, the numeric values in the next 3 columns
(from left to right) for the relevance of a heuristic represent the
number of responses for “Very Relevant,” “Relevant,” and
“Moderately Relevant.” The numeric values in the last 3
columns (from left to right) for the clarity of a heuristic represent
the number of responses for “Very Good,” “Good,” and “Barely
Acceptable.” There are only 3 negative responses for the “Little
Importance” item of the Likert scale for a question related to
the importance of the heuristic; the 3 heuristics marked with an
asterisk “*” had 1 negative response each. Therefore, the 2
columns for the negative items on the Likert scale are not shown
in the table. Similarly, 1 expert did not answer a question related
to the importance and relevance of the heuristic for 3 heuristics;
these heuristics are marked with a hash “#.”

Of the responses, 90.4% (113/125) showed that the heuristics
are important, 4.8% (6/125) showed that they are moderately
important, and 2.4% (3/125) showed that heuristics are of little
importance, while the remaining 2.4% (3/125) were unanswered.

Of the responses, 93.6% (117/125) showed that the heuristics
are relevant, and 4.0% (5/125) of the responses showed that
they are moderately relevant, while the remaining 2.4% (3/125)
of the responses were unanswered.

Of the responses, 74.4% (93/125) showed that the heuristics
are clear, while the remaining 25.6% (93/125) showed that they
are barely acceptable.

Checklist Items
Multimedia Appendix 4 shows the mean scores of all 3 questions
(ie, clarity, grouping, and relevance) for each checklist item.
The means are presented in ranges for each question. The
analysis of the mean scores revealed that the minimum mean
score for each question of the checklist was 2.8. Therefore, the
ranges are presented in Multimedia Appendix 4 in increments
of 0.2 (except the last range, which is an increment of 0.21)
from 2.8 to 5.0. The decimal value of the checklist items
represents the heuristic number in the set (whole number) and
the checklist item for that heuristic (fractional number). The
results of the questions are discussed in the following
paragraphs.

The results show that the experts had a neutral opinion about
the clarity of 2 of the 436 (0.5%) checklist items (ie, 3.26 and
17.4). The experts agreed for 173 of the 436 (39.6%) checklist

items, while they strongly agreed for the remaining 262 of the
436 (60.0%) checklist items.

In terms of the grouping of checklists for each heuristic, the
results show that the experts agreed for 149 of the 436 (34.1%)
checklist items, while the experts strongly agreed for the
remaining 288 of the 436 (66.0%) checklist items.

The results show that the experts had a neutral opinion about
the relevance of 2 of the 436 (0.5%) checklist items (ie, 12.3
and 17.4). The experts agreed for 141 of the 436 (32.3%)
checklist items, while they strongly agreed for the relevance of
the remaining 294 of the 436 (67.4%) checklist items.

Severity Rating Scales
Multimedia Appendix 5, Multimedia Appendix 6, and
Multimedia Appendix 7 present the results of 3 different severity
rating scales in terms of the mean individual rating or score and
the overall mean of all the ratings or scores. The results show
that there is a subtle difference between all 3 rating scales.

Satisfaction
Multimedia Appendix 2 shows the level of satisfaction with
using the HE4EH to evaluate an mHealth app. The numeric
values in the 5 columns (from left to right) indicate the sum of
the responses for “Strongly Agree,” “Agree,” “Neutral,”
“Disagree,” and “Strongly Disagree” for each question.

According to the experts, sufficient or enough material was used
to develop te HE4EH; it is not complex to use and provides
useful information to design or evaluate an mHealth app. The
terminologies used in the HE4EH are clear and easy to
understand, learn, and use; the length of the HE4EH is suitable
for the evaluation of mHealth apps that aim to improve the
health of patients, especially those with diabetes in the context
of this research, and allow them to self-monitor and change
their behaviors. They were satisfied with the number of checklist
items and their categorization, and they could use them to
evaluate an app.

Expert Evaluation Study 2
The demographic information of the recruited participants is
presented in Table 2.

The results of the heuristic evaluation study are shown in Figure
4. The stacked columns show the number of usability problems
found for each heuristic under zero, one, or more severity levels,
while the line with markers shows the average severity rating
of all the usability problems found for each heuristic. The
horizontal axis shows the 25 heuristics of the set, and there are
2 vertical axes. The vertical axis on the left is the primary axis
and represents the number of usability problems found, while
the vertical axis on the right side shows the severity rating.
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Table 2. Details of the participants in the expert evaluation study 2.

Results, n (%)Parameter

Gender

2 (29)Male

5 (71)Female

Age group (years)

3 (43)21-25

1 (14)26-30

1 (14)31-35

2 (29)36-40

Highest degree

1 (14)Bachelor’s degree

4 (57)Master’s degree

2 (29)Doctorate

Employment status

5 (71)Full-time student

2 (29)Full-time employment and part-time student

7 (100)HCIa courseb

Previous app evaluation using a set of heuristics or guidelines

3 (43)1-4

4 (57)≥5

aHCI: human-computer interaction.
bCourses included HCI, interactive design, health care interaction design, and information visualization.

Figure 4. Usability problems identified using a proposed set of heuristics.

The cumulative number of usability problems found by all the
groups was 137: severity rating 4: 15/137, 11.0%; severity rating
3: 49/137, 35.8%; severity rating 2: 54/137, 39.4%; severity
rating 1: 19/137, 13.9%.

Usability Problems
The results show that one or more usability problems were found
for most of the heuristics (23/25, 92%). The most frequently
broken heuristics included content (30/137), visibility (12/137),
and match and self-monitoring (9/137 each).

During the process of dividing the checklists into the groups,
it was expected that some groups might find a usability problem

in the app but that they may not find suitable checklist items to
which they could map the problem. This was expected because
each group received about 25% of the entire checklist. During
the analysis of the usability problems, the groups found 14
usability problems for which they could not find a matching
checklist item. In Figure 3, these usability problems are
presented in the last stacked column labeled Others.

Multimedia Appendix 8 presents the details of some of the
usability problems found by the participants. The details
presented include heuristic number, problem description, the
potential solution from their perspective, and severity rating.
An “OT” in the first column of the table means the participants

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e20353 | p.149http://mhealth.jmir.org/2020/10/e20353/
(page number not for citation purposes)

Khowaja & Al-ThaniJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


were unable to find a matching heuristic for the mentioned
usability problems.

Average Severity Ratings
The average severity rating of all usability problems found was
2.4; this shows that most of the usability problems found were
minor.

System Usability Scale (SUS)
Table 3 shows the SUS scores of each participant for the
OneTouch app. The scores ranged from 42.5 through 75, with
an average score of 60.

Table 3. System usability scale (SUS) scores.

SUS scoreParticipant ID

50.01

70.02

47.53

72.54

62.55

75.06

42.57

There are different ways to interpret the SUS scores [27]; these
include percentiles, grades, adjectives, acceptability, and
promoters and detractors. In this research, SUS scores were
interpreted using acceptability, which defines the score in terms
of what is “acceptable” or “not acceptable.”

According to the grading scale interpretation of SUS scores by
Bangor and colleagues [28], the OneTouch app is Marginally
acceptable. This shows that the OneTouch app needs
enhancements to improve the usability of the app.

Discussion

This research presents a modified set of heuristics called the
HE4EH and its applicability by evaluating the OneTouch app.
The HE4EH consists of Nilsen’s heuristic, mobile heuristics,
health heuristics, and other heuristics (behavior change and
self-monitoring of health). The HE4EH is a tool to assist HCI
experts and mobile app developers when designing or evaluating
an mHealth app for individuals with diabetes, by measuring the
usability problems that can influence the user experience with
the app. First, an expert evaluation study was conducted to
improve heuristics and associated checklist items. Then, another
expert evaluation study was conducted to evaluate a popular
app called OneTouch intended to help with blood glucose
management. The findings of the usability evaluation are as
follows:

• Although the participants had a partial list of checklist
items, they were able to identify the usability problems and
link them to the given checklist items.

• The participants were also able to identify usability
problems that could not be mapped to the partial list of
given checklist items. This shows that, if given a complete
list of checklist items, more usability problems could be
identified.

• The top 3 frequently violated heuristics included Content,
followed by Visibility, Match, and Self-monitoring.

• Although minimal, the participants were able to identify
usability problems in the OneTouch app associated with

the heuristics incorporated explicitly for behavior change
and self-monitoring of blood glucose. The lack of
incorporation of these and related heuristics and the
associated checklist items means the identified usability
problems had remained undetected.

• The average severity rating of all the usability problems
found was minor.

• The mean SUS score showed that the OneTouch app is
marginally acceptable and needs enhancements to improve
the overall usability of the app.

Limitations
As with all studies, this research has a few limitations. First,
we used only selected bibliographic databases and search terms
to identify a set of related heuristics. Second, a limited set of
checklist items was given to each expert in the study. Last, the
severity rating scale typically used in heuristic evaluation studies
was also used in this research due to a subtle difference between
the severity rating scales proposed in this research.

Future Work
The current research can be extended in different ways. First,
we intend to evaluate the mHealth apps by giving a complete
set of checklist items to the HCI experts and investigate the
impact on identifying usability problems in the apps, especially
in terms of the specialized heuristics added to the HE4EH. They
can consider using one of the severity rating scales discussed
in this research. Second, future research can evaluate the
effectiveness of different severity ratings proposed in this
research. Third, the accessibility heuristic contains one generic
checklist item; future research can, therefore, enrich it with a
specialized set of guidelines like the Web Content Accessibility
Guidelines [29] and then investigate the accessibility of mHealth
apps. Similarly, checklist items for heuristics can also be adapted
(eg, for privacy [7]). Fourth, future research can adapt the
HE4EH and incorporate specific types of heuristics with more
checklist items not covered in the set, especially in terms of
controlling blood glucose monitoring. Fifth, future research can
also adapt the HE4EH for behavioral change and self-monitoring

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e20353 | p.150http://mhealth.jmir.org/2020/10/e20353/
(page number not for citation purposes)

Khowaja & Al-ThaniJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


of other health-related issues such as obesity and depression,
among others. Last, future research can also conduct a
qualitative study with domain experts to identify the heuritics

or checklist items that can be combined to reduce the number
of heuristics or checklist items.
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Abstract

Background: Although healthy aging can be stimulated by the reduction of sedentary behavior, few interventions are available
for older adults. Previous studies suggest that self-monitoring might be a promising behavior change technique to reduce older
adults’ sedentary behavior. However, little is known about older adults’ experiences with a self-monitoring–based intervention
aimed at the reduction of sedentary behavior.

Objective: The aim of this study is to evaluate engagement, acceptability, usability, and preliminary efficacy of a
self-monitoring–based mHealth intervention developed to reduce older adults’ sedentary behavior.

Methods: A mixed methods study was performed among 28 community-dwelling older adults living in Flanders, Belgium. The
3-week intervention consisted of general sedentary behavior information as well as visual and tactile feedback on participants’
sedentary behavior. Semistructured interviews were conducted to explore engagement with, and acceptability and usability of,
the intervention. Sitting time was measured using the thigh-worn activPAL (PAL Technologies) accelerometer before and after
the intervention. System usage data of the app were recorded. Quantitative data were analyzed using descriptive statistics and
paired-samples t tests; qualitative data were thematically analyzed and presented using pen profiles.

Results: Participants mainly reported positive feelings regarding the intervention, referring to it as motivating, surprising, and
interesting. They commonly reported that the intervention changed their thinking (ie, they became more aware of their sedentary
behavior) but not their actual behavior. There were mixed opinions on the kind of feedback (ie, tactile vs visual) that they preferred.
The intervention was considered easy to use, and the design was described as clear. Some problems were noticed regarding
attaching and wearing the self-monitoring device. System usage data showed that the median frequency of consulting the app
widely differed among participants, ranging from 0 to 20 times a day. No significant reductions were found in objectively measured
sitting time.

Conclusions: Although the intervention was well perceived by the majority of older adults, no reductions in sitting time were
found. Possible explanations for the lack of reductions might be the short intervention duration or the fact that only bringing the
habitual sedentary behavior into conscious awareness might not be sufficient to achieve behavior change.

Trial Registration: ClinicalTrials.gov NCT04003324; https://tinyurl.com/y2p4g8hx

(JMIR Mhealth Uhealth 2020;8(10):e18653)   doi:10.2196/18653
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Introduction

The aging population continues to expand rapidly. Estimates
indicate that the global number of adults over the age of 65
years will nearly double from a current population of about 800
million to approximately 1.5 billion in 2050 [1]. This
unprecedented population boom poses a major public health
challenge. Aging will present an economic burden on society
because of increased needs resulting from age-related decline
of physical, mental, and cognitive health [2]. To maintain the
quality of life of older adults while living independently, healthy
aging has become a main priority in the field of public health.

Up until now, the majority of efforts to facilitate healthy aging
have been focused on increasing moderate- to vigorous-intensity
physical activity [3] but have neglected sedentary behavior.
However, both physical inactivity and high levels of sedentary
time have been shown to be significantly related to detrimental
health effects, like an increased risk for all-cause mortality,
noncommunicable diseases [4], and geriatric syndromes, such
as physical and cognitive impairments [5,6]. Research has
indicated that an increase in moderate- to vigorous-intensity
physical activity is often not sufficient to offset the negative
health consequences of high levels of sedentary behavior [7].
Given the negative health consequences and the high prevalence
of sedentary behavior in older adults (ie, 60 years and over) [8],
creating interventions specifically focusing on the reduction of
sedentary behavior is recommended to promote healthy aging.

Existing sedentary behavior interventions have mainly focused
on social-cognitive models of behavioral change (eg, theory of
planned behavior) [9,10]. However, most of these models are
based on an expectancy-value framework in which behavior is
determined by expected outcomes and the value that is placed
on them [11]. As such, these models do not adequately capture
processes underlying unintentional and habit-like behavior.
Given that a large part of older adults’ sedentary behavior is
habitual, specific strategies are needed to better control sedentary
behavior. One might, for example, change the circumstances,
so that habit cueing does not occur anymore [12], or alter
external cues that lead to habit execution [13]. These strategies
are rather manipulative and often impossible; therefore, they
are not always ethical [14,15]. Another way to disrupt undesired
habits is preferred, namely by bringing habitual behavior and
its context into conscious awareness. This might be achieved
by means of self-monitoring [16].

Self-monitoring, which is defined as keeping a record of a
specified behavior as a method for changing behavior [16], has
been identified as a promising behavior change technique to
reduce sedentary behavior in adults [10,17]. A recent
meta-analysis, in which interventions including self-monitoring
were summarized that aimed to reduce sedentary behavior,
showed a significant reduction in total sedentary time [17].
Specifically, an overall mean difference of 34.37 min/day (95%
CI 14.48-54.25) was found for total sedentary time between
intervention and control groups. It is important to note, however,
that the majority of the included interventions targeted young
and middle-aged adults. Only four studies targeted older adults
with a mean age above 60 years. Of these four studies, only one

used an electronic self-monitoring device to provide information
on older adults’ sedentary behavior, namely the Fitbit One. As
the Fitbit One is worn on the wrist, the validity of the sedentary
behavior information can be questioned.

Given the limited quantity and quality of existing research on
this topic, it remains unclear how older adults experience and
use self-monitoring–based mobile health (mHealth) interventions
specifically developed to reduce sedentary behavior. However,
this information is essential to inform decisions on the
development of future interventions. The conceptual model by
Perski et al has indicated that user engagement (ie, the
combination of subjective experiences characterized by
attention, interest, and affect, and objectively measured
intervention usage) is assumed to moderate the influence of the
mHealth intervention on the mechanisms of action [18]. Next
to user engagement, other aspects of acceptability (ie, how well
older adults perceived the intervention and the extent to which
the intervention met their needs), such as perceived relevance,
satisfaction, and perceived usefulness, as well as usability (ie,
the extent to which the intervention could be used by other older
adults to reduce their sedentary behavior), also contribute to an
individual’s motivation to continue using the app [19].

Therefore, the overall aim of this study is to gain insight into
older adults’ experiences with, and the use of, a
self-monitoring–based mHealth intervention specifically
developed to reduce sedentary behavior. As both qualitative
and quantitative data are essential to fully understand concepts
such as user engagement, a mixed methods study is used.
Moreover, preliminary efficacy of the intervention on older
adults’ objectively assessed sedentary behavior is examined to
get a first indication of the effect size.

Methods

Participants and Design
A convergence model with a triangulated mixed methods
approach was conducted to gain in-depth comprehension in the
user engagement, acceptability, and usability of an mHealth
intervention aimed at the reduction of sedentary behavior. This
methodology allowed us to compare, corroborate, or relate
quantitative data (ie, system usage and activity monitor data)
and qualitative data (ie, interview data). Quantitative and
qualitative data were analyzed separately, followed by an
integrated interpretation of the results. Participants in the mixed
methods study were recruited in Flanders, Belgium, from
February to May 2019 using convenience sampling. Recruitment
continued until data were saturated (ie, until no new themes
emerged in additional interviews). Firstly, an advertisement
was distributed via Facebook, and secondly, the advertisement
was electronically sent to older adults who were included in a
previous study by our research group and who had expressed
interest in future studies. To be eligible for this study,
participants needed to (1) be at least 60 years old, (2) be Dutch
speaking, (3) be able to walk 100 meters without severe
difficulties, and (4) have a smartphone. The study was registered
at ClinicalTrials.gov (Identifier: NCT04003324) and was
approved by the Committee of Medical Ethics of the Ghent
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University Hospital (Belgian registration number: 2019/0398).
All participants provided written informed consent.

Procedure
The study procedure is explained in Figure 1. Concretely, older
adults who agreed to participate were contacted by phone to
make an appointment for a first home visit. During this home
visit, they received an information letter explaining the purpose
of the study and an informed consent form. After signing the
informed consent form, baseline measures were collected.
Specifically, a structured interview was conducted to assess
participants’ sociodemographic characteristics. Moreover, an
accelerometer—activPAL (PAL Technologies)—was attached
to the participants’ thighs to objectively measure their sedentary

behavior. Participants were instructed to wear the accelerometer
for 1 week and to fill out the accompanying diary. After 1 week,
a researcher visited the participants again at their homes to
collect the accelerometers. After baseline measurements, the
self-monitoring–based mHealth intervention was introduced to
the participants (see Self-Monitoring mHealth Intervention
section). At the end of the intervention (ie, after 3 weeks),
participants were asked to complete a semistructured interview
that included questions on user engagement with the intervention
and perceptions regarding usability and acceptability. At the
end of this last home visit, participants were instructed to wear
the accelerometer for another week (ie, postmeasurements).
Participants were given a prestamped envelope and were asked
to send the accelerometer back by postal mail.

Figure 1. Study procedure.

Self-Monitoring mHealth Intervention
The intervention consisted of general sedentary behavior
information as well as visual and tactile feedback on
participants’ sedentary behavior. General sedentary behavior
information was provided to participants by means of a
10-minute presentation. The presentation was given by an expert
in the field during the second home visit. Visual and tactile
feedback were provided using a novel self-monitoring
device—the Activator (PAL Technologies). The Activator has
recently been validated by Gill et al [20]. The Activator is worn
on the front of the thigh, either in a pants pocket or attached
with an elastic band to clothing covering the upper thigh (eg,

trousers, jeans, shorts, leggings, tights, or dresses), and provides
visual and tactile feedback [21]. Visual feedback is presented
through a smartphone app via Bluetooth connection. Both
real-time feedback and a 7-day historical overview are presented
based on participants’ sedentary time, upright time, and number
of steps (see Figure 2). Visual feedback is constantly available
and can be viewed whenever and as often as participants want.
Tactile feedback is provided by means of a strong, but
comfortable, vibration of the Activator device itself each time
a participant is sitting for 30 uninterrupted minutes. If a
participant remains sedentary, the vibration is repeated after
another 30 minutes. Participants were able to turn the vibration
function on and off.
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Figure 2. Screenshots of visual feedback provided by the Activator.

Measurements

Structured Interview
Participants’ sociodemographic characteristics were collected
by a trained researcher during the first home visit.
Sociodemographic characteristics included age, gender, family
situation (ie, being single or a widow or widower, having a
partner but living independently, living with a partner, or being
married), number of children, number of grandchildren,
residential area (ie, countryside, village, city suburb, or city),
educational level (ie, no education, primary education,
vocational secondary education, technical secondary education,
general secondary education, college, or university), and
employment status (ie, employed or not employed).

Activity Monitor
Total sedentary time, sit-to-stand transitions, standing time, and
number of steps were objectively estimated by means of the
activPAL accelerometer. The accelerometer was attached on
the midline of the right anterior thigh. Participants were
instructed to wear the accelerometer for 7 consecutive days (24
h/day), both at baseline and at postmeasurement. The activPAL
accelerometer summarizes data in 15-second intervals and has
shown to be a valid and reliable measure for estimating the time
spent sitting, standing, and stepping [19]. The activPAL data
were downloaded using activPAL3 software, version 7.2.38,
and were then processed using ProcessingPAL, version 1.1
(University of Leicester, UK). This software uses a validated
algorithm to separate valid waking wear data from sleep and
nonwear data. A day was considered invalid if there was limited
postural variation (ie, ≥95% of wear time in one activity), a
limited number of steps (<500 steps/day), or fewer than 10 hours
of valid waking wear time [22,23]. Summary data from the
algorithm were quality checked using heat maps against
participants’ diaries, and corrections were made where needed
[22,23]. Only participants with at least 5 days of valid activPAL
data on both time points were included in the analyses [24].

Diary Log
Participants were asked to indicate sleep time (ie, time they
went to bed and got up) and nonwearing time of the activPAL

in a diary during the 7 days of baseline measurement and
postmeasurement.

Semistructured Interview
Semistructured face-to-face interviews were conducted by
trained researchers to explore (1) user engagement with the
intervention and (2) the usability and acceptability of the
intervention. User engagement was defined as the subjective
experience of older adults with the intervention characterized
by attention, interest, and affect. Acceptability was assessed by
asking questions on how well the older adults perceived the
intervention and by evaluating the extent to which the
intervention met their needs. Usability included questions on
the extent to which the intervention could be used by other older
adults to reduce their sedentary behavior. The interview guide
(see Multimedia Appendix 1) was developed by the first author
(SC) based on an extensive literature search and on previous
research by our research group examining user engagement,
acceptability, and usability of eHealth and mHealth interventions
[25]. Conceptual frameworks identified from the literature
search, such as the conceptual framework of direct and indirect
influences on engagement with digital behavior change
interventions (DBCIs) by Perski et al [18] and the behavioral
intervention technology (BIT) model of Mohr et al [26], guided
the construction of the interview guide. The DBCI-related
framework is an integrative conceptual framework involving
potential direct and indirect influences on engagement and
relationships between engagement and intervention
effectiveness. The BIT model conceptually defines BITs, from
the clinical aim to the technological delivery framework. 

After thorough discussion with the last author (DVD), the
interview guide was revised and pilot-tested with two older
adults. Based on the pilot test, some minor changes were made,
such as paraphrasing and simplifying some vocabulary. By
doing so, the clarity of the questions was verified and the
duration of the interview was estimated. Interviews were audio
recorded (mean duration 11.11 minutes, SD 5.94) and
transcribed verbatim, producing a document of 122 pages in
length, using Calibri font, size 11.
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System Usage Data
System usage data of the Activator (ie, the app) were stored on
the cloud server of PAL Technologies and used to objectively
estimate user engagement; data included (1) the number of days
the Activator was worn and (2) the number of times the app
was accessed.

Data Analysis
Descriptive statistics were used to describe the baseline
characteristics of the participants and to assess the extent of
usage (ie, engagement). Qualitative data were thematically
analyzed, using the NVivo 12 software package (QSR
International), using the six-phase approach by Braun and Clarke
[27] to gain insight into participants’ subjective experiences
with the intervention (ie, engagement) and acceptability and
usability of the intervention. More specifically, two researchers
outside the project team—Charlotte Meersseman and Siel
Mechelinck—read and reread the transcripts multiple times to
become familiar with the data (phase 1). They independently
coded the data line by line and defined an initial coding scheme
using an inductive approach (phase 2). The coding schemes
were then discussed with the first author (SC). By doing so, the
triangulation technique was applied and the trustworthiness and
validity of the findings were promoted. Based on the coding
schemes, themes were searched (phase 3), reviewed (phase 4),
and defined (phase 5). Subsequently, pen profiles (ie, diagrams
of composite key emergent themes, frequency data, and verbatim
quotes) were constructed based on the defined themes and results
were written up (phase 6). This increasingly utilized technique
is considered appropriate for presenting qualitative outcome

data in a clear and useful manner [28]. Paired-samples t tests
were performed to determine preliminary efficacy of the
intervention on older adults’ sedentary time. All quantitative
analyses were conducted in SPSS Statistics for Windows,
version 25.0 (IBM Corp).

Results

Participants
A total of 36 older adults expressed interest in participation.
Out of these 36 participants, 2 (6%) of them could not be
reached to make an appointment for the first home visit and 4
(11%) decided to withdraw from the study after receiving
detailed study information. Reasons for withdrawal were health
problems (2/36, 6%), lack of time (1/36, 3%), and death of a
spouse (1/36, 3%). As such, 30 older adults completed the
baseline measurements. Out of these 30 participants, 2 (7%) of
them were excluded, as baseline data showed that they did not
fulfill the inclusion criteria (ie, they were not able to walk 100
meters without severe difficulties). In addition, 2 (7%)
participants dropped out during the intervention period due to
health problems (1/30, 3%) and lack of motivation (1/30, 3%).
Consequently, posttest data were collected from 26 out of 28
participants (93% retention).

Baseline characteristics of the participants are presented in Table
1. Just over half of the participants (15/28, 54%) were female,
the average age was 65.0 years (SD 4.6), and the mean BMI

was 25.4 kg/m2 (SD 3.9). The majority of the participants were
highly educated and were married or lived with a partner.
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Table 1. Baseline characteristics of the participants.

Values (N=28)Characteristic

Gender, n (%)

13 (46)Men

15 (54)Women

Age in years

64.3 (3.8), 60-76All adults, mean (SD), range

15 (54)Young older adults (<65 years), n (%)

13 (46)Older adults (≥65 years), n (%)

Educational level, n (%)

1 (4)No education or primary education

11 (39)Secondary education

16 (57)College or university

Family situation, n (%)

5 (18)No partner (ie, single or widowed)

1 (4)Have a partner but living separately

22 (79)Married or living with a partner

BMI

25.4 (3.9)Mean (SD)

16 (57)Healthy weight, n (%)

6 (21)Overweight, n (%)

5 (18)Obese, n (%)

User Engagement
Qualitative data on user engagement were thematically analyzed
and are presented in Figure 3. The main themes that emerged

were positive and negative feelings about the intervention,
preferences for the kind of feedback, and the pattern of use.

Figure 3. Pen profile of engagement with the intervention.
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The participants mainly reported positive feelings, such as being
motivated, surprised, and interested. Only a minority (3/28,
11%) indicated that they thought the intervention was not
interesting and not helpful. There were mixed opinions on the
preferred kind of feedback (ie, tactile vs visual). Some thought
the vibrations were more useful, whereas others favored the
visual information on the app. System usage data showed that
the median number of days the self-monitoring device was worn
by the participants was 20 out of 21 days (range 15-21). Half
of the participants (16/28, 57%) reported that they accessed the
app on a daily basis. This finding was confirmed by system
usage data (see Multimedia Appendix 2), showing that 8 out of
28 participants (29%) consulted the app every day, while 5
participants (18%) consulted the app at least 80% of the days.
Some participants reported that they consulted the visual

feedback multiple times a day. Accordingly, system usage data
showed that the median frequency of consulting the app ranged
from 0 to 20 times a day (see Multimedia Appendix 2).
Especially in the evening, and after doing physical activities,
participants reported that they viewed the visual feedback. They
indicated that the main reasons to access the app were out of
curiosity, to go through their day, and to see the impact of
certain physical activities. Participants also emphasized that
they consulted the app more frequently in the beginning of the
intervention period, compared to the end of the intervention
period. This finding was also in line with the system usage data,
which show that the median frequency of consulting the app
ranged from 3 or 4 times a day in the beginning of the
intervention to 1 or 2 times a day at the end of the intervention
(see Figure 4).

Figure 4. Evolution of consulting visual feedback.

Acceptability and Usability
Results of the thematic analysis on acceptability and usability
of the intervention are presented in Figure 5. The main themes
that were identified were the design and the ease of use, wearing
preferences, problems and solutions, the focus, and the perceived
relevance. The intervention was considered easy to use, and
most participants described the design as clear. The only remark
on the design were the colors of the behaviors. Participants
frequently cited that it would be more logical if sedentary
behavior (ie, the behavior that should be limited) were displayed
in red and the number of steps (ie, the behavior that should
increase) in green. Participants expressed mixed preferences
regarding the way to wear the device. Some participants (11/28,
39%) preferred to use the elastic band, whereas others (13/28,
46%) preferred to wear it in their pockets. Frequent problems

that older adults, especially women, experienced included small
or loose pockets, loss of the device, and the imprint of the elastic
band on their clothes after wearing it. Out of the 28 older adults,
5 (18%) indicated that they used a handkerchief to ensure that
the device was fixed in their pocket and could not flip over.
Despite the fact that the aim of the intervention was to reduce
sedentary behavior, only 2 participants (7%) mainly focused
on the sedentary behavior information. Although the majority
of older adults rated the intervention as highly relevant, some
older adults were not convinced about the relevance. The most
important reasons for limited perceived relevance were (1) the
fact that they do not spend a lot of time sitting, or at least think
they are not sitting a lot, and thus have no need to reduce their
sedentary time and (2) the fact that they often see no other option
but sitting to perform certain tasks.
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Figure 5. Pen profile on acceptability and usability of the intervention.

Preliminary Efficacy
Participants commonly reported that the intervention changed
their thinking (ie, they became more aware of their sedentary
behavior) but not their actual sedentary behavior. The latter

result was supported by quantitative data derived from the
activity monitor (see Table 2). Sitting and standing time were
very similar at pre- and postmeasurements. There was a small
improvement in steps of around 400 per day. This improvement
was not significant, probably because of the small sample size.

Table 2. Preliminary efficacy of the intervention.

Values (N=26)Variable

P valuePostinterventionBaseline

.918.8 (2.0)8.7 (1.9)Total sedentary time (h/day), mean (SD)

.9250.4 (10.0)50.2 (7.2)Sit-to-stand transitions (times per day), mean (SD)

.764.7 (1.3)4.7 (1.3)Standing time (h/day), mean (SD)

.582.2 (0.8)2.0 (0.8)Stepping time (h/day), mean (SD)

.5051934786Number of steps

Discussion

Principal Findings
This study provides novel and in-depth insights into the potential
of a self-monitoring–based mHealth intervention in older adults
to reduce sedentary behavior. Overall, our results indicated that
the intervention was generally well perceived by older adults,
but preliminary analyses showed no reduction in sedentary time
after the 3-week intervention period.

Previous research has shown that building sustained user
engagement over time is challenging in mHealth interventions
[29]. Low user engagement results in limited exposure to the
intervention and, in turn, small or no intervention effects [30].
Therefore, gaining insight into the user engagement of mHealth
interventions is crucial. Both objective usage data and subjective
experiences showed that older adults were highly engaged with
this study’s intervention. The participants generally expressed
positive feelings, and the majority consulted the feedback

frequently. They all agreed that the intervention made them
more aware of their sedentary behavior, but the intervention did
not result in a decrease in sedentary time.

The lack of a decrease in sedentary time is not entirely surprising
given the following reasons. Firstly, the intervention period of
3 weeks was probably too short to actually change habitual
behavior. Changing habits takes a long time [31] and, thus, it
is likely that participants still need the cues to interrupt and/or
reduce their sedentary behavior after the intervention has ended.
Ending the cues might have resulted in relapse into their old
and unhealthy habitual sedentary behavior [32]. Secondly, the
intervention mainly targeted automatic processes underlying
sedentary behavior by bringing the habitual behavior into
conscious awareness. However, dual-process theories of
motivation posit that both controlled and automatic processes
regulate our sedentary behavior [33]. Thus, additional behavior
change techniques (eg, goal setting, action planning, and coping
planning) should be included in the intervention to affect the
controlled processes and to actually achieve behavior change.
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Given that participants often mentioned that they saw no other
options to reduce their sedentary behavior, it might be worth
including concrete examples on how to reduce sedentary
behavior. Thirdly, physical activity information (ie, number of
steps) was also provided in the app, notwithstanding that the
only aim of this intervention was to reduce sedentary behavior.
The physical activity information could not be removed from
the Activator app before the start of the study. Existing literature
has indicated that participants of interventions targeting both
sedentary behavior and physical activity simultaneously are
more likely to focus on increasing physical activity due to (1)
the clearer guidelines for physical activity (ie, 150 minutes of
moderate- to vigorous-intensity physical activity a week)
compared to sedentary behavior (ie, sit less), (2) the
better-known negative health consequences of too little physical
activity compared to too much sedentary behavior, and (3) the
fact that physical inactivity is often still considered a synonym
for sedentary behavior [34]. The latter was confirmed by the
results of the semistructured interviews: participants often
mentioned that they wanted to increase the number of steps in
order to reduce their sedentary time. Objective physical activity
data showed that the average daily number of steps increased
by approximately 400, or 10%, over the 3-week intervention
period. Although this increase was not significant, this indicates
that Activator feedback is more likely to affect the number of
steps than the sedentary time. This finding is in line with the
results of previous Activator studies [21,35] and suggests that
more efforts should be made to clarify the difference between
sedentary behavior and physical inactivity and to emphasize
the importance of standing and light-intensity physical activity.

Despite the fact that common aging-related barriers (eg, visual
impairment, reduced working memory, limited motivation, and
reduced mobility) can influence the use of mHealth in older
adults [36], general perceptions on the acceptability and usability
of this study’s intervention were positive. The app was easy to
use and the design was clear. This is of great importance, as
previous research has indicated that simplicity is one of the key
principles for the design of mHealth interventions for older
adults [37-39]. Although the Activator could be worn in different
ways (ie, in the pants pockets or with an elastic band), the
wearing of the device was often mentioned as challenging,
especially among women. More research is therefore required
to determine the ideal manner of attaching and wearing the
Activator, especially when wearing pants without pockets or
without deep pockets.

Strengths and Limitations
Strengths of this study include the innovativeness of the
research. To our knowledge, this is the first study examining
older adults’ experiences with an electronic self-monitoring
device specifically developed to reduce sedentary behavior.
Moreover, by collecting both qualitative and quantitative data,
a comprehensive view was obtained on self-monitoring–based
mHealth interventions to reduce older adults’ sedentary
behavior. An important limitation of this study was the sampling
method. Participants were not randomly selected and, therefore,
selection bias may have occurred. The majority of the
participants were highly educated, whereby generalization of
the results to lower-educated groups might be limited. Moreover,
no control group was included, as the main aim was to gain
in-depth knowledge on participants’ perceptions with the
intervention. Although data saturation was achieved in the
qualitative analysis, the small sample size was only sufficient
to get a first indication on effect sizes and was not meant to
provide sufficient statistical power for the quantitative analysis.
Finally, the intervention lasted only 3 weeks and, thus, no
conclusions can be drawn on the long-term adherence to the
intervention. Based on these limitations, future studies should
endeavor to recruit a larger, more generalizable sample and
should use a randomized controlled trial design to draw firm
conclusions on the effectiveness of a self-monitoring tool to
reduce older adults’sedentary behavior. Furthermore, we believe
that adding behavior change techniques to the mHealth
intervention, ones that can affect the controlled processes
underlying sedentary behavior, and extending the intervention
duration might be recommended in future studies.

Conclusions
Results of this study suggest that the innovative
self-monitoring–based mHealth intervention holds potential for
the reduction of sedentary behavior in older adults. The
intervention was considered interesting, helpful, and easy to
use, and was able to increase awareness among older adults of
their sedentary behavior. Despite the positive perceptions, no
reductions in objective sedentary time were found in this study’s
sample. Hence, the intervention was probably of insufficient
intensity to reduce the sedentary behaviors of participants. In
order to effectively achieve behavior change, a number of
modifications to the intervention are suggested, such as the
addition of behavior change techniques that target controlled
processes underlying sedentary behavior.
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Abstract

Background: During 2013, a mobile health (mHealth) program, Innovative Mobile Technology for Community Health Operation
(ImTeCHO), was launched in predominantly tribal and rural communities of Gujarat, India. ImTeCHO was developed as a job
aid for Accredited Social Health Activists (ASHAs) and staff of primary health centers to increase coverage of maternal, neonatal,
and child health care.

Objective: In this study, we assessed the incremental cost per life-years saved as a result of the ImTeCHO intervention as
compared to routine maternal, neonatal, and child health care programs.

Methods: A two-arm, parallel, stratified cluster randomized trial with 11 clusters (primary health centers) randomly allocated
to the intervention (280 ASHAs, n=2,34,134) and control (281 ASHAs, n=2,42,809) arms was initiated in 2015 in a predominantly
tribal and rural community of Gujarat. A system of surveillance assessed all live births and infant deaths in the intervention and
control areas. All costs, including those required during the start-up and implementation phases, were estimated from a program
perspective. Incremental cost-effectiveness ratios were estimated by dividing the incremental cost of the intervention with the
number of deaths averted to estimate the cost per infant death averted. This was further analyzed to estimate the cost per life-years
saved for the purpose of comparability. Sensitivity analysis was undertaken to account for parameter uncertainties.

Results: Out of a total of 5754 live births (3014 in the intervention arm, 2740 in the control arm) reported in the study area, per
protocol analysis showed that the implementation of ImTeCHO resulted in saving 11 infant deaths per 1000 live births in the
study area at an annual incremental cost of US $163,841, which is equivalent to US $54,360 per 1000 live births. Overall,
ImTeCHO is a cost-effective intervention from a program perspective at an incremental cost of US $74 per life-years saved or
US $5057 per death averted. In a realistic environment with district scale-up, the program is expected to become even more
cost-effective.

Conclusions: Overall, the findings of our study strongly suggest that the mHealth intervention as part of the ImTeCHO program
is cost-effective and should be considered for replication elsewhere in India.

Trial  Registration: Clinical  Trials  Registry of  India CTRI/2015/06/005847;
http://www.ctri.nic.in/Clinicaltrials/pdf_generate.php?trialid=11820&EncHid=&modid=&compid=%27,%2711820det%27

(JMIR Mhealth Uhealth 2020;8(10):e17066)   doi:10.2196/17066
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Introduction

The National Health Mission of 2005 introduced a cadre of
village-based frontline health worker communities named
Accredited Social Health Activists (ASHAs) to facilitate the
delivery of proven community-based maternal, neonatal, and
child health (MNCH) services in rural areas of India, with one
ASHA for every 1000 individuals. Despite this initiative, the
coverage of selected MNCH services aimed at reducing
mortality and undernutrition has remained low [1,2]. Coverage
of key MNCH services and outcomes are inequitably distributed
among the states of India [3]. The tribal communities have worse
health indicators compared to those of nontribal communities
[4]. The reasons for this low coverage are inadequate
institutional capacity for optimal supervision and support to
ASHAs in addition to insufficient skills, poor quality of training,
and complexity of tasks to be performed [5,6].

Mobile telecommunication technology for health or mobile
health (mHealth) has emerged as an important tool for global
health. Its potential for improving the coverage and outcome
of MNCH services through enhancing performance of frontline
health workers has been well documented [7,8]. Despite its
promise and potential, the Global Observatory for eHealth
survey found that most initiatives on mHealth have not expanded
beyond small-scale pilot projects [9]. In addition, a World Bank
report on mobile apps for the health sector found that evidence
of mHealth was limited, particularly for moving beyond
intermediate outcomes to better health, especially in rural
settings [10]. There is a gap in terms of rigor, intervention type,
measurement of effectiveness, and, more importantly,
cost-effectiveness of mHealth programs as well as detailed
discussion on the scale-up of mHealth interventions.

An mHealth-based intervention named Innovative Mobile
Technology for Community Health Operation (ImTeCHO) was
designed for predominantly tribal and rural communities of
Gujarat, India. ImTeCHO was developed as a job aid for ASHAs
and staff of primary health centers to increase the coverage of
MNCH care. A cluster randomized controlled trial was carried
out to assess the effectiveness of the ImTeCHO intervention
between 2015 to 2018, details of which have been published
elsewhere [11]. In the present study, we assessed the incremental
cost per life-year saved as a result of the ImTeCHO intervention
as compared to routine MNCH programs.

Methods

Study Design
In 2015, a voluntary organization named Society for Education,
Welfare and Action-Rural (SEWA-Rural) in active partnership
with the government of Gujarat and the software partner
Argusoft India Ltd began evaluating the effectiveness of the
ImTeCHO intervention over a 3-year period through a cluster
randomized controlled trial to improve the delivery of proven
MHCH services through community-based ASHAs by
enhancing their motivation and strengthening supervision in
tribal areas of Gujarat, India. This trial was conducted within
the existing public health system involving 22 primary health
centers serving a total population of 4,76,943 individuals. Eleven

primary health centers (280 ASHAs, n=2,34,134) were
randomized to the intervention arm and 11 were randomized to
the control arm (281 ASHAs, n=2,42,809). The control arm
continued to receive usual health services from the government
and other providers, while the intervention arm received the
ImTeCHO intervention. There were four components of the
ImTeCHO intervention:

1. Scheduling and task management: ASHAs received
reminders on their mobile phone apps regarding the services
to be provided every day.

2. Health promotion using multimedia: nine mobile-based
short videos assisted ASHAs to provide counseling about
key healthy behaviors during their home visits to
households.

3. Decision support system screening, risk stratification, and
treatment: the ImTeCHO app showed a diagnosis and
customized treatment plan based on entry provided by the
ASHAs on a mobile phone.

4. Support and supervision: the ImTeCHO web interface
provided tools and real-time information to medical officers
for offering timely support and supervision. ImTeCHO
integrated a checklist (to ensure standardization of services)
with other features offered through mobile technology, such
as the ability to transfer data instantly and apply an
algorithm automatically to data entered, along with features
to ensure check-and-balance for truthfulness and accuracy
of the collected information.

ASHAs from the control and intervention areas received a
one-time refresher training on Home-based Newborn Care and
Integrated Management of Neonatal and Childhood Illnesses.
This was necessitated for ethical reasons as well as to ensure
that ASHAs from both the intervention and control arms were
updated about newer guidelines on the management of childhood
illness to attribute effectiveness to the ImTeCHO intervention
itself instead of only training.

Along with the intervention effectiveness, efforts were made to
measure the incremental cost-effectiveness ratio of the
ImTeCHO intervention. Estimates of intervention
cost-effectiveness were calculated for different scenarios.

Framework for Assessing the Incremental Cost of
Delivering the ImTeCHO Intervention
Cost data were collected from a program perspective. As the
intervention was delivered at the doorstep and part of routine
home visits of ASHAs, there were insignificant, if any, costs
incurred by the households. Hence, costing from a program
perspective was deemed appropriate. An incremental costing
approach was adopted for the present study. The incremental
costing approach takes into consideration the difference in cost
and the additional benefits incurred on implementing the
intervention compared with the routine case scenario (control
arm). An incremental costing approach involves collecting
additional financial costs, representing actual monetary flow
on the goods and services purchased for delivering the program
from a provider perspective. This type of costing enabled an
analysis of cost by different program phases and program
activities, and the unit cost of the program. Following the World
Health Organization guide to cost-effectiveness analysis, all
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research costs such as field testing and data collection were not
included in the calculation of costs [12].

Two cost heads, start-up cost and annual implementation cost,
were included in the 2016-2017 price. Cost data collection
included a study of financial records of the ImTeCHO project.
Start-up costs included those associated with activities conducted
during the preimplementation period prior to February 2016,
such as expenses for training, and a one-time capital cost that
included software development. Capital costs, including start-up
costs such as software development, were estimated by
completing a checklist of all equipment (such as mobile phones)
and furniture used in the program, and the useful life of the
equipment. The orientation training cost was assumed to last
for 3 years. Refresher training was assumed to be a recurrent
activity. All capital costs, including start-up costs, were
annualized assuming a useful life year. Initial software
development costs (excluding annual costs on maintenance and
upgrades) were assumed to last for 10 years (the cost incurred
on development is expected to last until strategies for the
program remain in place); four-wheelers were assumed to last
for 10 years; two-wheelers were assumed to last for 7 years;
and laptops, projectors, and printers were assumed to last for 5
years. Mobile handsets were assumed to last for 3 years on
average. The cost of capital items was annualized across the
project life, with discounting at an annual rate of 3%. The data
sources included program financial reports, interviews with key
officials, and surveillance data.

In addition to capital costs, other fixed costs included the costs
of development of guidelines for implementation and their
adherence, training costs for both staff and supervisors,
communication material costs, supplies, and an additional
incentive to ASHAs. The staff involved in the project were
asked to estimate the amount of time spent on various activities
at different times of the intervention.

The intervention implementation period was from February
2016 to January 2017. Software maintenance, internet data plan,
additional incentives for ASHAs, and salaries for supervisory
staff were important annual expenditures during the
implementation period.

Start-up costs and annual implementation costs were summed
to determine the total cost. All costs are presented in US dollars.
Costs were converted to constant values and are reported as an
annualized cost at the 2016-2017 price.

Surveillance to Collect Program Effectiveness Outcome
Indicators: Infant Mortality
Infant deaths was the main outcome of interest to reflect
program effectiveness for this study. To obtain complete
information of all infant deaths, all pregnancy registrations,
their outcomes, and survival status of all live births up to 1 year
of age in all study clusters throughout the study period were
counted as part of ongoing, prospective, pregnancy, and
mortality surveillance. This was carried out by a data collection
team who conducted a field survey of the entire study area every
3 months. One data collector covered approximately 25,000
individuals in the population. During their field surveys, the
data collectors visited all localities of the study villages and met

with ASHAs to register pregnant women who were native of
the study village. All live births to women native to the study
village were included, irrespective of place of the birth.

Once pregnancy was registered, the data collectors prospectively
tracked pregnancy outcome and survival status up to 1 year after
delivery by visiting the household at regular intervals. The data
collectors recorded all maternal and infant deaths as part of the
surveillance. Data entry was done in a customized,
Android-based mobile phone app. The verbal autopsy method
was used to review the cause of maternal and infant deaths [13].
When a data collector recorded a maternal or infant death, a
supervisor visited the household of the deceased infant or
mother, validated the death, and performed a verbal autopsy to
determine the cause of death. A qualified, experienced doctor
assigned the cause of death for each infant death after reviewing
the verbal autopsy report. Supervisors also validated the
surveillance data regarding the accuracy of pregnant registrations
and pregnancy outcomes by calling random respondents over
the phone and making random field visits. Deaths that were
averted were calculated as the differences in deaths reported in
the intervention and control arms from the surveillance activity.

Statistical Analysis to Estimate the Incremental
Cost-Effectiveness Ratio of the Program
Cost-effectiveness ratios were estimated by dividing the
incremental cost of the intervention with the number of infant
deaths averted to estimate the cost per infant death averted. As
per World Bank Data, a life expectancy of 68.35 years (2016
value) [14] was assumed to estimate the number of life years
saved by averting an infant death, and this value as a
denominator provided the cost per life years saved. According
to the most commonly cited cost-effectiveness thresholds, an
intervention is considered to be cost-effective if the incremental
cost-effectiveness ratio (cost per life years saved) is less than
the per capita gross domestic product (GDP) [15].

Both intention to treat (ITT) and per-protocol (PP) analyses
were used in this study. ITT involved all live births, including
women who were not native to the village but gave birth there.
In other words, ITT included all live births that occurred in the
study villages. However, there is a local custom in which some
of the pregnant women leave their in-laws’ homes during the
last trimester and stay at their maternal home up to 2-3 months
after delivery. These women and infants were partially exposed
to the treatment arm. Therefore, PP analysis was performed by
excluding deliveries of such women and infants to assess the
effectiveness of the intervention only among those who were
fully exposed.

A sensitivity analysis was conducted using the upper and lower
estimates for various variables in the model to determine the
impact of changes on cost per life years saved. A decision tree
model was constructed to combine information from a wide
variety of sources, extrapolate costs and health effects beyond
the time period of the ImTeCHO study, and evaluate multiple
potential interventions packaged into the strategies. Cost
estimates that are relevant to the government staff in one
representative district were estimated to assess the cost of scale
up of such a program by the government. A sensitivity analysis
for different program costs and effect estimates was conducted.
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The study report adhered to the Consolidated Health Economic
Evaluation Reporting Standards (CHEERS) requirement for
reporting the economic evaluation of health interventions [16].
The study protocol was approved by the SEWA-Rural
Institutional Ethics Committee on January 29, 2016.

Results

Costs
The costs incurred in both the intervention and control arm were
annualized based on the life span of the equipment. More than

three-quarters (76%) of the cost was directed toward annual
recurrent implementation costs, comprising personnel, training,
software development, annual maintenance, supportive
supervision, and monitoring costs. The item-specific annualized
costs and the differences in costs for the intervention and control
arms are detailed in Table 1.

Table 1. Annual start-up and implementation costs (US dollars) of the ImTeCHOa program in the implementation and control arms from a program
perspective.

Cost difference
Annualized cost
in control armAge (%)

Annualized cost in

intervention armCost Category

Annual start-up costs

27,85817,7892645,647Total

7951—b4.47951Software development cost

1135—0.61135Vehicles

11,873—6.511,873Mobile handset

397—0.2397Other ITc equipment

6,50217,78913.424,291Training cost

Annual implementation costs

126,405—74126,405Total

24,919—14.524,919Personnel

256—0.1256Training cost

49,599—28.849,599Software annual development and maintenance

2123—1.22123Travel

35,166—20.435,166ASHAd incentive

12,935—7.512,935IT expense

1406—0.81406Office expenses

154,26317,789100172,052Total costs

aIMTeCHO: Innovative Mobile Technology for Community Health Operation.
b—:not relevant; no costs incurred in the control arm.
cIT: information technology.
dASHA: Accredited Social Health Activists.

Valuation of Study Outcome
Implementation of the ImTeCHO intervention with 561 ASHAs
across 22 primary health centers of Gujarat resulted in 11 infant
deaths per 1000 live births averted in the PP analysis (infant
mortality rate of 56.4 per 1000 live births in the intervention
area as compared to 67.2 per 1000 live births in the control

area). This implies a reduction of 16% infant deaths per-protocol
in the study area (Table 2). This resulted in an increase in 735
life years, with a life expectancy of 68.35 years. Although the
protective effect of the ImTeCHO intervention was observed
across other indicators such as early neonatal mortality rate,
neonatal mortality rate, and stillbirths, to avoid double counting,
these were not accounted for in the present analysis.
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Table 2. Surveillance data on study outcome variables from February 2016 to January 2017.

Per ProtocolIntention to TreatVariable

InterventionControlInterventionControl

3014274041714059Number of live births

77.180.880.383.5Hospital deliveries (%)

8381113106Number of early neonatal deaths

104102142138Number of neonatal deaths

727990107Number of stillbirths

170184233236Number of infant deaths

Cost-Effectiveness
The implementation of ImTeCHO resulted in saving 11 infant
deaths per 1000 live births in the study area at an annual
incremental cost of US $54,360 per 1000 live births. Overall,

ImTeCHO is a cost-effective intervention from a program
perspective at an incremental cost of US $74 per life years saved
or US $5057 per death averted (Table 3). At a per capita GDP
of US $1709 in 2016, the ImTeCHO intervention is considered
to be cost-effective (Figure 1).

Table 3. Cost-effectiveness of the ImTeCHOa program.

ValuePoint estimate of infant mortality rate

3014Total births in the study area (n)

54Cost per live birth (US $)

54,360Cost per 1000 live births (US $)

11Infant deaths averted per 1000 live births (n)

735Life years saved (life expectancy: 68.35 years)

5057Cost per infant deaths averted (US $)

74Cost per life years saved due to infant deaths averted (US $)

aImTeCHO: Innovative Mobile Technology for Community Health Operation.

Figure 1. Cost-effectiveness plane with an incremental cost-effectiveness ratio, 2016-2017.

Sensitivity Analysis
To test the cost-effectiveness of the ImTeCHO program under
different scenarios, we hypothesized three cases: (1) overall
infant mortality rate reported in the study area, (2) estimated

cost for district scale up with the actual ImTeCHO effect, and
(3) estimated cost for district scale up with 50% of the reported
ImTeCHO effect. The ImTeCHO program remained
cost-effective across all scenarios (Table 4).
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Table 4. Sensitivity analysis under different scenarios.

ValueVariable

 Reference Case (IMRa per protocol in the study area)

11Infant deaths averted (n)

579Cost per ASHAb (US $)

5057Cost per infant death averted (US $)

74Cost per LYSc (US $)

 Scenario 1: IMR as intention-to-treat in the study area

2Infant deaths averted (n)

578.95Cost per ASHA (US $)

17,225Cost per infant death averted (US $)

252Cost per LYS (US $)

 Scenario 2: Wider district scale-up with 100% observed effectiveness

11Infant deaths averted (n)

75Cost per ASHA (US $)

824Cost per infant death averted (US $)

12Cost per LYS (US $)

Scenario 3: Wider district scale-up with 50% observed effectiveness

5Infant deaths averted (n)

75Cost per ASHA (US $)

1649Cost per infant death averted (US $)

24Cost per LYS (US $)

aIMR: infant mortality rate.
bASHA: Accredited Social Health Activists.
cLYS: life-years saved.

Discussion

This economic evaluation study compared the costs and
consequences of implementing an mHealth program (ImTeCHO)
in the existing routine health services of a tribal block of Gujarat,
India, compared to routine MNCH provided by frontline health
workers (ASHAs). The findings are presented from a program
perspective using an incremental cost approach. The per capita
GDP of India at the 2016 price was US $1709 [17]. Overall,
ImTeCHO is a cost-effective intervention from a program
perspective at an incremental cost of US $74 per life years saved
or US $5057 per death averted. Analysis under different
scenarios showed that the program is expected to be even more
cost-effective in a realistic environment with district scale up.
The program is expected to be cost-effective even with a 50%
reduction in effectiveness reported under the trial phase.

Our study used actual mortality data to report cost-effectiveness
of an mHealth intervention. ReMiND, a nonrandomized study,
implemented an mHealth app in 2012 through 259 ASHAs from
two blocks of the Kaushambi district of the state of Uttar
Pradesh in India, which resulted in a reduction of 0.2% maternal
and 5.3% neonatal deaths. The incremental cost of the ReMiND
program was US $205 per disability-adjusted life year averted
or US $5865 per death averted [18]. However, the ReMiND

study relied on modeling to estimate the number of deaths
averted.

Implementation of an intervention as part of a routine
government system has a distinct cost advantage for two reasons:
first, the program could leverage the existing public
infrastructure, and second, there is greater potential for the
program to be replicated across the state of Gujarat, particularly
in high-focused districts with a high infant mortality rate. The
initial investment in software development, induction training,
and supportive supervision were the key drivers for the success
of the ImTeCHO program.

ImTeCHO, as a mobile phone app in the hands of health
workers, has potential to bridge an important gap in the delivery
of existing public health programs through ensuring data entry
at the point of service delivery by the health provider through
a handheld device, thereby ensuring better quality of data. This
remains an area of future research once ImTeCHO is scaled up.

A limitation of our analysis is that we did not assess the health
care input cost or time spent by health workers in training,
supportive supervision by medical officers, and other supervisors
from the health system. As a standard cost-effectiveness
analysis, it was implicitly assumed that opportunity costs were
equal and that it does not matter from which health care input
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the resources were drawn [19]. The ImTeCHO trial was
conducted in partnership with the local health government, and
thus, the health care input cost was borne by the state to aid in
potential scale up of the intervention. As the program operated
in a realistic environment, it was assumed that the health care
input cost will be absorbed as part of the health budget for
replication of the program. The total cost of implementing the
intervention was assumed to be the same in PP and ITT analyses;
however, the total cost incurred to deliver the intervention

among less than 5 live births included in the PP analysis would
have been lower. There is potential for the cost-effectiveness
to decrease over time as other interventions designed to directly
or indirectly enhance maternal health and lower infant mortality
take effect. However, this remains an area of future research.

Overall, the findings of our study strongly suggest that the
mHealth intervention as part of the ImTeCHO program is
cost-effective and should be considered for replication elsewhere
in India and beyond.
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Abstract

Background: Mobile health (mHealth) is showing increasing potential to address health outcomes in underresourced settings
as smartphone coverage increases. The NeoTree is an mHealth app codeveloped in Malawi to improve the quality of newborn
care at the point of admission to neonatal units. When collecting vital demographic and clinical data, this interactive platform
provides clinical decision support and training for the end users (health care professionals [HCPs]), according to evidence-based
national and international guidelines.

Objective: This study aims to examine 1 month’s data collected using NeoTree in an outcome audit of babies admitted to a
district-level neonatal nursery in Malawi and to demonstrate proof of concept of digital outcome audit data in this setting.

Methods: Using a phased approach over 1 month (November 21-December 19, 2016), frontline HCPs were trained and supported
to use NeoTree to admit newborns. Discharge data were collected by the research team using a discharge form within NeoTree,
called NeoDischarge. We conducted a descriptive analysis of the exported pseudoanonymized data and presented it to the newborn
care department as a digital outcome audit.

Results: Of 191 total admissions, 134 (70.2%) admissions were completed using NeoTree, and 129 (67.5%) were exported and
analyzed. Of 121 patients for whom outcome data were available, 102 (84.3%) were discharged alive. The overall case fatality
rate was 93 per 1000 admitted babies. Prematurity with respiratory distress syndrome, birth asphyxia, and neonatal sepsis
contributed to 25% (3/12), 58% (7/12), and 8% (1/12) of deaths, respectively. Data were more than 90% complete for all fields.
Deaths may have been underreported because of phased implementation and some families of babies with imminent deaths
self-discharging home. Detailed characterization of the data enabled departmental discussion of modifiable factors for quality
improvement, for example, improved thermoregulation of infants.

Conclusions: This digital outcome audit demonstrates that data can be captured digitally at the bedside by HCPs in underresourced
newborn facilities, and these data can contribute to a meaningful review of the quality of care, outcomes, and potential modifiable
factors. Coverage may be improved during future implementation by streamlining the admission process to be solely via digital
format. Our results present a new methodology for newborn audits in low-resource settings and are a proof of concept for a novel
newborn data system in these settings.

(JMIR Mhealth Uhealth 2020;8(10):e16485)   doi:10.2196/16485
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Introduction

Background
Each year, 2.5 million newborns die with no registration of their
death or any documentation of how or why they died [1]. Half
of the world’s newborn babies do not receive a birth certificate
[2,3], and stillbirths are statistically invisible [3]. Despite this,
it is widely acknowledged that to prevent newborn deaths, more
information on the number of births and deaths, causes of deaths,
and avoidable factors linked to deaths is needed [4]. The process
of a perinatal death audit aims to establish the profile of
facility-based causes of death and has been shown to reduce
perinatal mortality by 30% in low-resource countries [5].
Improving the quality of care for newborns is a key priority in
tackling persistently high neonatal mortality rates (NMRs),
particularly for hospitalized sick newborns in low- and
middle-income countries [6]. At the facility level, the process
of audit and feedback is considered the cornerstone of quality
improvement, particularly when the process includes a clear
action plan and targets [4]. Meanwhile, smartphone technology
is becoming increasingly commonplace in low-resource settings.
Mobile health (mHealth; “the use of mobile and wireless
technologies to support the achievement of health objectives”
[7]) has been harnessed for accurate and efficient data collection,
particularly in community settings and in the context of clinical
trials [8,9]. To the best of our knowledge, mHealth has not been
utilized in the context of a hospital perinatal death audit. In
response to recognized challenges in the scale-up of audits in
these settings and a call for electronic health systems [5], we
present the results of a novel digital outcome audit collected by

health care professionals (HCPs) on an mHealth app: the
NeoTree [10].

Different types of clinical audits exist for different purposes,
for example, a structural audit examines the availability of
resources in a system and a process audit assesses the process
of case management [5]. An outcome audit assesses the end
results of care, either deaths or near misses, depending on the
NMR. In high-income countries where the NMR is low, the
focus is more on near misses, and the management of specific
cases are typically discussed in a monthly multidisciplinary
morbidity and mortalitymeeting. In low-resource settings where
the NMR is high, the emphasis is on deaths, and these are often
discussed in a death audit meeting. Perinatal death audits have
been defined as “the process of capturing information on the
number and causes of all still births and neonatal deaths, or near
misses where applicable, with an aim toward identifying specific
cases for systematic, critical analysis of the quality of perinatal
care received in order to improve the care provided to all
mothers and babies” [4]. It aims to follow a 6-step cycle
summarized in Figure 1 (adapted from Pattinson et al [5]).

Despite being one of the least developed countries in the world,
Malawi has seen great success in achieving the Millennium
Development Goal 4 [11], particularly for underfive mortality;
however, for newborns, mortality is persistently high. A previous
pediatric death audit in Kamuzu Central Hospital (KCH), a large
referral center in Malawi, was recently published and cited
reliable records as a significant limitation, with 6% of charts
missing and documentation deficiencies in 58% of the charts
reviewed [12]. To our knowledge, a perinatal death audit has
not yet been published from Malawi or other sub-Saharan
countries.
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Figure 1. Six-step cycle for perinatal mortality audits.

Objectives
Our objective was to conduct and report a digital outcome audit
of admission and discharge information collected by HCPs in
a district-level facility using a novel mHealth app, NeoTree, on
electronic mobile devices.

Methods

Setting
Zomba Central Hospital (ZCH) is a district-level hospital in
Malawi with a large neonatal unit. During our study period and
in discussions with the local clinical management team, it was
noted by the researcher-in-residence (CC) that the 40-bed
nursery takes around 7 admissions per day with 9 staff covering
day and night shifts on 3 neonatal wards (high dependency,
transit, and kangaroo wards). At maximum capacity, this equates
to up to 3 nurses looking after approximately 50 babies per shift.
Admissions are referred from a range of areas, defined as their
place of origin, from within ZCH (eg, Theater), or from outside
ZCH (eg, home, health center, or other hospital). A health center
in this context is a facility that provides outpatient care services
for common diseases in the local population, whereas a hospital
is a larger facility providing more specialized care to a district
population. Admissions are usually clerked on a Malawian
Ministry of Health (MOH) paper proforma. Each patient’s
paper-based medical record consists of this admission form and
any other loose-leaf sheets held together with a string. The
records of NNDs are examined by pediatric and neonatal HCPs
at monthly death audit meetings, often without an obstetric
input. A rudimentary root cause analysis for each death was
postulated, and subsequent recommendations were made. It was

observed informally by the researcher-in-residence (CC) that
the quality of the paper records is very poor [12], with faded,
illegible writing, and the death audit process is time-consuming
and often takes a whole day. She also observed that clinicians
find it particularly difficult to attend death audits as their clinical
duties continue. Oxygen concentrators and heaters in the unit
rely on an electricity supply, which is affected by power outages
on a daily basis. When this occurs, a backup supply of electricity
is provided by a generator within a few minutes.

Identifying Deaths and Collecting Information Using
a Digital App: Stages 1 and 2 of the Audit Cycle

The NeoTree App
A bedside app, NeoTree, was used (in addition to the MOH
paper admission form) by frontline neonatal staff (mainly
nurses) to record 1 month of admissions (November
21-December 19, 2016) to the neonatal unit on 3 low-cost
Android electronic tablet devices, which were provided and
installed at the nursing station. This audit took place in the
context of an intervention development study [10], which
presents the co-development process and acceptability,
feasibility, and usability data.

The NeoTree app was structured as an electronic admission
form (Figure 2), which included all the fields of the standardized
MOH paper neonatal admission form. Owing to HCP feedback,
some fields were removed (eg, physical gestational score), but
no new fields were added. By the end of the study period, the
digital form followed the structure as below:

• Emergency triage and vital signs.
• Patient identification and demographics.
• Reason for admission (presenting history).
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• Examination.
• Place of origin.

• Maternal history.
• Provisional HCP admission diagnoses.

Figure 2. Example app screens.

Digital Admission Form
Most fields on the electronic admission form were compulsory
in that the HCP users could not continue until a plausible value
had been recorded. However, in attempts to make the form more
user-friendly and practical, some fields that relied on the
availability of specific equipment (such as blood sugar and
oxygen saturations) were made optional. Data collected at
admission and discharge were stored locally on the tablets, and
a printed copy (printed via a wireless printer on the ward) was
kept in each patient’s paper-based medical record, which
included patient identifiers. When a network connection became
available, data were exported pseudoanonymized with a unique
ID to the researcher-in-residence’s (CC) laptop as a file using
Excel (Microsoft) program. Fields containing identifiable
information were preconfigured as confidential by the
researcher-in-residence so that they were not exported.

During each digital admission, a reason for admission was
recorded. This was the presenting complaint entered by the
nurse according to what the baby was referred to from the labor
ward or other facility. If the referred patient arrived without
accompanying information, the HCPs had to use their own
clinical judgment. The reason for admission may have differed
considerably from the actual diagnosis, where, for example,
labor ward referrals were labeled meconium aspiration simply
because there was meconium at delivery. The reason for
admission was mutually exclusive, as there was only 1
presenting complaint recorded for each baby. Later, at the end
of the digital admission form, provisional HCP admission
diagnoses were decided by the HCPs based on their assessment
of the baby. They could choose more than one diagnosis when
necessary; hence, they were not mutually exclusive.

During the admission process, gestation was estimated from
fundal height (recorded antenatally in the maternal record) or
length of pregnancy (reported by the mother), both of which
are unreliable methods [13,14]; hence, a physical maturity score
was included in early iterations of NeoTree (Multimedia
Appendix 1). Occasionally, wireless printing of forms was

momentarily delayed by power outages, but these did not affect
the completion of forms on the tablets because they had an
8-hour battery life.

Digital Discharge Form
The discharge form, the NeoDischarge, was completed by a
researcher (EK) upon review of the patient’s record just after
discharge or death. Discharge information collected included
identifiable information, outcome (discharged alive, absconded,
or dead), HCP discharge diagnoses 1, 2, and 3 for discharges,
and cause of death for NNDs. Often, there was more than one
HCP discharge diagnosis documented; hence, the need for 3
fields, and these data were not mutually exclusive. It was noted
that some patients in the sample had not had a documented
review by a clinician during admission; hence, the
researcher-in-residence (CC, a UK pediatrician in training with
4 years of neonatal experience, including 18 months in low
income country newborn care), decided the most salient singular
discharge diagnosis for all babies. This was labeled
researcher-in-residence discharge diagnosis.

Recruitment and Initial Training
All 9 permanent staff on the neonatal rota were invited to attend
a scenario-based one-on-one session in which they were trained
to record new admissions using the app. Written consent to
participate in the study was obtained according to ethical
approval from The Malawi College of Medicine Research and
Ethics Committee (reference 17PP12). Each HCP was then
supervised clerking (recording) 1 new admission on the ward,
completing both the MOH paper form and the form on the
NeoTree app. When patients arrived with partially completed
paper forms, HCPs were encouraged to cross-check information
already documented, with mothers and the mother’s medical
record book, before entering it to the app. Permanent staff who
could not attend the initial training session gave written consent
when they entered the study (n=1). The audit and
implementation were explained to other ad hoc locum staff or
nursing students by the head nurse of each shift, who obtained
their verbal consent.
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Phased Implementation and Iterative Changes
NeoTree was then implemented on the ward in a phased
approach over 1 month, with increasing coverage and decreasing
levels of supervision. In the first week of the study, day-time
admissions were supervised by the researcher-in-residence (CC)
who was present in the ward. She was also available throughout
the 1-month study to support any technical issues that occurred.
Electronically clerked admissions were cross-checked by the
researcher-in-residence with the admissions book and the ward
manager at the end of each day to see if any patients had not
been captured on NeoTree. Incomplete sessions were deleted.
During the study, via a web-based editor platform, the
researcher-in-residence was able to act on verbal feedback from
the nurses as they used the app, and reconfigure NeoTree to
best fit an efficient admission process in consultation with the
wider NeoTree team. For example, the order of sections was
adjusted to start with triage and examination and end with
mothers’ history (the opposite of the order of the MOH paper
form), and pictures were added to explain exactly how to check
danger signs.

Statistical Analysis: Stage 3 of the Audit Cycle
The primary outcome of this study was to report and describe
deaths over a 1-month period using an electronic app, NeoTree.
To this end, the admission and outcome datasets were exported
from the app and merged by matching unique identification
numbers. The SPSS program was then used to analyze the data
and produce simple graphs [15]. Descriptive statistics included
totals (n), percentages (%), mean and SD for normally
distributed data, and median and IQR for skewed data and
ranges. Charts included simple bar and pie charts for categorical
data and histograms for continuous data (eg, a histogram for
temperature). To measure the digital process, the number of

missing pieces of data for each data point was reported as a total
(n) and as a percentage (%). The average time taken to complete
the app was also calculated. Case fatality rates (CFRs) for each
diagnosis were calculated as the number of deaths per 1000
babies admitted with that diagnosis, for example, CFR for
respiratory distress syndrome (RDS) was 148 deaths per 1000
cases of RDS. The overall CFR was calculated as the number
of deaths per 1000 babies admitted.

Presentation of Results at an Audit Meeting: Stage 4
of the Audit Cycle
Simple graphs and statistics produced were presented by the
researcher-in-residence (CC) to the department 2 weeks later
in conjunction with that month’s death audit meeting. The
researcher facilitated the discussion regarding each graph
sequentially; however, the discussion was led by the participants.
Emerging patterns in admission and outcome data, CFRs, and
modifiable factors contributing to morbidity and mortality were
identified, and possible solutions were discussed. Individual
cases were not discussed.

Results

Participants
A total of 31 HCPs from 4 different cadres clerked newborns
using the NeoTree app, including all 9 permanent staff on the
rota, 8 of whom attended the one-on-one training workshops at
the beginning of the study. All the other 22 participants were
nonpermanent locum staff or nursing students temporarily
working on the unit (Table 1).

Participants attending the audit meeting included 3 female nurse
midwife technicians, 1 male clinical officer (who was also the
head of the department), and 1 male nursing officer.

Table 1. Participant characteristics.

Values (N=31)Characteristics

22 (73)Gender (female), n (%)

30 (12.3); 19-65Age (years), mean (SD); range

Cadre, n (%)

7 (23)Nurse midwife technician

6 (19)Nursing officer

1 (3)Nurse

17 (55)Student-nurse

1 (4.4); 0-8Years of neonatal experience, mean (SD); range

15 (50)Previously used a tablet device, n (%)

4 (13)Regularly used a tablet device, n (%)

5 (16)Received COINa training, n (%)

22 (71)Received HBBb training, n (%)

aCOIN: care of the infant newborn [16].
bHBB: helping babies breathe.
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Digital Outcome Audit Findings: Stage 3 of the Audit
Cycle
During the study period, there were 191 admissions to the
neonatal ward. A total of 70.2% (134/191) admissions were
completed using NeoTree, and data from 130 babies were
exported for analysis. Of these, 129 were analyzed because of
1 repeat entry. Hence, 67.5% (129/191) of all admissions were
analyzed.

Table 2 describes the patient demographics and clinical data.
The key highlights are described here. The mean birth weight
was 2616 g, with just over one-third 37.6% (44/117) of babies
born at low birth weight (LBW) and 45.0% (58/129) born
prematurely at <37 weeks’gestation. In total, 25 maturity scores
were carried out by HCPs, most of which estimated higher
gestation than the fundal height or length of pregnancy methods
(data not shown).

Figure 3 depicts the clinical reason for admission, recorded at
the beginning of the app before the clinical assessment, the most
common of which was fever 30.2% (39/129), followed by birth
asphyxia 17.1% (22/129) and prematurity 14.0% (18/129). The

provisional admission diagnoses made by HCPs (at the end of
the app, after clinical assessment) are reported in Figure 4.

The most common discharge diagnoses recorded by the HCP
and the researcher-in-residence were very similar (Table 2):
sepsis followed by birth asphyxia and LBW. In total, 84.3%
(102/121) babies were discharged alive, 5.8% (7/121) left the
hospital against medical advice, and 9.9% (12/121) died.

Table 3 describes the clinical findings at the emergency triage
and HIV status of the babies. Two-third of the babies did not
cry at triage and hence underwent an airway, breathing,
circulation, and disability examination with only a minority
considered unstable following this assessment. Grunting was
the most common danger sign in unstable babies. Over a third
(49/129, 38.0%) of neonates admitted were hypothermic. A
fifth of the babies were known to be exposed to HIV before or
during birth.

The cause of death for the 12 newborn deaths, as recorded by
the second researcher (EK) on the discharge form, are shown
in Table 4. In all 12 patients, the cause of death was the same
as the researcher-in-residence’s discharge diagnosis. Prematurity
with RDS and birth asphyxia were the leading causes of death.
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Table 2. Patient demographics and main findings of neonatal admissions.

Complete (n=129), n (%)Missing (n=129), n (%)Findings, n (%)Characteristics

Demographics (n=129)

129 (100)0 (0)Gender, n (%) 

79 (61.2)Male 

50 (38.7)Female 

129 (100)0 (0)Age (hours), n (%) 

85 (65.9)≤48 

44 (34.1)>48 

129 (100)0 (0)Type of birth, n (%) 

124 (96.1)Singletons 

5 (3.8)Twins 

129 (100)0 (0)Admitted from, n (%) 

84 (65.1)Within Zomba Central Hospital 

45 (34.8)Outside health facility 

Weight and gestation

117 (90.7)12 (9.3)Birth weight (g; n=117) 

2616 (750)Mean (SD) 

2800 (2000-3200)Median (IQR) 

600-4000Range 

44 (37.6)<2500 g (LBWa), n (%), 

73 (62.4)>2500 g (normal birth weight), n (%) 

129 (100)0 (0)Admission weight (g; n=129) 

2638 (841)Mean (SD) 

2750 (2030-2750)Median (IQR) 

630-5320Range 

49 (38.0)<2500 g, n (%) 

80 (62.0)>2500 g, n (%) 

129 (100)0 (0)Gestation (weeks) by fundal height and LMPb (n=129) 

36 (4)Mean (SD) 

37 (34-38)Median (IQR)

24-42Range 

58 (45.0)<37 weeks, n (%) 

9 (7.0)≤30 weeks, n (%) 

Discharge diagnoses and outcome

129 (100)0 (0)Researcher-in-residence diagnosis (mutually exclusivec; n=129), n (%) 

44 (34.1)Neonatal sepsis 

30 (23.3)Birth asphyxia (mild or moderate or severe) 

13 (10.1)LBW 

6 (4.7)Prematurity with RDSd 

6 (4.7)Pneumonia or bronchiolitis 

13 (10.1)Prematurity only 

6 (4.7)Congenital abnormality 
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Complete (n=129), n (%)Missing (n=129), n (%)Findings, n (%)Characteristics

6 (4.7)Other 

4 (3.1)Well baby 

129 (100)0 (0)HCPe discharge diagnoses (not mutually exclusivef; n=129), n (%) 

58 (45.0)Neonatal sepsis

28 (21.7)Birth asphyxia

20 (15.5)Prematurity with RDS 

5 (3.9)Congenital anomaly 

42 (32.6)Other 

121 (93.8)8 (6.2)Outcome (n=121), n (%) 

7 (5.8)Absconded 

102 (84.3)Discharged alive 

12 (9.9)Neonatal death  

aLBW: low birth weight.
bLMP: last menstrual period.
cMutually exclusive: assumes one single diagnosis only.
dRDS: respiratory distress syndrome.
eHCP: health care professionals
fNot mutually exclusive: assumes on discharge some babies had more than one diagnosis, which may have contributed to their presentation.

Figure 3. Reasons for admission to neonatal ward.

Figure 4. Provisional health care professional admission diagnoses (not mutually exclusive).
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Table 3. Findings at emergency triage and HIV status of babies.

Complete, n (%)Missing, n (%)Findings, n (%)Characteristics

Emergency triage, danger signs and vital signs

129 (100)0 (0)Baby crying triage (n=129), n (%)

42 (32.6)Crying

87 (67.4)Not crying

87 (100)0 (0)ABCDa triage (n=87), n (%)

76 (87.4)Stable

11 (12.6)Not stable

129 (100)0 (0)Danger signs (n=129), n (%)

18 (14.0)Grunting

7 (5.4)Cold trunk

3 (2.3)Prolonged capillary refill time

1 (0.8)Cyanosis

1 (0.8)Convulsions

0 (0)Weak femoral pulses

101 (78.3)None

Vital signs, mean (SD)

122 (94.6)d7 (5.4)141 (31)Admission HRb (bpmc; n=122)

122 (94.6)d7 (5.4)90 (12)Admission oxygen saturations in air (%; n=122)

7 (100)0 (0)102 (20)Manual HR (bpm; n=7)

129 (100)0 (0)65 (18)Admission RRe (bpm; n=129)

24 (92.3)2 (7.7)86 (20)Admission oxygen saturations in oxygen (%; n=24)

129 (100)0 (0)37.0 (1.6)Admission temperature (°C; n=129)

124 (96.1)d5 (3.9)4.9 (4.1)Admission blood sugar (mmol/l; n=124)

129 (100)0 (0)Abnormal vital signs (n=129), n (%)

21 (16.3)Tachycardic (HR>160 bpm)

26 (20.2)Hypoxic (oxygen saturations <90% in air)

66 (51.2)Tachypneic (RR>60 bpm)

49 (38.0)Hypothermic (temperature <36.5°C)

52 (40.3)Hyperthermic (temperature >37.5°C)

9 (7.0)Hypoglycemic (blood sugar <2.6 mmol/l)

HIV status

129 (100)0 (0)HIV status (n=129), n (%)

25 (19.4)Exposed

101 (78.3)Unexposed

1 (0.8)Unknown

aABCD: airway, breathing, circulation, and disability.
bHR: heart rate.
cbpm: beats/breaths per minute for HR/RR, respectively.
dn=129.
eRR: respiratory rate.
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Table 4. Cause of death and case fatality rates.

Percentage deaths from total deaths (n=12),
n (%)

Case fatality rate per 1000
cases

Percentage deaths from total casesb, n
(%)

Cause of deatha

3 (25)4283 (43)Prematurity with RDSc (n=7)

7 (58)2337 (23)Birth asphyxia (n=30)

1 (8)231 (2)Neonatal sepsis (n=44)

1 (8)1671 (17)Congenital anomaly (n=6)

12 (100)9312 (9)Total (N=129)

aCauses of death are mutually exclusive, that is, only 1 cause of death per neonate.
bDiagnosis refers to a researcher-in-residence’s discharge diagnosis, which was the same as the cause of death for all neonatal deaths.
cRDS: respiratory distress syndrome.

Examination of the Newborn
A summary of findings on examination of the newborn is
detailed in Multimedia Appendix 2. A total of 53 admissions
(53/129, 41.1%) had signs of difficulty breathing or respiratory
distress where chest in-drawings was the most commonly
reported sign (36/129, 27.9%). On the basis of clinical
judgement of the use of accessory muscles and prominence of
chest retractions to aid breathing, 12 (12/129, 9.3%) were
deemed to have severe work of breathing. Of HCPs, 56 (56/129,
43.4%) reported confidence in using a stethoscope; however,
there was a lack of chest findings reported, and no heart
murmurs were reported at all. Examination of the fontanelle
was unavailable in the data because the confidential button had
been pressed in error by the researcher-in-residence during the
configuration of this field.

Place of Origin
In terms of place of birth, 93 (93/129, 72.1%) of the admissions
were born in a hospital, 3 (3/129, 2.3%) were born at home, 27
(27/129, 20.9%) were born in a health center, and 4 (4/129,
3.1%) were born before arrival. Only 2 (2/129, 1.6%) were born
with a traditional birth attendant despite a ban of traditional
birth attendants by the government. Other facilities referred 40
patients (Multimedia Appendices 3 and 4).

Maternal and Antenatal History
The mothers’ ages were poorly recorded as 62 (62/129, 48.1%)
mothers did not know their exact date of birth, and it was not
exported for analysis because it is potentially identifiable
information. A summary of the maternal history captured by
the app is shown in Multimedia Appendix 5. Attendance at
antenatal care was generally poor (Multimedia Appendix 6),
with 40 (40/129, 31.0%) attending 2 or fewer antenatal
appointments. A minimum of 3 antenatal appointments is needed
to receive all doses of the tetanus vaccine. Most mothers
(127/129, 98.4%) had been tested for HIV, and 25 (25/127,
19.7%) of those tested had a positive result (Figure 5). Of the
3 HIV-exposed babies who did not receive nevirapine
prophylaxis, 2 had mothers who delayed highly active
antiretroviral therapy until the second trimester; hence, they
were the most vulnerable to vertical transmission of HIV.

Syphilis status was much more poorly recorded in comparison
with HIV status, with unknown status in 21 mothers (21/129,
16.3%). A total of 35 mothers (35/129, 27.1%) had definitely
not had a syphilis test. Of the 73 (73/129, 56.6%) mothers who
had been tested, 3 were positive, and all of their babies were
treated with penicillin. Medical conditions in pregnancy included
malaria (16/129, 12.4%), hypertension (2/129, 1.6%), other
sexually transmitted diseases (2/129, 1.6%), and anemia (2/129,
1.6%). No maternal heart disease, diabetes, or thyroid disease
was reported in NeoTree. Antenatal steroids were administered
to 8 mothers (8/129, 6.2%).
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Figure 5. HIV status of mothers of babies admitted to neonatal unit using the NeoTree app. HAART: highly active antiretroviral therapy; NVP:
nevirapine.

Labor History
A summary of the data captured for labor history is shown in
Multimedia Appendices 7 and 8. Maternal conditions reported
in the labor field of the NeoTree app included significant vaginal
bleeding seen in 4 mothers, but no other problems were reported.

The Digital Process

Completeness of Data
Most fields in the app admission form were compulsory; hence,
data for these fields were 100% complete with no missing data.
For example, respiratory rate and temperature were recorded
for all 129 babies in the sample (these were compulsory fields;
Table 2). Only 5 admission fields were not compulsory and had
less than 100% data completion rates: admission heart rate (HR;
122/129, 94.6%), admission oxygen saturation (122/129,
94.6%), saturations in oxygen (24/26, 92.3%), birth weight
(117/129, 90.7%), and blood sugar (124/129, 96.1%). For the
7 missing admission HR and saturation readings (likely because
of the lack of a pulse oximeter), the app directed the HCP to
take and record a manual HR; hence, some form of HR
(electronic or manual) was recorded for every baby. There were
8 missing outcomes at discharge because of a lack of clear
outcome documentation in the patient record.

Time Taken
The mean time taken to complete an admission using the
NeoTree app was 37 min (range 18-59 min), excluding 1 outlier
(n=1). Anecdotal reports from HCPs suggest that longer sessions
may have been interrupted by urgent tasks. Approximately
one-fifth (22%) of NeoTree admissions were supervised.

Emerging Patterns and Corresponding Modifiable
Factors Discussed: Stage 4 of the Audit Cycle
The audit meeting took just over 1 hour, after which HCPs could
return to their daily duties; 4 factors were discussed. First, the
high rate of hypothermia on admission (Table 3) and
thermoregulation of babies by drying and wrapping was
identified as a modifiable factor for improvement and future
reauditing. Hypothermia is also an example of a factor that

could be highlighted in the anticipated next phase of NeoTree
development, that is, feedback data dashboards linked to the
NeoTree data. Second, inadequate reporting of antenatal syphilis
testing was discussed, and it was suggested that this could be
fed back to health centers via the District Health Officer.
Furthermore, the timing and completeness of penicillin treatment
were requested to be added to the NeoTree form. Third,
difficulties in knowing mothers’ age were also highlighted as
important because younger mothers typically experience more
premature deliveries and more complications of pregnancy. A
request was made for the app to calculate this in the future.
Finally, because of the lack of reported problems in labor other
than bleeding, it was deliberated that this question may have
been answered poorly and that midwives and newborn HCPs
should be shown where to find this information.

Discussion

Principal Findings
This paper presents a novel approach to capturing documentation
in an inpatient setting that could signal a start to inpatient
computerization. To our knowledge, this is the first digital
outcome audit of neonatal admissions to a low-resource newborn
facility. Our digital outcome audit achieved 70% coverage of
admissions during a phased implementation approach where
HCPs collected the data themselves on a novel app, NeoTree
[10]. The overall CFR for newborns admitted on NeoTree was
92 per 1000. The most common diagnoses were sepsis,
prematurity, and birth asphyxia for which the CFRs were 34,
250, and 250 per 1000, respectively. The completeness of data
was high or 100% for much of the data set, exemplifying how
the digital method significantly improves the quality of data in
terms of completeness. In comparison, other studies have
commented on how >50% of the charts had missing
documentation [12]. Our 1-month audit has completed steps 1
to 4 of the audit cycle (Figure 1) [5] and has the potential for
reaudit, evaluation, and refinement of recommendations and
hence the completion of the whole audit cycle.
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Discussion of Findings in Context
In a previous study at the ZCH nursery, demographic data were
collected over a 2-month period using the MOH paper admission
form. The mortality rate was 160 per 1000, significantly higher
than that of our digital outcome audit [17]. Therefore, our digital
outcome audit could have underestimated CFRs because of
systematically missing data on babies who died. As HCPs were
required to complete a paper form in addition to NeoTree, they
may not have filled out a NeoTree admission form for babies
that died soon after birth. If the NeoTree app completely
replaced the paper option and HCPs were trained to clerk all
babies, including those arriving moribund, this could cease to
be a problem.

Another previous paper-based death audit in KCH hospital,
Malawi, audited pediatric patients, with ages ranging from 1
day to 16.5 years, rather than newborns, and showed mortality
rates ranging from 22 to 44 per 1000 [12]. The lower mortality
rates most likely reflect the older age range, but may also be
because of the retrospective nature of their study and missing
data. The authors reported that >50% of the charts had missing
documentation [12]. The prospective nature of our study, the
presence of a researcher onsite overseeing data collection, and
the use of a digital method may have aided in improving the
completeness of data in our study.

Field validation and compulsory fields within the app may have
also contributed to the completeness of data. Saturations in
oxygen, for example, were not a compulsory field and were
recorded in 24 of 26 babies. This may reflect the power of
compulsory fields but also a lack of time to wait for a second
saturation reading once oxygen had been applied. Indeed, the
adult pulse oximeters available took time to pick up a reading,
particularly in smaller premature infants. Local protocols (care
of the infant newborn) [16] specify how to measure oxygen
saturation and that it should be taken in air and oxygen as part
of the assessment for starting continuous positive airway
pressure, but these were newly implemented at the time of the
study. For optional fields, lack of available information (eg,
birth weight of older infants born in other facilities) and
equipment (eg, test strips for the blood sugar monitor) may have
contributed to incomplete data, and these fields were
intentionally configured as optional for these reasons. For other
fields (eg, syphilis status), an unknown option was added to
allow progress through the app, where data were unavailable.
A researcher collected the outcome data in our study by reading
the documentation of HCPs (which was only 94% complete);
hence, in the future, the recording of outcomes by the HCPs
themselves in real time might improve the completeness of
outcome data. Although the completeness of data was generally
high, there is always the possibility of false data being entered.
Since we did not include any quality assurance in our study, we
can only assume that HCPs were entering correct data.

Discussion of Key Fields Within the NeoTree App
The percentage of LBW at admission (<2.5 kg) may be a useful
indicator for the procurement of feeding cups and nasogastric
tubes and the provision of kangaroo mother care beds. These
data could also potentially influence the maternal and obstetric

department and potentially government policies to tackle the
nutrition of Malawian mothers and their babies.

It is important to note that LBW or small for gestational age is
not the same as prematurity; hence, a maturity score was
included within NeoTree. The difference in maturity scores and
estimated gestation exposed the inaccuracy of fundal height and
length of pregnancy, suggesting a significant underestimation
of gestation using these methods. Feedback that the maturity
score was time-consuming and required additional training
prompted its removal from NeoTree halfway through the study.

Our results from the subjective assessment of the severity of
work of breathing (WOB) suggest that nasal flare and chest
in-drawings were not considered severe WOB. Head nodding,
grunting, and tracheal tug made up for 9.3% of severe WOB.
This could be further analyzed in the next phase to improve the
understanding of the training needs of HCPs in assessing
respiratory distress and potentially develop a scoring system in
the future.

Regarding the examination of the newborn, the lack of chest
findings reported and the complete lack of heart murmurs
auscultated suggest that related fields may not be appropriate
for nursing cadres, but their relevance for doctors could be
examined in the future. The flexible nature of the NeoTree app
means that these fields can be optional. For head circumference
and birth weight, the app could ideally plot these automatically
on a growth chart. However, it may represent a training
challenge for HCPs to interpret these. Nevertheless, this is
certainly a consideration for future iterations.

Limitations
The coverage of admissions was only 70.2% during a phased
implementation; hence, this may not be a representative sample.
The paper charts for the remaining 29.8% could have been
checked to improve coverage of key indicators such as age and
sex; however, this was not considered a reliable alternative
because of missing charts and missing documentation [12]. As
this was part of a proof-of-concept study, the digital form had
to be completed in addition to the paper form, adding time and
workload to already pressured staff. The researcher-in-residence
was present throughout the study, which may have enhanced
uptake. There were difficulties completing antenatal fields,
particularly when a guardian accompanied the infant to the
nursery while the mother was still recovering in the labor ward.
As the study progressed, midwives started to bring the mother’s
labor ward notes, in addition to her hand-held record, with new
admissions from the labor ward, but the problem persisted for
out-born babies. Hence, the option unknown was added to many
of the drop-down menus to preserve practical feasibility.

A major problem with our digital outcome audit is that the
proposed system only collected data at the point of admission
and discharge. What occurred during the crucial period between
admission and death was not recorded, and therefore modifiable
factors contributing to deaths and reciprocal solutions could not
be identified. In turn, because of time constraints, steps 5 and
6 of the audit cycle could not be executed, leaving the audit
loop unclosed. However, we have identified a considerable
number of modifiable factors from patterns in aggregate data;
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hence, with the right resources and staff available, we could
potentially close the audit loop.

Future Steps
To allow the scrutiny of individual causes of death, a free text
field will be added to the NeoDischarge form for the reviewing
clinician to record (in a nonblame anonymous fashion) any
possible modifiable factors that might have prevented that death.
Copies of these death summaries could potentially be printed
and collated for review in monthly death audits, which would
significantly increase the efficiency of these meetings and
provide valuable contemporary insights into how and why an
individual newborn died. Other next steps include using NeoTree
where it completely replaces the paper form, or where no paper
form exists in the first place, without the presence of the
researcher on site. A study where clinicians or doctors use the
app in another low-resource country would also be
recommended.

Conclusions
Using an mHealth app, NeoTree, a digital outcome audit was
successfully carried out by health care workers at a neonatal
unit of a district hospital in Malawi with high completeness of
data. These results were discussed at a local audit meeting and
demonstrated that data collected digitally could stimulate quality
improvement initiatives, such as improving the thermoregulation
of babies. Limitations are noted in this study, with only 70%
coverage of all admissions. Overall, this study illustrates how
a digital audit using an app can improve documentation and
richness of clinical data to help support the delivery and
configuration of local services. This study demonstrates huge
potential for the use of a daily electronic record in low-resource
settings, and these findings can inform the next stage of
development for the NeoTree app, in particular, for guiding the
development of linked data dashboards.
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Abstract

Background: Oral antineoplastic agents (OAAs) have revolutionized cancer management. However, they have been reported
with adverse side effects and drug-drug interactions. Moreover, patient adherence to OAA treatment is critical. Mobile apps can
enable remote and real-time pharmacotherapeutic monitoring of patients, while also promoting patient autonomy in their health
care.

Objective: The primary objective was to analyze the effect of using a mobile app for the follow-up of patients with
oncohematological malignancies undergoing treatment with OAAs on their health outcomes. The secondary objectives were to
analyze the role of the app in communication with health care professionals and patient satisfaction with the app.

Methods: We performed a comparative, quasi-experimental study based on a prepost intervention with 101 patients (control
group, n=51, traditional pharmacotherapeutic follow-up vs intervention group, n=50, follow-up through e-OncoSalud, a
custom-designed app that promotes follow-up at home and the safety of patients receiving OAAs). The effect of this app on drug
safety, adherence to treatment, and quality of life was evaluated.

Results: With regard to drug safety, 73% (37/51) of the patients in the control group and 70% (35/50) of the patients in the
intervention group (P=.01) presented with drug-related problems. The probability of detecting an insufficiently treated health
problem in the intervention group was significantly higher than that in the control group (P=.04). The proportion of patients who
presented with side effects in the intervention group was significantly lower than that in the control group (P>.99). In the control
group, 49% (25/51) of the patients consumed some health resources during the first 6 months of treatment compared with 36%
(18/50) of the patients in the intervention group (P=.76). Adherence to treatment was 97.6% (SD 7.9) in the intervention group,
which was significantly higher than that in the control group (92.9% [SD 10.0]; P=.02). The EuroQol-5D in the intervention
group yielded a mean (SD) index of 0.875 (0.156), which was significantly higher than that in the control group (0.741 [0.177];
P<.001). Approximately 60% (29/50) of the patients used the messaging module to communicate with pharmacists. The most
frequent types of messages were acknowledgments (77/283, 27.2%), doubts about contraindications and interactions with OAAs
(70/283, 24.7%), and consultations for adverse reactions to treatment (39/283, 13.8%). The satisfaction with the app survey
conducted in the intervention group yielded an overall mean (SD) score of 9.1 (0.4) out of 10.

Conclusions: Use of e-OncoSalud for the real-time follow-up of patients receiving OAAs facilitated the optimization of some
health outcomes. The intervention group had significantly higher health-related quality of life and adherence to treatment than
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the control group. Further, the probability of the intervention group presenting with side effects was significantly lower than that
of the control group.

(JMIR Mhealth Uhealth 2020;8(10):e20480)   doi:10.2196/20480

KEYWORDS

e-OncoSalud; app; smartphone; oral antineoplastic agent; oncology

Introduction

Cancer research has grown exponentially in recent years. It is
currently estimated that 40% of the chemotherapeutic drugs are
oral antineoplastic agents (OAAs), which have changed the
model for administration of chemotherapy. The treatment for
cancer has changed from controlled administration in the day
hospital to administration at home without the supervision of a
health care professional, thus requiring greater autonomy on
the part of the patient [1,2]. However, these treatments are
subject to drug-related problems (DRPs), such as adherence,
interactions with the usual medication, and side effects [3,4].
The Institute for Safe Medication Practices classifies OAAs as
high-risk medications [5]. According to Walsh et al [6], up to
20% of the patients treated with OAAs experience severe side
effects.

In this sense, information and communication technologies,
specifically the area of mobile health, can provide patients with
greater autonomy and facilitate communication with health care
professionals. Similarly, mobile health can enable health care
professionals to improve monitoring and patient care [7].
According to a study in more than 7800 patients, 83%
considered the use of technology to be an essential or very
important component of their health care. The majority valued
the use of virtual care very positively in various scenarios such
as receiving reminders for health promotion, taking medication,
changing an appointment, and even follow-up on discharge and
contacting their health care professional [8].

Since mobile apps are accessible by a vast majority of the
population and since these apps facilitate the possibility of
remote monitoring, they offer patients with cancer the
opportunity to participate in the management of their disease
and endow greater responsibility for the control of their health,
thus favoring empowerment and improving the safety and
quality of care [7].

According to the report “Global Oncology Trends 2018,” it is
estimated that there are more than 2500 mobile health
cancer-related apps and that their use in clinical practice is
increasing, especially in the case of health care apps [9].
Nevertheless, evidence for the benefits that these apps can bring
to patients is limited. In fact, 2015 was the first year that this
advancement was addressed in the literature, with 5 studies
analyzing the effectiveness of apps in oncology. All 5 studies
reported positive results, although 2 showed efficacy similar to
that in the standard of care. In a review of 17 studies on the use
of apps and websites for patients with cancer, it was observed
that most were focused exclusively on the design, feasibility,
and acceptance of the app. There is hardly any evidence on the

effect of apps intended for the patient on the improvement of
their health outcomes [10].

Therefore, the objective of this study was to analyze the effect
of an app for the pharmacotherapeutic follow-up of patients
with oncohematological malignancies undergoing treatment
with OAAs on their health outcomes. The secondary objective
was to analyze the role of the app in communication with health
care professionals and patient satisfaction with the app.

Methods

Design and Scope of the Study
We performed a comparative, quasi-experimental study with a
prepost intervention design. The health outcomes of a group of
patients in which pharmacotherapeutic follow-up was according
to the usual clinical practice of the Pharmacy Service (control
group) was compared with those of a group of patients in which
the said follow-up was managed through an app (intervention
group).

There were 2 periods of recruitment: the first began in January
2015 and ended in December 2015 (control group) and the
second began in May 2017 and ended in May 2018 (intervention
group). The follow-up period in both the groups was 6 months.
This study was carried out in the outpatient unit of the Pharmacy
Services of 2 University Hospitals. Both services have a
pharmaceutical care program for patients undergoing treatment
with OAAs to train them in the appropriate management of their
medication (optimal adherence, management of side effects,
and interactions with usual medication). This study was
approved by the Hospital Clinical Research Ethics Committee
(code PI13/02056). All patients signed an informed consent
document. This study adhered to the basic ethics principles and
the tenets of the Declaration of Helsinki.

Study Population
The control group consisted of adult patients who started
treatment with OAAs between January 1, 2015 and December
31, 2015. These patients were followed up at the outpatient unit
at the beginning of the treatment and 6 months later according
to the established pharmaceutical care program. The intervention
group consisted of patients over 18 years of age who started
treatment with OAAs between May 31, 2017 and May 31, 2018.
Patients had to have a smartphone and were followed up daily
through an app (e-OncoSalud) for 6 months from the start of
the treatment.

Pharmacotherapeutic Follow-Up Via the App
Between January 2016 and May 2017, a team of hospital
pharmacists, oncologists, hematologists, and computer scientists
designed the e-OncoSalud app [2]. e-OncoSalud is a
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custom-designed app that promotes pharmacotherapeutic
follow-up at home and the safety of patients treated with OAAs.
It comprises the following 5 modules that integrate all relevant
treatment information.

1. An agenda module, wherein the patient can register various
events (appointment with the doctor, laboratory analyses,
imaging test appointments, and medication collection) with
customizable alerts.

2. A treatment module, in which both the patient and the
pharmacist can register the drugs consumed by the patient and
the dosage. Patients can see their package insert and schedule
alerts for administration, thus improving adherence.

3. A module providing tips on the disease and management of
symptoms, as well as links to websites of interest and
instructions for using the app.

4. A messaging module so that both the patient and the health
care professional can contact each other at any time.

5. A module in which the patient can record general progress,
blood pressure, weight, and side effects. The patient can register
these with a defined periodicity, except for the side effects,
which are recorded when they occur. The management of the
side effects is based on a decision algorithm that uses a series
of questions to classify severity according to the severity of the
Common Terminology Criteria for Adverse Events (CTCAE,
grades 1-4) and issues appropriate recommendations. The side
effect information is focused on the management of fatigue,
diarrhea, nausea, vomiting, hand-foot syndrome, and fever. In
diarrhea and vomiting, the decision algorithm works based on
a count of the number of events registered in the last 24 hours,
and when it reaches a defined number of events, the different
recommendations appear. All the information that the patient
records in the app is sent through a web interface to ensure
real-time pharmacotherapeutic follow-up by pharmacists.

Variables
The effect of the app was evaluated through the following health
outcomes: drug safety, adherence, and quality of life. Patient
communication and satisfaction with the app were also analyzed.
The variables analyzed were as follows.

1. Demographic/clinical characteristics: age, sex, diagnosis,
type of OAA, and concomitant medications.

2. Safety: DRPs according to the 3rd Consensus of Granada,
the number of interactions and their severity, side effects
according to the CTCAE scale v.4.03 [11], and resource
consumption (unscheduled consultations, emergency visits, and
hospital admissions).

3. Quality of life: assessed using the EuroQol-5D (EQ-5D)
questionnaire [12].

4. Adherence to treatment: measured through the medication
possession ratio, calculated through the dispensation record of
the outpatient unit’s computer program.

5. Communication: analysis of the messages that patients sent
through the app.

6. Satisfaction: evaluated through a specific satisfaction survey
for the app. The survey consisted of 8 closed questions on an
additive assessment scale that included aspects of the ease of
communication with the pharmacist, usefulness for managing
the treatment, and grade of recommendation. The survey was
delivered to patients 6 months after having installed the app.

Sample Size
The objective of the app was to improve the pharmaceutical
follow-up and safety of patients treated with OAAs by increasing
the detection of DRPs by at least 20% (from 15% to 35%).
Therefore, accepting an alpha risk of .05 and a beta risk of .10
in a bilateral contrast, 45 subjects are needed in the control
group and 45 in the intervention group. A loss to follow-up rate
of 10% has been estimated.

Statistical Analysis
Data were analyzed using SPSS Statistics for Windows, version
21.0 (IBM Corp). The results were expressed as mean and
standard deviation (SD). Categorical variables were expressed
as frequencies and percentages. The homogeneity of the 2
groups was analyzed using a univariate analysis by applying
the chi-square test for qualitative variables and the one-sided t
test or Mann-Whitney U test to compare quantitative variables.
The Bonferroni correction was applied for multiple comparisons.
P values less than .05 were considered statistically significant.

Results

Demographic Data of the Patients
During the study period, 198 patients started treatment with
OAAs (Figure 1). A total of 87 patients were assigned to the
control group; of these, 36 were excluded because they did not
complete the 6 months of treatment. In the intervention group,
111 patients started treatment but 61 patients were excluded
(40 for not completing the follow-up period and 21 for not
having a smartphone). Finally, 101 patients were analyzed in a
1:1 ratio, with 51 patients in the control group (without the app)
and 50 patients in the intervention group (with the app). The
mean (SD) age of the patients was 62.7 (13.6) years: 68.7 (10.7)
years in the control group and 56.6 (13.6) years in the
intervention group (P<.001). Table 1 describes the demographic
and clinical characteristics of the study patients.
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Figure 1. Description of the recruitment of the patients.
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Table 1. Demographic and clinical characteristics of the control group and the intervention group.

P valueTotal, N=101,
n (%)

Intervention group, n=50,
n (%)

Control group, n=51,
n (%)

Demographic/clinical characteristics

.20Gender

44 (43.6)25 (50)19 (37)Female

57 (56.4)25 (50)32 (63)Male

.004aTumor

18 (17.8)5 (10)a13 (26)Multiple myeloma

17 (16.8)5 (10)12 (24)Non–small cell lung cancer

15 (14.9)4 (8)11 (22)Kidney cancer

11 (10.9)6 (12)5 (10)Prostate cancer

6 (5.9)4 (8)2 (4)Chronic myeloid leukemia

5 (5.0)2 (4)3 (6)Breast cancer

4 (4.0)3 (6)1 (2)Gastrointestinal stromal tumors

4 (4.0)4 (8)0 (0)Soft tissue sarcoma

3 (3.0)3 (6)0 (0)Hepatocellular carcinoma

3 (3.0)3 (6)0 (0)Central nervous system

3 (3.0)3 (6)0 (0)Thyroid cancer

3 (3.0)3 (6)0 (0)Chronic lymphatic leukemia

2 (2.0)0 (0)2 (4)Colon cancer

2 (2.0)0 (0)2 (4)Myelodysplastic syndrome

2 (2.0)2 (4)0 (0)Ovarian cancer

1 (1.0)1 (2)0 (0)Acute lymphoid leukemia

1 (1.0)1 (2)0 (0)Melanoma

1 (1.0)1 (2)0 (0)Other

.04Eastern Cooperative Oncology Group performance status

51 (53.1)31 (66)20 (41)Grade 0

40 (41.7)15 (32)25 (51)Grade 1

5 (5.2)1 (2)4 (8)Grade 2

.15Smoker

99 (98.0)48 (96)51 (100)No

2 (2.0)2 (4)0 (0)Yes

.13Living alone

83 (82.2)44 (88)39 (77)No

18 (17.8)6 (12)12 (24)Yes

.001aTreatment

19 (18.8)4 (8)a15 (29)Lenalidomide

11 (10.9)3 (6)8 (16)Pazopanib

8 (7.9)1 (2)a7 (14)Gefitinib

8 (7.9)4 (8)4 (8)Imatinib

7 (6.9)1 (2)6 (12)Capecitabine

6 (5.9)6 (12)0 (0)Sorafenib

5 (5.0)0 (0)5 (10)Erlotinib
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P valueTotal, N=101,
n (%)

Intervention group, n=50,
n (%)

Control group, n=51,
n (%)

Demographic/clinical characteristics

5 (5.0)2 (4)3 (6)Abiraterone

5 (5.0)4 (8)1 (2)Enzalutamide

4 (4.0)2 (4)2 (4)Sunitinib

3 (3.0)3 (6)0 (0)Dasatinib

3 (3.0)3 (6)0 (0)Afatinib

3 (3.0)3 (6)0 (0)Ibrutinib

2 (2.0)2 (4)0 (0)Olaparib

2 (2.0)2 (4)0 (0)Regorafenib

2 (2.0)2 (4)0 (0)Procarbazine

1 (1.0)1 (2)0 (0)Axitinib

1 (1.0)1 (2)0 (0)Crizotinib

1 (1.0)1 (2)0 (0)Everolimus

1 (1.0)1 (2)0 (0)Ruxolitinib

1 (1.0)1 (2)0 (0)Dabrafenib/trametinib

1 (1.0)1 (2)0 (0)Temozolomide

1 (1.0)1 (2)0 (0)Lenvatinib

.61Treatment lineb

53 (53.5)27 (54)26 (53)1

28 (28.3)14 (28)14 (29)2

13 (13.1)5 (10)8 (16)3

4 (4.0)3 (6)1 (2)4

1 (1.0)1 (2)0 (0)5

.15Previous oral chemotherapy

78 (78.0)42 (84)36 (72)No

22 (22.0)8 (16)14 (28)Yes

aSignificant difference between the control and the intervention group at P<.05.
bNumber of previous treatments the patient has received.

Drug Safety

DRPs
DRPs were recorded in 73% (37/51) of the patients in the control
group and in 70% (35/50) of the patients in the intervention
group (P=.01) (Table 2). The most frequent DRPs in both groups

were interactions with the usual medication. The probability of
the intervention group presenting with side effects was
significantly lower than that of the control group presenting
with side effects (P=.01). The probability of detecting an
insufficiently treated health problem in the intervention group
was significantly higher than that of detecting an insufficiently
treated health problem in the control group (P=.04).
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Table 2. Drug-related problems in the control group and intervention group.

Total, N=101, n (%)Intervention group, n=50, n (%)Control group, n=51, n (%)Drug-related problem

5 (3.5)3 (5)2 (3)Erroneous administration of the drug

2 (1.4)2 (3)0 (0)Personal characteristics

2 (1.4)2 (3)0 (0)Contraindication

5 (3.5)2 (3)3 (4)Dose, schedule, or inadequate duration

1 (0.7)1 (2)0 (0)Prescription errors

15 (10.4)6 (9)9 (11)Nonadherence

47 (32.6)21 (32)26 (33)Drug-drug interactions

1 (0.7)0 (0)1 (1)Other health problems affecting treatment

21 (14.6)2 (3)19 (24)aLikelihood of side effects

16 (11.1)11 (17)a5 (6)Insufficiently treated health problem

aSignificant difference between the control and the intervention groups at P<.05.

Side Effects
The proportion of patients who presented with side effects in
the group that used the app was significantly lower than that of
patients who presented with side effects in the control group
(45/50, 90% vs 51/51, 100%; P>.99). Table 3 shows the

distribution of the patients according to side effects in the control
group and intervention group. No statistically significant
differences were found between the 2 groups based on side
effects. The mean (SD) time to onset of the first adverse effect
was 8.2 (10.6) days in the intervention group.

Table 3. Distribution of patients according to side effects in the control group and intervention group.

Total, N=101, n (%)Intervention group, n=50, n (%)Control group, n=51, n (%)Side effects

38 (37.6)26 (28)12 (24)Nausea

16 (15.8)13 (20)3 (6)Vomiting

67 (66.3)46 (50)21 (41)Diarrhea

24 (23.8)17 (20)7 (14)Hypertension

25 (24.8)16 (14)9 (18)Hematologic toxicity

83 (82.2)56 (58)27 (53)Fatigue

18 (17.8)11 (8)7 (14)Hand-foot syndrome

50 (49.5)34 (36)16 (31)Cutaneous adverse effects

87 (86.1)59 (62)28 (55)Others

Resource Consumption
Almost half (25/51, 49%) of the patients in the control group
consumed health care resources during the first 6 months of
treatment compared with 36% (18/50) of the patients in the

intervention group (P=.78) (Table 4). Four emergency visits
were avoided in the intervention group, since the events were
managed remotely. No significant differences were found
between the control group and the intervention group with regard
to resource consumption.

Table 4. Resource consumption in the control and intervention groups.

Total, N=101, n (%)Intervention group, n=50, n (%)Control group, n=51, n (%)Resource consumption

7 (12.3)3 (14)4 (11)Unscheduled visits to the oncology department

39 (68.4)17 (77)22 (63)Emergency visits

11 (19.3)2 (9)9 (26)Admission to hospital

Health-Related Quality of Life
When a linear transformation was applied to standardize the
score, the EQ-5D in the intervention group yielded a mean (SD)
index of 0.875 (0.156), which was significantly higher than that
in the control group (0.741 [0.177]; P<.001).

Adherence
The mean (SD) rate of adherence to treatment in the intervention
group was 97.6% (7.9), which was significantly higher than
that in the control group (92.9% [10.0]; P=.02)
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Patient Communication Through e-OncoSalud
Approximately 60% (29/50) of the patients in the intervention
group used the messaging module to communicate with
pharmacists. They sent 283 messages, that is, an average of 8

messages per patient. The most frequent messages concerned
doubts about contraindications and interactions with OAAs
(70/283, 24.7%), consultations for adverse reactions to treatment
(39/283, 13.8%), and acknowledgment of the care received
(77/283, 27.2%) (Table 5).

Table 5. Classification of the messages sent by patients through e-OncoSalud (n=283).

Values, n (%)Message classification

77 (27.2)Acknowledgment of the pharmaceutical care received

70 (24.7)Contraindications and drug interactions

39 (13.8)Side effects

36 (12.7)Medication collection alert

24 (8.5)Dosage and administration

15 (5.3)Hospital logistics

7 (2.5)Use of therapy and efficacy of other treatments

6 (2.1)Availability of other treatments

3 (1.1)App-related problems

3 (1.1)Suggestions for improving the app

2 (0.7)Use and efficacy of complementary medicinal products

1 (0.4)Other

Satisfaction With e-OncoSalud
The satisfaction survey conducted in the intervention group
yielded an overall mean (SD) score of 9.1 (0.4) out of 10. The
results are shown in Figure 2.

Figure 2. Satisfaction of the patients in the intervention group with the e-OncoSalud app.

Discussion

Principal Findings and Comparison With Previous Studies

To our knowledge, this is the first study to show that an app for
the pharmacotherapeutic follow-up of patients with cancer

treated with OAAs has a positive impact on their safety and
adherence to treatment as well as on health-related quality of
life. e-OncoSalud is a new app that includes a unique
decision-making algorithm. Depending on the type and severity
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of the side effects registered by the patient, the app provides
personalized recommendations instantly.

Although OAAs are not subject to the specific problems of
intravenous chemotherapy, they are not without side effects
[3,13]. In our study, the most common side effects reported by
patients in both groups were characteristic of OAAs (asthenia,
diarrhea, skin disorders, nausea, and vomiting) [3]. However,
by having the decision-making algorithm, the patients in the
intervention group were able to manage these symptoms from
home. In a 3-module app [14] aimed at patients with
nasopharyngeal carcinoma receiving chemoradiotherapy, one
of the recommendations decreased the frequency of the
complications associated with treatment. The incidence of
mucositis, xerostomia, difficulty opening the mouth, and nasal
congestion was lower in the patients who used the app (67
patients) than in those who did not (65 patients) [14]. In a
clinical trial conducted in 76 patients with breast cancer [15],
the authors analyzed the impact of the ILOVEBREAST app in
reducing side effects, improving psychological status, and
improving adherence to treatment. The patients were randomized
in a 1:1 ratio to follow-up through the app (intervention group)
or traditional follow-up (control group). Consistent with our
findings, the results showed that the use of the app was
associated with better quality of life, greater adherence, and
fewer side effects such as nausea, fatigue, hand-foot syndrome,
and hair loss. Although the differences were not significant in
most cases, the incidence of grade 3 fatigue was significantly
lower in patients who used the app (1 vs 13; P=.02) [15].

According to a study conducted at the Dana-Farber Cancer
Institute, patients undergoing treatment with OAAs are more
likely to be admitted to hospital with side effects. However,
patients who were closely followed by their health care
professional were significantly less likely to be admitted in the
hospital [16]. Thus, information and communication
technologies are demonstrating an improvement in the
management of various conditions, with results that show a
reduction in complications and hospital admissions. For
example, a study that analyzed the use of text messages in
patients with diabetes found a significant decrease in HbA1c

levels, improved medication adherence, and decreased
emergency department visits [17]. Another study evaluated the
effect of home telemonitoring in patients with heart failure and
demonstrated a significant improvement in health outcomes
[18]. However, we found no studies showing that apps for
patients with cancer reduce their emergency visits or hospital
admissions. Through e-OncoSalud, patients’ consumption of
resources could be reduced from 49% to 36% (unscheduled
consultations, emergency visits, or hospital admissions),
although there was no statistically significant difference between
the control and the intervention groups.

Side effects can also affect the quality of life of patients.
According to Rincon et al [19], real-time monitoring and
symptom management significantly improved emotional status,
insomnia, and urinary tract symptoms. In another study that
analyzed an app for the follow-up of patients with lung cancer,
registration and follow-up of symptoms and subsequent
management by the oncologist improved the quality of life [20].

According to the authors, this improvement was due to the early
detection of side effects, complications, and signs or symptoms
of progression [20]. In our study, follow-up based on the use
of the e-OncoSalud app improved the health-related quality of
life more than the traditional follow-up.

While patients with cancer face many challenges, adherence to
OAAs is crucial if they are to maximize treatment outcomes
and avoid complications [21]. In the follow-up based on
e-OncoSalud, adherence at 6 months was 97.6% (SD 7.9), which
is significantly higher than that of patients who did not receive
home follow-up through the app (92.9% [SD 10.0]). These
results agree with those reported in the literature, where the app
is positioned as another strategy to improve adherence to
treatment [22].

Regarding patient-pharmacist communication, 60% of the
patients used the messaging module to communicate with the
pharmacist. This percentage is similar to that reported with the
WebChoice app [23], in which 61% of the patients used the
messaging module to contact their nurse. However, we were
unable to find studies that analyze the type of messages sent
through an app between patients and health care professionals.
This is not surprising, given that few electronic systems for
patients with cancer incorporate messaging modules. A recently
published review showed that only 6 (15%) of 40 electronic
systems incorporated this modality [10]. Although several
studies have shown that patients highly value this function, its
complexity and maintenance limit its usability [10,24-26].

Finally, our results revealed a high degree of satisfaction with
most of the aspects assessed. Those aspects that were the best
rated were the ability to communicate with the pharmacist from
anywhere, having the treatment registered with the notification
system, the immediacy of the response by the pharmacist, and
the ease of use. In addition, 100% of the patients agreed that
they would recommend the app. These data are similar to those
reported in studies that analyzed the app satisfaction of patients
with cancer [15,25]. In order to assess the satisfaction of the
ILOVEBREAST app, Kim et al [15] conducted a survey
consisting of 8 questions that covered the ease of use and help
with taking medication. Patients were also asked if they would
recommend the app to others. The functions most highly valued
by the patients were the ease of obtaining information and
managing side effects. However, unlike our app, ease of use
was one of the least valued aspects, possibly because it is an
app based on an avatar type game. In their evaluation of the
iCancerHealth app, Berry et al [25] observed that the aspects
best valued by patients were ease of communication with their
health care professional and the recording and monitoring of
side effects.

Limitations
This study has the following limitations. The main limitation
is the absence of randomization. However, the inclusion and
exclusion criteria ensured that the selection of patients was
representative of a usual clinical practice, and the sample size
was sufficiently large to achieve the objectives. Likewise, the
control and intervention groups were recruited 3 years apart.
This could have an impact on not only which antineoplastic
drugs are available but also other factors in terms of people’s
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willingness to communicate via an app. In addition, the use of
2 separate study periods with respect to a type of drugs
undergoing development makes it difficult to draw reasonable
comparisons between the groups.

Conclusions
Real-time pharmacotherapeutic follow-up of patients receiving
OAAs by using the e-OncoSalud enabled the optimization of
some health outcomes. Although there was no significant

difference between the control and intervention groups in terms
of unscheduled visits to the oncology department, emergency
visits, or admissions to the hospital, the intervention group had
significantly higher health-related quality of life and adherence
to treatment. Further, the probability of the intervention group
presenting with side effects was significantly lower than that
of the control group. However, more randomized studies should
be conducted to confirm the observed findings.
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Abstract

Background: The potential effectiveness of integrated management in further improving the prognosis of patients with atrial
fibrillation has been demonstrated; however, the best strategy for implementation remains to be discovered.

Objective: The aim of this study was to ascertain the feasibility of implementing integrated atrial fibrillation care via the
Hospital-Community-Family–Based Telemedicine (HCFT-AF) program.

Methods: In this single-arm, pre-post design pilot study, a multidisciplinary teamwork, supported by efficient infrastructures,
provided patients with integrated atrial fibrillation care following the Atrial fibrillation Better Care (ABC) pathway. Eligible
patients were continuously recruited and followed up for at least 4 months. The patients’ drug adherence, and atrial
fibrillation–relevant lifestyles and behaviors were assessed at baseline and at 4 months. The acceptability, feasibility, and usability
of the HCFT-AF technology devices and engagement with the HCFT-AF program were assessed at 4 months.

Results: A total of 73 patients (mean age, 68.42 years; 52% male) were enrolled in November 2019 with a median follow up
of 132 days (IQR 125–138 days). The patients’ drug adherence significantly improved after the 4-month intervention (P<.001).
The vast majority (94%, 64/68) of indicated patients received anticoagulant therapy at 4 months, and none of them received
antiplatelet therapy unless there was an additional indication. The atrial fibrillation–relevant lifestyles and behaviors ameliorated
to varying degrees at the end of the study. In general, the majority of patients provided good feedback on the HCFT-AF intervention.
More than three-quarters (76%, 54/71) of patients used the software or website more than once a week and accomplished clinic
visits as scheduled.

Conclusions: The atrial fibrillation–integrated care model described in this study is associated with improved drug adherence,
standardized therapy rate, and lifestyles of patients, which highlights the possibility to better deliver integrated atrial fibrillation
management.

Trial Registration: Clinicaltrials.gov NCT04127799; https://clinicaltrials.gov/ct2/show/NCT04127799

(JMIR Mhealth Uhealth 2020;8(10):e22137)   doi:10.2196/22137
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Introduction

Atrial fibrillation is the most prevalent cardiac arrhythmia and
has cumulatively been acknowledged as a major health care
burden globally [1]. Despite the fact that atrial fibrillation is
infrequent among young people (<1% in individuals aged <40
years), its incidence dramatically increases with age, reaching
up to 10%-17% in individuals above the age of 80 years [1,2].
The lifetime risk of atrial fibrillation is 21%-23% in women
and 17%-26% in men [3,4]. Approximately 33.5 million
individuals were suffering from atrial fibrillation in 2010
globally, which is predicted to double by 2050 owing to
widespread population aging [5]. Additionally, atrial fibrillation
is associated with a 5-fold increase in ischemic stroke risk and
accounts for 15%-20% of all strokes [6,7]. Strokes arising from
atrial fibrillation are more catastrophic and disabling than those
of other etiologies, which has been described as an “atrial
fibrillation–correlative stroke tsunami” [8].

Oral anticoagulants therapy can markedly reduce the risk of
stroke by 64% and the risk of death by 26% in patients with
atrial fibrillation [9]. However, the underuse or improper use
of oral anticoagulants is fairly common in real-world clinical
practice, even in the new era of nonvitamin K antagonist oral
anticoagulants (NOACs), especially in many Asian countries
[10-12]. In comparison with Europe (90.1%) and North America
(78.3%), the reported usage rate of oral anticoagulants was
notably lower in Asia (55.2%) and well below the global average
(79.9%) [11]. Furthermore, 17.7% of high-risk patients were
not anticoagulated (Europe 8.8%; Asia 42.4%), whereas 76.5%
of low-risk patients were inappropriately anticoagulated [11].
In Asia, oral anticoagulant use varies from 21.0% in China
(5.8% for NOACs) to 89.7% in Japan [11].

The integrative management of atrial fibrillation patients is
deemed to have the potential to improve the oral anticoagulant
rate and patient prognosis, which comprises the following core
elements: (1) patient-centeredness, (2) multidisciplinary
teamwork, (3) utilization of intelligent technology, and (4)
application of comprehensive strategies with access to all

therapy options [13-15]. Additionally, the European Society of
Cardiology developed an app to support the management of
patients with atrial fibrillation [16]. To date, several preliminary
studies have demonstrated the benefits of integrated atrial
fibrillation care in reducing readmission rates [17],
cardiovascular and all-cause mortality [17-20], and atrial
fibrillation–associated health care expenditures [21]. However,
a majority of prior studies have been dominated by nurses
[17-19] with latent gaps in the better implementation of
guidelines [22]. Additionally, these were mostly single-center
studies covering a finite region or supported by a single
management strategy such as a structured telephone follow up
[23], web platform [16], or app [24].

To our knowledge, no subsistent program has integrated a
mobile app, web platform, and intelligent health monitoring
devices with cooperation among specialists, general
practitioners, patients, and their caregivers to care and empower
patients in disease self-management. There are scarce data on
the implementation of such an integrated program to manage
atrial fibrillation patients, particularly regarding its feasibility
and safety. On the basis of our heart failure management
p r o g r a m  [ 2 5 , 2 6 ] ,  w e  c o n d u c t e d  t h e
Hospital-Community-Family–Based Telemedicine (HCFT-AF)
program incorporating the core elements mentioned above. The
aim of this study was to ascertain the feasibility of the HCFT-AF
program for implementation of integrated atrial fibrillation care.

Methods

Study Design and Participants
This single-arm, pre-post design study was part of the HCFT-AF
program (ClinicalTrials.gov NCT04127799), which received
ethics approval (2019093) from the Institutional Review Board
of Northern Jiangsu People’s Hospital [27]. Eligible patients
(Textbox 1) were enrolled consecutively in November 2019
and were followed up for at least 4 months (Figure 1). All
patients provided written informed consent before enrolling in
the study.
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Textbox 1. Inclusion and exclusion criteria.

Inclusion criteria

• Aged≥18 years

• Meeting the diagnostic criteria for atrial fibrillation

• Understand the nature of the study, and agree to sign informed consent and continue follow up

Exclusion criteria

• Atrial fibrillation due to a reversible cause (eg, untreated hyperthyroidism, acute myocardial infarction, or acute myocarditis within 1 month)

• No recurrence of atrial fibrillation after surgical treatment

• Combined with other diseases with a life expectancy less than 1 year

• Severe liver and kidney disfunction: serum creatinine>5.0 mg/dL; alanine transaminase exceeds the reference value by more than 3 times (>100
U/L)

• Systolic/diastolic blood pressure≥180/110 mmHg, but can be enrolled after achieving blood pressure control

• Diagnosed or suspected blood system disease (except for mild to moderate anemia), leading to coagulopathy or combined with bleeding tendency

• Pregnant and lactating women

• Unable to use remote monitoring equipment (eg, depression, dementia)

• Participating in other treatment research or remote patient management programs

• Investigators considered that it is inappropriate to participate in the study

Figure 1. Flow diagram of the pilot study.

Supportive System in the HCFT-AF Program

System Overview
A user-friendly supportive system was developed to better
deliver integrated atrial fibrillation management. In general,
this system incorporates the following three major components:
(1) a multifunctional service platform (Physio-Gate PG 2000,
GETEMED AG), (2) a personal health data app (King
OPTO-Electronic AG), and (3) a few health monitoring devices.

Multifunctional Service Platform
The multifunctional service platform [28] covers patients’ data
collection, storage, education, and audio-video portions. In our
initial version, patients’ data could only be collected manually,
which was time-consuming, labor-intensive, and had a high
error rate. In version 2.0, the platform can automatically create
a structured medical record via a document exported from the
hospital information system. Additionally, data uploaded by
participants through the app can be deposited on the platform.
Abnormal values are coded with different colors: green denotes
reduction, orange denotes moderate risk, red denotes high risk,
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and no color denotes normal or approximating the normal range.
In this way, physicians can master patients’ condition more
comprehensively and rapidly. The online library on the platform
provides multifaceted knowledge on atrial fibrillation (eg,
guideline-based therapy, guidance for self-management). The
platform is also equipped with a highly confidential audio-video
system to protect patient privacy. In brief, this platform serves
as a bridge for information interaction and resource sharing
between all stakeholders in this program.

Mobile App
A user-friendly mobile app, available on both Android and iOS,
was respectively developed for patients and physicians. The
data obtained with access to an internet connection can be
accessed offline, after the network is disconnected, while
subsequent updates require connection to the network. The
version for physicians assists them in better managing patients
and allows them to observe and track the health status of patients
more conveniently. Physicians can view the medical records of

patients in their charge. When patients upload data or seek
remote consultation, their attending physicians will be reminded.

The patient version has the following major functions: medical
record viewing, health-related data uploading, and remote
consultation (Figure 2). This app enables patients to view their
medical records documented by physicians, which is significant
for those taking multiple drugs simultaneously. As an important
part of self-management, patients can record and upload
health-related data via the app, including daily recording of
symptom changes, resting ventricular rate, rhythm, and blood
pressure. Their attending physicians will then examine the data
and provide corresponding suggestions. In addition, patients
can communicate with physicians more conveniently with the
remote consultation function. Bleeding caused by warfarin is
partly due to unreasonable medication combinations, which can
be avoided by timely communication with clinicians [29].
Furthermore, a reminder alert is sent automatically for
forthcoming clinic appointments and a structured follow-up
schedule is accessible in the app.

Figure 2. Screenshots of the mobile app for patients.

Intelligent Health Monitoring Devices
In addition to the ACT Plus automatic clotting time tester
(Medtronic PLC, Minneapolis, MN, USA), some intelligent
health monitoring devices are available in our program: a
multicomponent monitor (blood pressure, oxyhemoglobin
saturation, and electrocardiograph; TE-4000Y, Beijing Hailiying
Medical Technology Ltd, Beijing, China) and a long-term
wearable electrocardiograph monitor (BECG1200-A, Thoth
Medical Technology Ltd, Suzhou, China) (see Multimedia
Appendix 1). These health monitoring devices make remote
monitoring, recording, and analysis of patient health status
possible.

Procedures
In general, the intervention included three major elements:
education, streamlined guideline-based therapy, and periodic
follow up. The educational section mainly had two target
audiences. The first was patients and their caregivers,
incorporating the detriment and self-management of atrial
fibrillation, use of supportive health monitoring devices, and
other components. The second was general practitioners in
communities, aiming to narrow the gap between physicians and
guideline-based therapy.

Researchers introduced the study protocol to the eligible patients
and their caregivers. In addition, for integrating the management
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group, research assistants helped to install the app, and provided
instructions on use of the multifunctional service platform, app,
and health monitoring devices. A complete medical record was
established on the multifunctional service platform before the
study officially started. Thereafter, patients were assigned to
the community hospital closest to them for further follow up.
Structured follow up was arranged once every 2-4 months after
discharge, and related examinations were performed every 3-6
months or depending on the condition of patients. During
periodic clinical visits, participants were encouraged to record
and upload their health-related data via the app and to follow
the educational program to improve their disease
self-management ability. For patients who were at high risk of
severe arrhythmia, some intelligent health monitoring devices
were furnished to record and transfer health parameters
remotely. Patients and their families could interact with their
supervising general practitioners more conveniently via the app
if needed.

The general practitioners in community hospitals checked the
data submitted by the patients and identified abnormal health
data in comparison with previous medical records. In such cases,
they would give appropriate treatments or consult specialists at
a regional central hospital according to the risk level of the
patients. Patients can be transferred to the central hospital
through a fast track if necessary. In addition to managing
patients, community physicians can also access the latest
guideline-based atrial fibrillation therapy through the
multifunctional service platform.

Cardiologists of regional central hospitals performed remote
ward rounds weekly for patients that were deemed to be
complicated or difficult to handle via the dedicated audio-video
system by general practitioners, and clinic visit schedules were
adjusted according to the condition of the patient when
necessary. For patients with complicated conditions,
cardiologists would discuss the treatment schedule with
neurologists, cardiac surgeons, and other specialists.
Furthermore, specialists performed online video seminars
regularly for general practitioners and patients, aiming to
increase the capacity of general practitioners and compliance
of patients to the standardized therapy.

Outcomes and Instruments
Patients’drug adherence was assessed via the Pharmacy Quality
Alliance adherence measure [30] at baseline and at 4 months
individually. Patients’ lifestyles and behaviors associated with
the occurrence and progress of atrial fibrillation were collected
at baseline and 4 months through interviews with the purpose
of evaluating changes in self-management. Additionally, the
acceptability, feasibility, and usability of the HCFT-AF
intervention for patients were measured via the Perceived Health
Web Site Usability Questionnaire [31] at 4 months. This
questionnaire consists of three separate portions that evaluate
patient satisfaction (eg, “It is easy to find specific information”),
ease of use (eg, “I found the HCFT-AF intervention easy to

learn”), and usefulness (eg, “Using the HCFT-AF intervention
will help me improve my knowledge about health”). All points
are rated on a 1 to 7 scale. Responses were averaged for each
element and across all points, with higher scores indicating
better satisfaction, easier use, higher effectiveness, and greater
overall usability of the intervention. The engagement of the
HCFT-AF program was roughly estimated by the frequency of
patients’ account logins and the completion degree of the
follow-up schedule. The patients’ feedback with the intervention
was obtained through self-reported questionnaires at the end of
the study.

Statistical Analysis
Demographic traits of patients were collected and are presented
as continuous or categorical variables. Continuous variables,
verified for normality by the Kolmogorov-Smirnov test, are
presented as means (SD) or median (IQR) as appropriate. In
addition, the data were compared via a t test or Mann-Whitney
U test, as appropriate. Categorical variables are reported as the
absolute number and percentage, which were analyzed by the
chi-square test or Fisher exact test. All statistical tests were
two-tailed, and P<.05 was considered to indicate statistical
significance. Statistical analyses were performed on GraphPad
Prism version 8.00 for Windows (GraphPad Software, La Jolla,
CA, USA).

Results

Participant Characteristics
A total of 73 eligible patients (mean age, 68.42 years; 52%
male) were enrolled in this feasibility study in November 2019
with a median follow up of 132 days (IQR 125–138). Of the
original cohort, 71 patients completed the 4-month follow up.
Two patients dropped out after failing to complete regular
clinical follow ups. Basic demographic data were collected at
baseline (Table 1). Less than half of the qualified patients
received anticoagulant therapy. Fifty-three physicians (mean
age, 41.72 years; 58% were male) participated in the routine
management of patients. Nearly half of the physicians (25/53,
47%) had more than 10 years of work experience. About 30%
(16/53) of the physicians were specialists, including
cardiologists (20%, 11/53), neurologists (6%, 3/53), and cardiac
surgeons (4%, 2/53).

During the study period, specialists from the regional central
hospital conducted 34 online lectures and 168 remote ward
rounds in total. In addition, general practitioners consulted the
experts in the regional central hospital remotely 102 times. One
patient with high-grade atrioventricular block detected by
intelligent health monitoring devices was transferred to the
regional central hospital via a fast track. Furthermore, 5 patients
had bleeding gums and 2 had epistaxis; however, the
anticoagulation treatment was not interrupted after appropriate
treatment was given. No other relevant serious adverse events
were reported.
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Table 1. Baseline characteristics of patients in the study (N=73).

ValueCharacteristics

68.42 (10.25)Age (years), mean (SD)

38 (52)Male, n (%)

Medical history, n (%)

37 (51)Hypertension

16 (22)Diabetes

15 (21)Congestive heart failure

10 (14)Previous stroke/TIAa

6 (8)Renal dysfunction

4 (6)Liver dysfunction

4 (6)Peripheral vascular disease

Type of atrial fibrillation, n (%)

35 (48)Paroxysmal

28 (38)Persistent

10 (14)Permanent

Atrial fibrillation treatment, n (%)

34 (47)Beta-blocker

15 (21)Pharmacologic cardioversion

28 (38)Anticoagulant therapyb

8 (11)Atrial fibrillation ablation

1 (1)LAAOc

Anthropometric data, n (%)

23.15 (5.49)BMI (kg/m2)

21 (29)Overweightd

36 (49)Current drinker

28 (38)Current smoker

Daily caregiver, n (%)

62 (85)Spouse or children

8 (11)Relative

3 (4)Others

2.89 (1.71)CHA2DS2-VASce score, mean (SD)

2.32 (1.13)HAS-BLEDf score, mean (SD)

aTIA: transient ischemic attack.
bAnticoagulant therapy denotes receiving vitamin K antagonist or nonvitamin K antagonist oral anticoagulant.
cLAAO: left atrial appendage occlusion.
dOverweight denotes BMI≥25 kg/m2.
eCHA2DS2-VASc: congestive heart failure, hypertension, age≥75 (doubled), diabetes mellitus, prior stroke or transient ischemic attack (doubled),
vascular disease, age 65-74, female gender.
fHAS-BLED: hypertension, abnormal renal/liver function, stroke, bleeding history or predisposition, labile international normalized ratio, elderly,
drugs/alcohol concomitantly.

Predicted Drug Adherence to Long-Term Treatment
Predicted drug adherence of patients significantly improved at
4 months (P<.001) (Table 2). More than 90% of the indicated

patients received anticoagulant therapy at 4 months, and none
of them received antiplatelet therapy unless there was an
additional indication.
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Table 2. Drug adherence, and amelioration in lifestyle and health behaviors.

P value4 months (N=71)Baseline (N=73)Variable

<.0011.45 (1.47)6.57 (2.76)Predicted adherencea, mean (SD)

Diet, n (%)

.0443 (61)31 (42)Low-salt, low-fat diet

<.00154 (76)18 (25)More fruits or vegetables intake

Healthy lifestyles, n (%)

.00930 (42)16 (22)Moderate physical activityb

.00552 (73)37 (51)Quitting or reducing alcohol intake

.0455 (78)45 (62)Quitting or reducing smoking

Self-monitoring, n (%)

<.00151 (72)19 (26)Blood pressure

<.00137 (52)8 (11)Heart rate

<.00134 (48)5 (7)Rhythm

aPharmacy Quality Alliance adherence measures were used to predict possible adherence problems at the following three levels: low risk (0), moderate
risk (2-7), and high risk (8+); possible range=0-36.
bModerate physical activity=150 minutes/week of moderate-intensity exercise [32].

Ameliorations in Lifestyles and Healthy Behaviors
The healthy lifestyles and behaviors of patients improved to
varying degrees after the 4-month HCFT-AF intervention (Table
2).

Acceptability, Feasibility, and Usability of the
HCFT-AF Intervention
The majority of patients provided good feedback on the
HCFT-AF intervention, especially related to its usefulness and
satisfaction (Table 3). Cronbach α of the satisfaction, ease of
use, usefulness, and overall scale was .89, .85, .83, and .90,

respectively. The 31 surveyed physicians (10 specialists and 21
general practitioners) also provided a positive appraisal on the
program. All specialists agreed that they were liberated from
simple primary repetitive work via the hierarchical management
program, and could offer more comprehensive and individual
care of patients in comparison with traditional outpatient visits.
More than 90% (19/21) of the general practitioners claimed that
they had gained substantial professional knowledge and
experience about atrial fibrillation from this program. They
were also willing and able to provide atrial fibrillation patients
with standardized guideline-based therapy.

Table 3. Acceptability, feasibility, and usability of patients with the Hospital-Community-Family-Based Telemedicine (HCFT-AF) intervention.

RangeMean (SD)Categorya

2.45-7.005.21 (1.43)Satisfaction

1.86-7.004.76 (1.58)Ease of use

3.12-7.005.45 (1.40)Usefulness

2.68-7.005.11 (1.52)Overall usability of the intervention

aScored on a scale of 1-7; higher scores indicate better satisfaction, easier use, higher effectiveness, and greater overall usability of the intervention.

Engagement of the HCFT-AF Program
Overall, 76% (54/71) of the patients used the software or website
more than once a week and accomplished clinic visits as
scheduled. In addition, 70% (50/71) of the patients uploaded
health-related data periodically during the 4-month study period.
It is worth mentioning that more than half (56%, 40/71) of the
patients could utilize the mobile app or website by themselves.
Learning education materials, communicating with health care
physicians, and viewing their own medication prescriptions
were the three most frequently used functions.

Discussion

Principal Results
The HCFT-AF program integrates streamlined guideline-based
therapy, sustaining education (for patients, their caregivers, and
general practitioners), and patient self-management with family
involvement via a multifunctional telemedicine platform (Figure
3). This prospective single-arm pre-post design pilot study aimed
to assess the feasibility and safety of this program. Preliminary
results show that patients and physicians have a high degree of
satisfaction and participation. More importantly, the
standardized therapy rate, drug adherence, and unhealthy
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lifestyles of patients were all ameliorated to varying degrees after a short-term intervention.

Figure 3. The Hospital-Community-Family–based Telemedicine Program to implement integrated atrial fibrillation care.

Comparison With Prior Work
Several large studies have contributed to disclosing the vital
epidemiological traits of atrial fibrillation worldwide but also
exposed the underuse of guideline-based standardized treatment,
especially anticoagulation therapy [1,5,10,11]. Many factors
account for this intractable plight. Warfarin’s narrow treatment
window, multiple drug and dietary interactions, and frequent
laboratory monitoring are inherent defects contributing to the
poor adherence to anticoagulant therapy [33]. The development
of NOACs has overcome these drawbacks, but these drugs are
still not covered by health insurance in most countries, including
China, with a daily cost that is 160 to 200 times higher than that
of warfarin, thereby hindering their long-term availability. In
addition to the low drug-use rate, the discontinuation of
medication is another problem that plagues clinicians. The
RE-LY study reported that the rates of discontinuation at 1 and
2 years were 14.5% and 21.1% for dabigatran, and 10.2% and
16.6% for warfarin, respectively [34]; real-world data are even
less optimistic [35].

Periodical clinical follow up is important to guarantee safe and
effective anticoagulant therapy [17,36]. However, traditional
outpatient visits mostly depend on the abnormality of patients’
self-perception. Furthermore, the face-to-face outpatient visit
mode prevents doctors from fully communicating with patients
and providing effective out-of-hospital management. The
HCFT-AF program furnishes patients with dual online and
offline consistent follow up. Such facilitated medical visits can
help to improve patient compliance with long-term therapy,
especially for those with limited mobility or living in rural
regions. More than three-quarters (76%, 54/71) of patients
accomplished medical visits as scheduled during this 4-month
study.

Insufficient awareness of the hazard of atrial fibrillation and
excessive worry of bleeding caused by anticoagulation therapy
hinder nonspecialists from offering indicated patients with
standardized therapy [29,37]. Guideline-based integrated atrial
fibrillation management encompasses many aspects such as
anticoagulant therapy, reversion to sinus rhythm, and controlling
the ventricular rate, which are not easy to master for
nonspecialists. However, this can also be simply streamlined
in line with the Atrial fibrillation Better Care (ABC) pathway:
“A” avoiding stroke with anticoagulants; “B” for better symptom
amelioration with symptom-directed treatment via rate or rhythm
control; and “C” for cardiovascular and comorbidity risk
reduction, comprising lifestyle and risk factors management
[38]. Promotion of such a strategy offers an opportunity to
improve awareness and diagnosis, while empowering clinicians
with straightforward decision-making steps that may align with
the therapeutic regimen of generalists and specialists. Integrated
management following the ABC pathway could reduce more
than two-thirds of the all-cause deaths and half of the composite
outcomes (eg, death, major bleeding, ischemic stroke, and
myocardial infarction) after an average follow up of 6.2 (SD
3.5) years [39]. Moreover, it can reduce health-related costs
significantly [40], demonstrating a clear benefit to optimize the
management of patients with atrial fibrillation. However, the
best strategy for implementation of such a program is still being
explored. A majority of prior studies have been dominated by
nurses [17-19] with latent gaps in the better implementation of
guidelines [22]. Additionally, these were mostly single-center
studies covering a finite region or supported by a single
management strategy such as structured telephone follow up
[23], web platform [16], or app [24]. The HCFT-AF program,
supported by efficient infrastructures, may be an effective carrier
for the implementation of integrated atrial fibrillation care.
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In addition, perceptions of patients and their caregivers about
atrial fibrillation will influence their willingness and ability to
obey the treatment recommendations [41]. Several studies have
supported that better patient understanding is associated with
improved health outcomes [42,43]. As holistic management of
atrial fibrillation calls for patients to comply with long-term
therapy and transform their unhealthy lifestyles, sometimes
without a rapid visible benefit, it is important that they better
understand their duties in the treatment. Clinicians are
responsible for offering evidence-based therapy, whereas the
compliance with the therapy is the responsibility of informed
and autonomous patients, which is termed “shared
accountability” [44]. A prior study demonstrated that a
multifaceted educational intervention significantly improved
the proportion of oral anticoagulants utilization, and therefore
had the potential to ameliorate the outcome of stroke prevention
[45]. The HCFT-AF program provides comprehensive education
to patients and their caregivers on the risk factors, treatment,
and self-management of atrial fibrillation. The app for patients
and intelligent health monitoring devices empowers them to
participate in their own disease management, thus aiding in
improving adherence to long-term therapies.

Accumulating evidence demonstrates that amelioration in
obesity [46], physical fitness [47], and hypertension [48], as
well as other risk factors such as alcohol consumption, can
reduce the atrial fibrillation burden, often to a degree that is not
inferior to that of catheter ablation and other invasive methods
[38]. Furthermore, interventions for additional risk factors can
strengthen the benefits of disease-oriented therapies such as
ablation. A recent scientific statement from the American Heart
Association emphasized that lifestyle and risk factor
management should be integrated as the fourth pillars in addition
to the conventional triangle of atrial fibrillation management
[38]. Some previous studies reported that the atrial fibrillation
burden and severity can be improved through general lifestyle
advice [46], weight intervention [46], or moderate exercise [49].
In general, it is currently well recognized that lifestyle and risk
factors modification for atrial fibrillation should be managed
as chronic diseases requiring multiple repeated interventions to
bring forth long-term successful outcomes. Telemedicine
contributing to lifestyle improvement has been confirmed in
other domains of medicine [50-56]. On the one hand,
telemedicine provides patients and their caregivers with
sustaining education on the necessity of lifestyle alterations
[50,57]. On the other hand, timely feedback from clinicians
enhances patients’ motivation to change their unhealthy
lifestyles [52]. The HCFT-AF program encourages patients to
record and upload their lifestyles through the app, followed by
personalized advice from clinicians. Multiple repeated
interventions may further motivate patients to change their
unhealthy lifestyles.

With the launch of a large-scale atrial fibrillation screening
program, the number of atrial fibrillation patients will increase
exponentially [58]. Smartphones, computers, and

internet-connected devices have become ubiquitous in modern
life, which lay a foundation for integrating new methods and
novel technologies to provide better care for more patients. A
core team (eg, composed of cardiologists) supported by efficient
infrastructures serves as an intermediary with other health care
specialists, which may achieve optimal management. The overall
process comprises a diagnostic assessment, initiation of
appropriate guideline-based therapy, sustaining follow up, and
education and empowerment of patients and their caregivers in
disease self-management. Accordingly, stabilized and
sufficiently managed patients can finish subsequent follow up
by supported self-management at home or in the community
online or offline. If necessary, the patient can be referred to the
regional central hospital rapidly. Such integrated management
based on telemedicine makes it possible to provide standardized
treatment for more patients with limited medical resources.

Limitations
Some limitations of this study need to be discussed. First, given
that this was a feasibility study aiming to lay the foundation for
subsequent large-scale research, we adopted a convenience
sample size without a formal power calculation. Second,
previous similar studies have shown that our outcomes of
interest showed no significant changes in the control group
[24,45,50]; therefore, we conducted a single-arm study to
ascertain the feasibility and safety of the HCFT-AF program.
Hence, this study may not have been sufficiently powered to
determine the relative benefits of the intervention. In terms of
lifestyle management, we simply educated patients on the
importance of lifestyle amelioration rather than providing them
with a detailed weight loss or exercise plan. On the one hand,
the improvement of lifestyle via education has been confirmed
in several previous studies [45,50]. On the other hand, this mode
will broaden the adaptability of our findings. Certainly, there
is an additional benefit that some patients will attain from the
protocol-driven lifestyle and risk factor management program
[53]. Finally, the impact on the major clinical outcomes (eg,
stroke, bleeding, death) will be summarized in our ongoing
randomized controlled study, which was not the principle
purpose of this study.

Conclusions
The findings from this pilot study highlight the major role of
the HCFT-AF program in improving the standardized therapy
rate, drug adherence, and lifestyles of patients with atrial
fibrillation, while further enhancing the guideline adherence of
clinicians, thus providing a theoretical basis for eventual clinical
benefits. A multidisciplinary team, supported by efficient
infrastructures, is conducive to narrow the gap between clinical
practice and guidelines. The potential effectiveness of integrated
management has already been confirmed; however, more studies
are needed to ascertain the best strategy to implement the
program, which will allow more patients to benefit from optimal
evidence-based therapies.
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Abstract

Background: Carbohydrate counting is an important component of diabetes management, but it is challenging, often performed
inaccurately, and can be a barrier to optimal diabetes management. iSpy is a novel mobile app that leverages machine learning
to allow food identification through images and that was designed to assist youth with type 1 diabetes in counting carbohydrates.

Objective: Our objective was to test the app's usability and potential impact on carbohydrate counting accuracy.

Methods: Iterative usability testing (3 cycles) was conducted involving a total of 16 individuals aged 8.5-17.0 years with type
1 diabetes. Participants were provided a mobile device and asked to complete tasks using iSpy app features while thinking aloud.
Errors were noted, acceptability was assessed, and refinement and retesting were performed across cycles. Subsequently, iSpy
was evaluated in a pilot randomized controlled trial with 22 iSpy users and 22 usual care controls aged 10-17 years. Primary
outcome was change in carbohydrate counting ability over 3 months. Secondary outcomes included levels of engagement and
acceptability. Change in HbA1c level was also assessed.

Results: Use of iSpy was associated with improved carbohydrate counting accuracy (total grams per meal, P=.008), reduced
frequency of individual counting errors greater than 10 g (P=.047), and lower HbA1c levels (P=.03). Qualitative interviews and
acceptability scale scores were positive. No major technical challenges were identified. Moreover, 43% (9/21) of iSpy participants
were still engaged, with usage at least once every 2 weeks, at the end of the study.

Conclusions: Our results provide evidence of efficacy and high acceptability of a novel carbohydrate counting app, supporting
the advancement of digital health apps for diabetes care among youth with type 1 diabetes. Further testing is needed, but iSpy
may be a useful adjunct to traditional diabetes management.

Trial Registration: ClinicalTrials.gov NCT04354142; https://clinicaltrials.gov/ct2/show/NCT04354142

(JMIR Mhealth Uhealth 2020;8(10):e22074)   doi:10.2196/22074
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Introduction

Type 1 diabetes is among the most common chronic diseases
of childhood, and its incidence is rising [1]. The management
of diabetes in youth is complex and impacted by numerous
factors including numeracy skills, education, socioeconomic
status, family dynamics, engagement with treatment regimens,
and use of technologies such as pumps and continuous sensors.
Among these factors, insulin administration remains the
cornerstone of type 1 diabetes management, but its optimal
dosing is often complicated by the need to count carbohydrates
[2-4]. Carbohydrate counting allows individuals with type 1
diabetes to match their insulin doses to planned food
consumption, and accurate carbohydrate counting can improve
blood glucose control (measured by hemoglobin A1c; HbA1c)
[2]. For example, in one study [5] focused on parents of children
with type 1 diabetes, more accurate parental carbohydrate
counting was associated with 0.8% lower HbA1c values in their
children. Among adults with type 1 diabetes, a meta-analysis
[6] of 5 studies showed that HbA1c levels improved by an
average of 0.6% with improved carbohydrate counting.

Despite its importance, up to two-thirds of individuals with
diabetes report having trouble with carbohydrate counting [7].
It has been reported that only a quarter of youth can routinely
count carbohydrates within 10 g of the true net carbohydrate
value, even for commonly eaten foods [8] and that carbohydrate
counting is a barrier to diabetes management [9]. Carbohydrate
counting often requires multiple training sessions with
experienced dietitians or educators and ongoing efforts by
patients and families to maintain competency. Estimating
carbohydrate intake can be difficult when the portions of food
being consumed are not the same as those listed in an exchange
system or on the food label, requiring youth to adjust the
carbohydrate count to the appropriate portion size. Accuracy
of carbohydrate counting can be further limited by low
nutritional literacy and poor numeracy skills [10].

Technologies such as mobile health apps that address these
barriers have the potential to ease burden and improve blood
glucose control. Unfortunately, most diabetes-related mobile
health apps have not undergone formal evaluation and lack
evidence of clinical effectiveness, making it difficult for
prospective users to assess the value of a particular app to their
self-management [11], a situation that is also true within the
domain of carbohydrate counting apps.

To help address these gaps, a mobile app was designed and
developed to assist youth in counting carbohydrates. The app
(iSpy) uses image recognition and artificial intelligence to
identify foods and report their carbohydrate content. Here we
addressed the question of how iSpy would perform during
usability and pilot testing. We hypothesized that it would be
well-accepted and that its use would be associated with
improved carbohydrate counting accuracy.

Methods

Description of iSpy
The iSpy app (see Multimedia Appendix 1 for screenshots) was
developed and evaluated in sequential phases [12,13]. The image
recognition algorithm that identifies foods from images uses a
convolutional neural network. The interface for iSpy was
initially co-designed with intended users including certified
diabetes educators, registered dietitians, and individuals (aged
12-75 years) living with type 1 diabetes. Once developed, cycles
of refinement were conducted after assessing how users
functionally navigated the app. The app was then tested for
accuracy on a sample of 200 commonly consumed food items
(169 items from the Youth Adolescent Food Frequency
Questionnaire [14] and 31 commonly consumed complex items
containing 2 or more components) selected by a registered
dietitian and diabetes educator. An accuracy test required iSpy
to report a carbohydrate content that was within 10 g of the food
item’s true net (total minus fiber) carbohydrate value [15].
Revisions were made until iSpy was able to achieve this degree
of accuracy for ≥90% (180/200) of the items. Current overall
accuracy is 94.5% (189/200). The app was then moved into
clinical testing, described herein.

Setting
The usability testing and pilot randomized controlled trial were
approved by the research ethics board and conducted within the
diabetes program at The Hospital for Sick Children. Informed
consent was obtained from all participants, and the pilot
randomized controlled trial was registered with clinicaltrials.gov
(NCT04354142).

Usability Testing Procedures
Inclusion criteria were (1) age 8.0-18.0 years, (2) a diagnosis
of type 1 diabetes per Diabetes Canada guidelines [16], (3) use
of carbohydrate counting as part of treatment regimen, and (4)
fluency in English (iSpy is only available in English). The sole
exclusion criterion was cognitive impairments.

Iterative cycles of testing and app refinement (3 cycles) were
utilized. Testing consisted of 4 scenario-based tasks that were
developed using standardized guidelines [17], a semistructured
interview, and app acceptability measured by the 5-point
Acceptability E-Scale [13]. The focus for the task was on user
performance (ie, ease of use, navigation among screens,
functions, errors, and efficiency); the semistructured interview
and Acceptability E-Scale were focused on overall satisfaction
with the app. Participants were purposively selected to achieve
a range of age, gender, and duration of type 1 diabetes. The
participants were asked to think aloud during use of the app and
dialog was audiorecorded.

Participants were provided with an Android or iOS mobile
device, depending on the participant’s preference.
Scenario-based tasks included use of app features such as photo
taking, portion sizing, and food identification. Errors, efficiency
(time taken to complete a task), acceptability (ease of use), and
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suggestions for improvements were logged, and tasks were
classified into 1 of 3 categories (successfully completed,
completed with minor issues, incomplete due to usability issues).
Following each cycle, refinements were made to the user
interface based on problems and recommendations, with the
revised interface being evaluated in the subsequent cycle [13].
iSpy was moved to pilot testing (pilot randomized controlled
trial) when no further issues were identified in the third cycle.

Pilot Randomized Controlled Trial Procedures
Inclusion criteria were (1) age 10 years-17.0 years (adjusted
after usability testing because those under 10 years of age had
difficulty navigating the app), (2) ≥6 months since diagnosis
with type 1 diabetes, (3) completion of initial carbohydrate
counting classes, (4) incorporation of carbohydrate counting
into treatment regimen, and (5) access to a smartphone and data
plan. Exclusion criteria were (1) cognitive impairment, (2)
comorbid physical or psychiatric conditions that might impact
ability to use iSpy, (3) diagnosis of a condition that affects
dietary exposure, and (4) participation in usability testing.

A convenience sample was enrolled (n=46) and randomly
assigned to either usual care (control) or usual care and iSpy
(intervention) group using a 2-group randomized block design
in blocks of 4 and 6, where the block sizes were not known to
the investigator. The randomization schedule was created using
SAS (version 9.4; SAS Institute). Data from previous work in
our clinic [18] was used to estimate the sample size, indicating
that 20 participants per group would be sufficient to detect a
mean accuracy difference of 7.1 g in carbohydrate counting
(which fit with our aim of assessing accuracy within 10 g),
assuming 80% power (β=.2), α=.05, and using a 2-sided paired
t test; therefore, 23 participants were recruited per group to
allow for potential dropout over the 3-month trial.

Duration of diabetes (time since diagnosis) and HbA1c levels
were obtained from chart review. Accuracy and efficiency (time
taken) of carbohydrate counting were based on a performance
task. Participants counted carbohydrates for 10 foods (consisting
of 2 foods from each of the 4 main food groups—vegetables
and fruit, grain products, milk and alternatives, and meat and
alternatives—and in addition, desserts). In each of the 5 food
groups, a simple food item (eg, a single item such as an apple)
as well as a complex food item (eg, an item containing 2 or
more components but with the base food from the selected food
group, such as pasta with tomato sauce) were included. Two
sets of foods (Diet A and Diet B) of similar difficulty were
utilized with half of the participants in each group counting
foods from Diet A at baseline and foods from Diet B at 3
months, and vice versa for the other half. This methodology
allowed us to control for confounding from participants
educating themselves on test items or from any unanticipated
differences between test diets. The net carbohydrate value for
each food item was determined by either the nutrition label for
packaged foods, the United States Department of Agriculture’s
National Nutrient Database for Standard Reference [19], the
Canadian Nutrient File [20], or by our dietitian (VP) who
specializes in diabetes care. We chose to utilize the performance
task metric to assess carbohydrate counting instead of using
tools such as the PedCarbQuiz [21] so that we could assess the

effect of iSpy on counting the carbohydrate content of foods as
opposed to its effect on domains such as nutrition label reading
or insulin dosing, which are part of the PedCarbQuiz.

Additional measures were also collected. At baseline, comfort
with technology was assessed. Quality of life, measured by a
subset of questions from quality of life for youth [22,23];
self-care, measured by a subset of questions from the Self Care
Inventory [24-26]; and patient or parent responsibility, measured
by a subset of questions from Diabetes Family Responsibility
Questionnaire were also assessed at baseline and 3 months
postintervention. We also assessed factors related to usability
of the app including fidelity (tracking of technical difficulties,
errors within the app); levels of engagement; and acceptability
using a 7-item Acceptability E-Scale (5-point scale) [27].
Qualitative feedback was obtained via postintervention,
semistructured interviews among all iSpy users.

At the start of the study, participants in the intervention group
downloaded the app on their phone, and a demonstration of
iSpy and its functionality were provided. iSpy participants were
instructed to use the app at their discretion and when they
thought its use would be beneficial. We recognized, for example,
that participants may know the carbohydrate counts of the food
items that they regularly consume. Thus, they may only want
to use iSpy occasionally to assess the counts of only some of
these food items whereas they may want to use the app more
frequently for food items that they do not regularly consume.
Given these instructions instead of a recommended number of
uses per day, engagement levels were assessed based on
frequency of using the app to log foods per week categorized
as high (logging ≥2 meals per week), medium (logging ≥1 meal
every 2 weeks but <2 times per week), or low (logging <1 meal
every 2 weeks). This structure is similar to that used by others
to assess app use [28]. In other instructions, iSpy participants
were asked to contact the team should they encounter technical
difficulties, and they received a phone call 6 weeks postbaseline
for general troubleshooting. As this was a pilot study, we strove
to encourage the use of iSpy by sending a maximum of 3
automated alerts to participants not accessing iSpy at least once
every 2 weeks.

Statistical analysis for the pilot randomized controlled trial was
conducted using R (version 3.6.0) statistical software.
Descriptive statistics of participant characteristics for the
intervention and control groups are presented as means and
standard deviations for continuous variables, and counts and
proportions for categorical variables. Differences in these
characteristics between the intervention and control groups were
tested using 2-sided independent t tests for continuous variables,
and chi-square tests for categorical variables.

Differences between the intervention and control group on the
primary outcome variables (accuracy, time taken for counting,
and the percentage of food items for which participants
estimated the carbohydrate content within 10 g of the true net
carbohydrate value), secondary outcomes (quality of life for
youth, self-care, and patient or parent responsibility), and HbA1c

level at baseline were examined using 2-sided independent t
tests. Differences in these variables between the intervention
and control group at the follow-up visit were assessed using
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multiple linear regression models, which included the baseline
as a covariate. P values <.05 were considered to be statistically
significant.

Results

Usability Testing
Youth (total: n=16—cycle 1: n=6; cycle 2: n=4, cycle 3: n=6)
ranging in age from 8.5 to 17.0 years (mean 13.5, SD 2.6 years)
participated in iSpy’s iterative usability testing. Scenarios
consisting of multiple tasks were used; based on how the
participant responded to iSpy or how image recognition
classified the food within each scenario, follow-up tasks were
required, with the total number of tasks across 4 scenarios
varying between 35 and 41 per participant. Errors within each
cycle were tracked (Figure 1). In cycle 1, a total of 27 errors

preventing successful completion of tasks occurred (mean 4.5
SD 4.4 per participant), representing 12.2% (27/222) of the total
tasks. In response, modifications were made such as simplifying
the user interface and changing wording so that the app flow
was more intuitive. In cycle 2, errors were made on 9.6% of the
tasks (15/157). Additional changes were made to the app
including simplifying input requirements, making only one
action possible at a time, improving graphics, and clarifying
instructions. In cycle 3, no errors (0/224, 0%) preventing task
completion occurred, and only 2.7% of tasks (6/224) had minor
incidents. Acceptability E-Scale scores were positive (mean
4.6, SD 0.7) on domains that included helpfulness in
carbohydrate counting and food identification, ease of use, time
taken, and overall satisfaction across all 3 cycles of testing.
Postcycle 3, minor modifications such as aesthetic changes to
the user interface were made prior to pilot testing (pilot
randomized controlled trial).

Figure 1. Usability testing errors per cycle representing tasks completed during each cycle of usability testing. The total number of tasks varied per
cycle (cycle 1: 222; cycle 2: 157; cycle 3: 224).

Pilot Randomized Controlled Trial
Of the 46 participants who were enrolled and randomly allocated
into the 2 arms of the pilot study, 43 participants completed the
study (Figure 2). All participants reported being comfortable
using computers and smart devices, and there were no significant
differences between the 2 groups for any of the baseline
characteristics (gender: P=.22; age: P=.99; duration since
diagnosis: P=.79; regulation method: P=.62; confidence in
counting: P=.39; Table 1).

At baseline, there was also no difference in carbohydrate
counting accuracy or time taken to complete the task between

the 2 groups. At the 3-month follow-up visit, the iSpy group
displayed a statistically significant increase in carbohydrate
counting accuracy (P=.008), and a statistically significant
decrease in counting errors (P=.047) compared to that of the
control group (Table 2). None of the secondary outcome
variables such as quality of life measures (P=.64), self-care
measures (P=.17), or patient/parent responsibility (P=.69),
differed between the groups at baseline and 3-month
postintervention period. Although not a main outcome variable
for this pilot study, HbA1c values were assessed at baseline and
at the 3-month follow-up visit, with the iSpy group displaying
statistically significant lower HbA1c values (P=.03) compared
to those of the control group.
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Figure 2. Participant flowchart.

Table 1. Participant characteristics (at baseline).

P valueUsual care (n=22)iSpy intervention (n=22)Characteristics

.22Gender, n (%)

16 (73)11 (50)Male

6 (27)11 (50)Female

.9913.98 (1.76)13.98 (1.57)Age (in years), mean (SD)

.796.44 (4.45)6.08 (4.14)Duration since diagnosis (in years), mean (SD)

.62Method of insulin regulation, n (%)

10 (46)11 (50)Pump

12 (54)11 (50)Other

.397.24 (2.30)6.70 (1.59)Rated confidence in carbohydrate counting skills (out of 10), mean (SD)
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Table 2. Carbohydrate counting and glycemic control outcomes (at baseline and follow-up).

CoefficientFollow-upBaselineOutcomes

P valueUsual care
(n=22)

iSpy (n=21)P valueUsual care
(n=22)

iSpy (n=22)

–10.479.00838.00 (14.74)27.45 (10.90).9932.03 (10.01)31.97 (11.36)Absolute error (% of total grams),
mean (SD)

–9.851.04732.27 (16.31)21.43 (16.82).5427.73 (15.10)25.00 (14.06)Errors >10 g (%), mean (SD)

–2.741.7978.23 (44.97)74.86 (31.78).9280.73 (27.82)79.95 (23.88)Total time (seconds), mean (SD)

–0.603.038.80 (1.60)8.06 (1.43).918.35 (1.32)8.41 (1.84)HbA1c
a (%), mean (SD)

aHbA1c: hemoglobin A1c.

No major technical challenges were identified. App engagement
was assessed over 4 time periods (first 2 weeks of study, 2 weeks
to 1 month, first to second month, and second month to end of
study), with 43% (9/21) of participants indicating medium or

high use at the end of study (Figure 3). Over the course of the
study, a mean of 1.9 (SD 0.94) reminder emails were sent to
iSpy users.

Figure 3. Engagement levels with the number of participants in each category displayed for each time frame.

Acceptability E-Scale results were positive (Multimedia
Appendix 2). Of the 7 questions asked, iSpy respondents ranked
iSpy positively in 6 out of 7 categories. The highest rankings
were related to ease of understanding and ease of use. The
weakest responses were related to how helpful iSpy was in food
identification.

Semistructured interviews were conducted among all iSpy
participants, and results mirrored those of the questionnaires.
Most participants (18/21, 86%) found the iSpy app fairly to
very easy to use. Participants preferred using the photos
followed by text features to identify foods with few respondents
utilizing the voice function. Participants also valued speed of
image recognition results and delays due to misidentification
of foods were viewed negatively. Participants provided
suggestions for improvement, such as including additional
options for portion sizing, refining the identification features
so that foods within a complex meal do not need to be added
one-by-one, expanding the database of known foods, and
including optional reminder notifications about logging foods.

Discussion

Principal Results
With few exceptions [28,29], apps used to facilitate diabetes
care have not undergone formal testing [11,30] making it
difficult to assess their utility and limiting the advancement of
digital health apps for diabetes care. Here we report iterative
usability testing and pilot testing of iSpy showing that use of
the app was associated with improved carbohydrate counting
accuracy and high acceptability and satisfaction scores. Areas
for further refinement were also identified such as increased
speed and more focus on image and text recognition features.

Carbohydrate counting is an important component of diabetes
care [31-33], and use of iSpy was associated with fewer counting
errors of >10 g. Although not measured directly, this degree of
improved accuracy would theoretically lead to improved
postprandial glucose, and the improvement we observed in
HbA1c levels may suggest an effect on overall glycemic control,
a finding that warrants further study in future trials. Errors of
>10 g are considered clinically important [8,15,34], with one
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study reporting that children who received prandial insulin
boluses based on carbohydrate estimates within 10 g had
minimal changes in blood glucose postprandially [34]. On the
other hand, when insulin boluses were based on carbohydrate
estimates that were off by 20 g, more instances of hypo- and
hyperglycemia occurred 2-3 hours after the meal [15].

Comparison With Prior Work
iSpy is not the only app that has been developed to assist patients
or caregivers with carbohydrate counting; however, the majority
of the other apps, such as MyFitnessPal or Samsung Health, are
general nutrition tracking apps. Data are limited, but available
studies report conflicting information regarding the difference
between output nutrient data from these apps compared to
reference data [35,36]. Furthermore, these apps have limited
input modalities (generally limited to manual text searching)
[37]. Other diabetes-related apps address multiple aspects of
diabetes self-management, including tracking of glucose data,
physical activity, diet, and insulin doses; such apps may also
include assistance with carbohydrate counting. When tested,
many of these apps have not demonstrated significant
improvements in their primary outcomes, which have mainly
been centered on glycemic control [28,38]. It is also worth
noting that while these apps are all-encompassing for diabetes
self-management, some recommend educational features such
as carbohydrate counting to improve their usage [39]. However,
apps that have been developed specifically to assist with
carbohydrate counting are limited, and few of these have been
formally evaluated, with studies having only been conducted
over a duration of a few days or weeks and lacking successful
comparisons with controls [40-44].

Thus, our phased development of iSpy, along with usability
testing and the 3-month pilot study are relatively unique, as are
the promising results. It is possible that use of iSpy was
associated with more accurate carbohydrate counting because
iSpy reinforced a structured approach to carbohydrate counting:
identifying each food item, determining the portion size being
consumed, and asking about any “hidden” carbohydrates, such
as barbeque sauce under a bun. Whether this step-by-step
approach to carbohydrate counting with real-time feedback
underlies the observed improvement can be tested in subsequent
studies.

Participant engagement is an additional measure of an app’s
usability. Although use was declining, at the end of the 3-month
trial 9/21 (43%) participants were still medium to high users.
It is difficult to know how to interpret this degree of usage. One
could view this percentage of individuals with use at a minimum
of ≥1 meal every 2 weeks as evidence of engagement that is
diminishing too rapidly. However, it is our experience that app
usage often wanes over time, even when users rate the app quite
favorably [28]. It is this expected degree of dropoff that led us
to define ongoing usage of at least ≥1 meal every 2 weeks as
medium engagement. Moreover, despite the dropoff, iSpy use
was associated with improved carbohydrate counting at 3
months, suggesting that use of an educational app may have

long lasting impact even after the period of high use has ended.
Nevertheless, it will be important to consider options to further
improve engagement such as push alert notifications, reminders,
and ensuring ease of data entry.

Although randomized controlled trials are considered the gold
standard for evaluating efficacy, there is concern that such trials
may not be optimal for the assessment of apps. Thus, when
considering future testing of iSpy and other apps, one must
acknowledge the long timeline for recruitment and conduct of
such trials within a rapidly and continually evolving
technology-based environment [28,45]. User testing and product
revision often occurs on shorter timelines, necessitating
consideration of adaptive clinical trials that allow for continual
modifications while data are being collected [46]. Furthermore,
evaluation of potential barriers to incorporating app use into
ongoing clinical care should also be assessed as a component
of such trials. Assessing and addressing topics such as workflow
integration and patient (or family)–provider communication
will be needed to continue to support effective advancement of
digital health [28,45].

Limitations
While our results are encouraging, we acknowledge that our
studies may have had some limitations. The studies were
conducted at a single tertiary pediatric center, and the results
may not be generalizable. A larger trial and wider clinical
implementation study is an important next step to verify our
findings. In addition, although based on databases of commonly
consumed foods [14], the number of foods recognized by iSpy
is not all-encompassing. The database was not identified as a
limiting factor by our participants, but we will continue to
expand iSpy’s ability to recognize foods eaten around the world
among different cultures. Though no differences were found
between the intervention and control groups for baseline
technology familiarity and use, we did not acquire detailed
information about other factors that can influence care such as
education level, socioeconomic status data, family dynamics,
or details of treatment regimen, all of which could have
accounted for some differences. Finally, we did not provide text
reminders to the control subjects in this pilot study. Although
these reminders were brief texts that occurred at most 3 times
over the trial, it is feasible that they could have motivated change
and thus represent a confounding variable affecting our results.

Conclusion
Carbohydrate counting remains a challenge for youth with type
1 diabetes and their families, and errors in counting can have
clinical impact. We have developed and conducted rigorous
pilot testing of an app designed to assist youth with carbohydrate
counting. The data suggest that use of iSpy is associated with
improved carbohydrate counting and that usability and
acceptability of the app is quite positive. Further testing is now
warranted to verify these pilot data and determine if the app can
indeed improve blood glucose control and help decrease the
burden of living with type 1 diabetes.

 

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e22074 | p.220http://mhealth.jmir.org/2020/10/e22074/
(page number not for citation purposes)

Alfonsi et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Acknowledgments
The authors thank the individuals who participated in this study, Sarah Lloyd (clinical research project assistant) and Yalinie
Kulandaivelu (graduate student at the time) from the iOuch Lab for their assistance with app usability testing, and Supriya Parikh
and Derek Stephens for assistance with statistical analyses. This study was financially supported by a grant from the Physicians’
Services Incorporated Foundation.

Authors' Contributions
MRP and JNS supervised the study. MRP, EEYC, VP, JNS, CN, and JEA designed research and gained research funding. MRP,
TA, VP, and S-ASS conducted the research. VP, MRP, and S-ASS were responsible for validating and balancing the carbohydrate
counting task food lists. TA, S-ASS , and BRM analyzed data. MRP, TA, BRM, JEA, and EEYC wrote the manuscript. S-ASS,
CN, VP, and JNS helped with revisions of the manuscript. All authors read and approved the final manuscript.

Conflicts of Interest
EEYC and JEA are the inventors of iSpy and currently own rights to its intellectual property; thus, it is feasible that they could
benefit financially should iSpy become a commercial product. This conflict was acknowledged and included in relevant study
documentation. Moreover, the duality of interest was mitigated by having data collection and entry conducted by 2 individuals
(S-ASS, TA) with no conflicts of interest and who are independent from the inventors. Data analysis was conducted by an
independent, institution-based statistician (BRM), also without conflict. The remaining authors declare no conflict of interest.

Multimedia Appendix 1
Screenshots of the primary features of the iSpy app.
[PNG File , 1038 KB - mhealth_v8i10e22074_app1.png ]

Multimedia Appendix 2
Acceptability e-scale questionnaire results.
[DOCX File , 14 KB - mhealth_v8i10e22074_app2.docx ]

References
1. Chapter 5: Diabetes in Canada: facts and figures from a public health perspective – youth and children. Government of

Canada Public Health Agency of Canada. URL: https://www.canada.ca/en/public-health/services/chronic-diseases/
reports-publications/diabetes/diabetes-canada-facts-figures-a-public-health-perspective/chapter-5.html [accessed 2020-04-27]

2. Canadian Diabetes Association Clinical Practice Guidelines Expert Committee, Cheng AYY. Canadian Diabetes Association
2013 clinical practice guidelines for the prevention and management of diabetes in Canada. Introduction. Can J Diabetes
2013 Apr;37 Suppl 1:S1-S3. [doi: 10.1016/j.jcjd.2013.01.009] [Medline: 24070926]

3. Gökşen D, Atik Altınok Y, Ozen S, Demir G, Darcan S. Effects of carbohydrate counting method on metabolic control in
children with type 1 diabetes mellitus. J Clin Res Pediatr Endocrinol 2014;6(2):74-78 [FREE Full text] [doi:
10.4274/Jcrpe.1191] [Medline: 24932599]

4. Brazeau AS, Mircescu H, Desjardins K, Leroux C, Strychar I, Ekoé JM, et al. Carbohydrate counting accuracy and blood
glucose variability in adults with type 1 diabetes. Diabetes Res Clin Pract 2013 Jan;99(1):19-23. [doi:
10.1016/j.diabres.2012.10.024] [Medline: 23146371]

5. Mehta SN, Quinn N, Volkening LK, Laffel LMB. Impact of carbohydrate counting on glycemic control in children with
type 1 diabetes. Diabetes Care 2009 Jun;32(6):1014-1016 [FREE Full text] [doi: 10.2337/dc08-2068] [Medline: 19244089]

6. Bell KJ, Barclay AW, Petocz P, Colagiuri S, Brand-Miller JC. Efficacy of carbohydrate counting in type 1 diabetes: a
systematic review and meta-analysis. Lancet Diabetes Endocrinol 2014 Mar;2(2):133-140. [doi:
10.1016/S2213-8587(13)70144-X] [Medline: 24622717]

7. Ahola AJ, Mäkimattila S, Saraheimo M, Mikkilä V, Forsblom C, Freese R, FinnDIANE Study Group. Many patients with
Type 1 diabetes estimate their prandial insulin need inappropriately. J Diabetes 2010 Sep;2(3):194-202 [FREE Full text]
[doi: 10.1111/j.1753-0407.2010.00086.x] [Medline: 20923484]

8. Bishop FK, Maahs DM, Spiegel G, Owen D, Klingensmith GJ, Bortsov A, et al. The Carbohydrate Counting in Adolescents
With Type 1 Diabetes (CCAT) Study. Diabetes Spectrum 2009 Jan 01;22(1):56-62. [doi: 10.2337/diaspect.22.1.56]

9. Lancaster BM, Pfeffer B, McElligott M, Ferguson AT, Miller M, Wallace D, et al. Assessing treatment barriers in young
adults with type 1 diabetes. Diabetes Res Clin Pract 2010 Dec;90(3):243-249. [doi: 10.1016/j.diabres.2010.07.003] [Medline:
21035226]

10. White RO, Wolff K, Cavanaugh KL, Rothman R. Addressing health literacy and numeracy to improve diabetes education
and care. Diabetes Spectr 2010 Oct 02;23(4):238-243 [FREE Full text] [doi: 10.2337/diaspect.23.4.238] [Medline: 21297890]

11. Eng DS, Lee JM. The promise and peril of mobile health applications for diabetes and endocrinology. Pediatr Diabetes
2013 Jun 30;14(4):231-238 [FREE Full text] [doi: 10.1111/pedi.12034] [Medline: 23627878]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e22074 | p.221http://mhealth.jmir.org/2020/10/e22074/
(page number not for citation purposes)

Alfonsi et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=mhealth_v8i10e22074_app1.png&filename=f159193f2c21954fc5764e1824ab36f9.png
https://jmir.org/api/download?alt_name=mhealth_v8i10e22074_app1.png&filename=f159193f2c21954fc5764e1824ab36f9.png
https://jmir.org/api/download?alt_name=mhealth_v8i10e22074_app2.docx&filename=b2ef3d2fc2b42ecb4a7cde4f206b3f1b.docx
https://jmir.org/api/download?alt_name=mhealth_v8i10e22074_app2.docx&filename=b2ef3d2fc2b42ecb4a7cde4f206b3f1b.docx
https://www.canada.ca/en/public-health/services/chronic-diseases/reports-publications/diabetes/diabetes-canada-facts-figures-a-public-health-perspective/chapter-5.html
https://www.canada.ca/en/public-health/services/chronic-diseases/reports-publications/diabetes/diabetes-canada-facts-figures-a-public-health-perspective/chapter-5.html
http://dx.doi.org/10.1016/j.jcjd.2013.01.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24070926&dopt=Abstract
https://doi.org/10.4274/Jcrpe.1191
http://dx.doi.org/10.4274/Jcrpe.1191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24932599&dopt=Abstract
http://dx.doi.org/10.1016/j.diabres.2012.10.024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23146371&dopt=Abstract
http://europepmc.org/abstract/MED/19244089
http://dx.doi.org/10.2337/dc08-2068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19244089&dopt=Abstract
http://dx.doi.org/10.1016/S2213-8587(13)70144-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24622717&dopt=Abstract
https://doi.org/10.1111/j.1753-0407.2010.00086.x
http://dx.doi.org/10.1111/j.1753-0407.2010.00086.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20923484&dopt=Abstract
http://dx.doi.org/10.2337/diaspect.22.1.56
http://dx.doi.org/10.1016/j.diabres.2010.07.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21035226&dopt=Abstract
http://europepmc.org/abstract/MED/21297890
http://dx.doi.org/10.2337/diaspect.23.4.238
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21297890&dopt=Abstract
http://europepmc.org/abstract/MED/23627878
http://dx.doi.org/10.1111/pedi.12034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23627878&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


12. Danaher BG, Seeley JR. Methodological issues in research on web-based behavioral interventions. Ann Behav Med 2009
Aug;38(1):28-39 [FREE Full text] [doi: 10.1007/s12160-009-9129-0] [Medline: 19806416]

13. Campbell M, Fitzpatrick R, Haines A, Kinmonth AL, Sandercock P, Spiegelhalter D, et al. Framework for design and
evaluation of complex interventions to improve health. BMJ 2000 Sep 16;321(7262):694-696 [FREE Full text] [doi:
10.1136/bmj.321.7262.694] [Medline: 10987780]

14. Rockett HR, Breitenbach M, Frazier AL, Witschi J, Wolf AM, Field AE, et al. Validation of a youth/adolescent food
frequency questionnaire. Prev Med 1997;26(6):808-816. [doi: 10.1006/pmed.1997.0200] [Medline: 9388792]

15. Smart CE, King BR, McElduff P, Collins CE. In children using intensive insulin therapy, a 20-g variation in carbohydrate
amount significantly impacts on postprandial glycaemia. Diabet Med 2012 Jul;29(7):e21-e24. [doi:
10.1111/j.1464-5491.2012.03595.x] [Medline: 22268422]

16. Diabetes Canada Clinical Practice Guidelines Expert Committee. Definition, classification and diagnosis of diabetes,
prediabetes and metabolic syndrome. In: Sellers E, editor. Diabetes Canada 2018 Clinical Practice Guidelines for the
Prevention and Management of Diabetes in Canada. Winnipeg: Canadian Journal of Diabetes; Apr 2018:S10-S15.

17. Usability testing. Usability.gov.: U.S. General Services Administration Technology Transformation Services URL: https:/
/www.usability.gov/how-to-and-tools/methods/usability-testing.html [accessed 2020-04-25]

18. Pais V, Patel BP, Ghayoori S, Hamilton JK. Counting carbs to be in charge: a comparison of an internet-based education
module with in-class education in adolescents with type 1 diabetes. Clinical Diabetes 2020 Oct (forthcoming).

19. National database for standard reference release 28. The United States Department of Agriculture. URL: https://data.
nal.usda.gov/dataset/usda-national-nutrient-database-standard-reference-legacy-release [accessed 2018-03-01]

20. Canadian nutrient file. Government of Canada. URL: https://www.canada.ca/en/health-canada/services/food-nutrition/
healthy-eating/nutrient-data/canadian-nutrient-file-2015-download-files.html [accessed 2018-03-01]

21. Koontz MB, Cuttler L, Palmert MR, O'Riordan M, Borawski EA, McConnell J, et al. Development and validation of a
questionnaire to assess carbohydrate and insulin-dosing knowledge in youth with type 1 diabetes. Diabetes Care 2010
Mar;33(3):457-462 [FREE Full text] [doi: 10.2337/dc09-0390] [Medline: 20007940]

22. Ingersoll GM, Marrero DG. A modified quality-of-life measure for youths: psychometric properties. Diabetes Educ
1991;17(2):114-118. [doi: 10.1177/014572179101700219] [Medline: 1995281]

23. Skinner TC, Hoey H, McGee HM, Skovlund SE, Hvidøre Study Group on Childhood Diabetes. A short form of the Diabetes
Quality of Life for Youth questionnaire: exploratory and confirmatory analysis in a sample of 2,077 young people with
type 1 diabetes mellitus. Diabetologia 2006 Apr;49(4):621-628. [doi: 10.1007/s00125-005-0124-0] [Medline: 16525844]

24. La Greca AM, Swales T, Klemp S, Madigan S. Self care behaviors among adolescents with diabetes. 1988 Apr 30 Presented
at: Ninth Annual Sessions of the Society of Behavioural Medicine; April 27-30, 1988; Boston, MA p. A42.

25. Greco P, La Greca AM, Ireland A, Wick P, Freeman C, Agramonte R. Assessing adherence in IDDM: A comparison of
two methods. Miami, FL: Diabetes 40(Suppl 1); 1990:A165.

26. Lewin AB, LaGreca AM, Geffken GR, Williams LB, Duke DC, Storch EA, et al. Validity and reliability of an adolescent
and parent rating scale of type 1 diabetes adherence behaviors: the Self-Care Inventory (SCI). J Pediatr Psychol 2009
Oct;34(9):999-1007 [FREE Full text] [doi: 10.1093/jpepsy/jsp032] [Medline: 19423660]

27. Wu W, Johnson R, Schepp KG, Berry DL. Electronic self-report symptom and quality of life for adolescent patients with
cancer: a feasibility study. Cancer Nurs 2011;34(6):479-486. [doi: 10.1097/NCC.0b013e31820a5bdd] [Medline: 21372703]

28. Goyal S, Nunn CA, Rotondi M, Couperthwaite AB, Reiser S, Simone A, et al. A mobile app for the self-management of
type 1 diabetes among adolescents: a randomized controlled trial. JMIR Mhealth Uhealth 2017 Jun 19;5(6):e82 [FREE Full
text] [doi: 10.2196/mhealth.7336] [Medline: 28630037]

29. Cafazzo JA, Casselman M, Hamming N, Katzman DK, Palmert MR. Design of an mHealth app for the self-management
of adolescent type 1 diabetes: a pilot study. J Med Internet Res 2012;14(3):e70 [FREE Full text] [doi: 10.2196/jmir.2058]
[Medline: 22564332]

30. Veazie S, Winchell K, Gilbert J, Paynter R, Ivlev I, Eden K, et al. Mobile Applications for Self-Management of Diabetes.
AHRQ Comparative Effectiveness Technical Briefs. Rockville, Maryland: Agency for Healthcare Research and Quality;
2018 May. URL: https://www.ncbi.nlm.nih.gov/books/NBK518944/pdf/Bookshelf_NBK518944.pdf [accessed 2020-09-30]

31. Tascini G, Berioli MG, Cerquiglini L, Santi E, Mancini G, Rogari F, et al. Carbohydrate counting in children and adolescents
with type 1 diabetes. Nutrients 2018 Jan 22;10(1) [FREE Full text] [doi: 10.3390/nu10010109] [Medline: 29361766]

32. Gokosmanoglu F, Onmez A. Influence of flexible insulin dosing with carbohydrate counting method on metabolic and
clinical parameters in type 1 diabetes patients. Open Access Maced J Med Sci 2018 Aug 20;6(8):1431-1434 [FREE Full
text] [doi: 10.3889/oamjms.2018.256] [Medline: 30159070]

33. Yamada E, Okada S, Nakajima Y, Bastie CC, Tagaya Y, Osaki A, et al. Effect of carbohydrate counting using bolus
calculators on glycemic control in type 1 diabetes patients during continuous subcutaneous insulin infusion. J Diabetes
Investig 2017 Jul;8(4):496-500 [FREE Full text] [doi: 10.1111/jdi.12604] [Medline: 27896954]

34. Smart CE, Ross K, Edge JA, Collins CE, Colyvas K, King BR. Children and adolescents on intensive insulin therapy
maintain postprandial glycaemic control without precise carbohydrate counting. Diabet Med 2009 Mar;26(3):279-285.
[doi: 10.1111/j.1464-5491.2009.02669.x] [Medline: 19317823]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e22074 | p.222http://mhealth.jmir.org/2020/10/e22074/
(page number not for citation purposes)

Alfonsi et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://europepmc.org/abstract/MED/19806416
http://dx.doi.org/10.1007/s12160-009-9129-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19806416&dopt=Abstract
http://europepmc.org/abstract/MED/10987780
http://dx.doi.org/10.1136/bmj.321.7262.694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10987780&dopt=Abstract
http://dx.doi.org/10.1006/pmed.1997.0200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9388792&dopt=Abstract
http://dx.doi.org/10.1111/j.1464-5491.2012.03595.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22268422&dopt=Abstract
https://www.usability.gov/how-to-and-tools/methods/usability-testing.html
https://www.usability.gov/how-to-and-tools/methods/usability-testing.html
https://data.nal.usda.gov/dataset/usda-national-nutrient-database-standard-reference-legacy-release
https://data.nal.usda.gov/dataset/usda-national-nutrient-database-standard-reference-legacy-release
https://www.canada.ca/en/health-canada/services/food-nutrition/healthy-eating/nutrient-data/canadian-nutrient-file-2015-download-files.html
https://www.canada.ca/en/health-canada/services/food-nutrition/healthy-eating/nutrient-data/canadian-nutrient-file-2015-download-files.html
http://europepmc.org/abstract/MED/20007940
http://dx.doi.org/10.2337/dc09-0390
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20007940&dopt=Abstract
http://dx.doi.org/10.1177/014572179101700219
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1995281&dopt=Abstract
http://dx.doi.org/10.1007/s00125-005-0124-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16525844&dopt=Abstract
http://europepmc.org/abstract/MED/19423660
http://dx.doi.org/10.1093/jpepsy/jsp032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19423660&dopt=Abstract
http://dx.doi.org/10.1097/NCC.0b013e31820a5bdd
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21372703&dopt=Abstract
https://mhealth.jmir.org/2017/6/e82/
https://mhealth.jmir.org/2017/6/e82/
http://dx.doi.org/10.2196/mhealth.7336
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28630037&dopt=Abstract
http://www.jmir.org/2012/3/e70/
http://dx.doi.org/10.2196/jmir.2058
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22564332&dopt=Abstract
https://www.ncbi.nlm.nih.gov/books/NBK518944/pdf/Bookshelf_NBK518944.pdf
https://www.mdpi.com/resolver?pii=nu10010109
http://dx.doi.org/10.3390/nu10010109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29361766&dopt=Abstract
https://doi.org/10.3889/oamjms.2018.256
https://doi.org/10.3889/oamjms.2018.256
http://dx.doi.org/10.3889/oamjms.2018.256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30159070&dopt=Abstract
https://doi.org/10.1111/jdi.12604
http://dx.doi.org/10.1111/jdi.12604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27896954&dopt=Abstract
http://dx.doi.org/10.1111/j.1464-5491.2009.02669.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19317823&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


35. Fallaize R, Zenun Franco R, Pasang J, Hwang F, Lovegrove JA. Popular nutrition-related mobile apps: an agreement
assessment against a UK reference method. JMIR Mhealth Uhealth 2019 Feb 20;7(2):e9838 [FREE Full text] [doi:
10.2196/mhealth.9838] [Medline: 30785409]

36. Fadhil A. Comparison of Self-monitoring Feedback Data from Electronic Food and Nutrition Tracking Tools. Cornell
University: Computer Science - Computers and Society. Ithaca, New York: Cornell University; 2019 Apr 17. URL: https:/
/arxiv.org/abs/1904.08376 [accessed 2020-09-30]

37. Franco RZ, Fallaize R, Lovegrove JA, Hwang F. Popular nutrition-related mobile apps: a feature assessment. JMIR Mhealth
Uhealth 2016 Aug 01;4(3):e85 [FREE Full text] [doi: 10.2196/mhealth.5846] [Medline: 27480144]

38. Skrøvseth SO, Årsand E, Godtliebsen F, Joakimsen RM. Data-driven personalized feedback to patients with type 1 diabetes:
a randomized trial. Diabetes Technol Ther 2015 Jul;17(7):482-489 [FREE Full text] [doi: 10.1089/dia.2014.0276] [Medline:
25751133]

39. Jeffrey B, Bagala M, Creighton A, Leavey T, Nicholls S, Wood C, et al. Mobile phone applications and their use in the
self-management of Type 2 Diabetes Mellitus: a qualitative study among app users and non-app users. Diabetol Metab
Syndr 2019;11:84 [FREE Full text] [doi: 10.1186/s13098-019-0480-4] [Medline: 31636719]

40. Mookherji S, Mehl G, Kaonga N, Mechael P. Unmet Need: Improving mHealth Evaluation Rigor to Build the Evidence
Base. J Health Commun 2015;20(10):1224-1229. [doi: 10.1080/10810730.2015.1018624] [Medline: 26042660]

41. Rhyner D, Loher H, Dehais J, Anthimopoulos M, Shevchik S, Botwey RH, et al. Carbohydrate estimation by a mobile
phone-based system versus self-estimations of individuals with type 1 diabetes mellitus: a comparative study. J Med Internet
Res 2016 May 11;18(5):e101 [FREE Full text] [doi: 10.2196/jmir.5567] [Medline: 27170498]

42. Domhardt M, Tiefengrabner M, Dinic R, Fötschl U, Oostingh GJ, Stütz T, et al. Training of carbohydrate estimation for
people with diabetes using mobile augmented reality. J Diabetes Sci Technol 2015 May;9(3):516-524 [FREE Full text]
[doi: 10.1177/1932296815578880] [Medline: 25883165]

43. Rollo ME, Ash S, Lyons-Wall P, Russell AW. Evaluation of a mobile phone image-based dietary assessment method in
adults with type 2 diabetes. Nutrients 2015 Jun 17;7(6):4897-4910 [FREE Full text] [doi: 10.3390/nu7064897] [Medline:
26091234]

44. Rossi MC, Nicolucci A, Lucisano G, Pellegrini F, Di Bartolo P, Miselli V, et al. Impact of the "Diabetes Interactive Diary"
telemedicine system on metabolic control, risk of hypoglycemia, and quality of life: a randomized clinical trial in type 1
diabetes. Diabetes Technol Ther 2013 Aug;15(8):670-679. [doi: 10.1089/dia.2013.0021] [Medline: 23844569]

45. Pham Q, Wiljer D, Cafazzo JA. Beyond the randomized controlled trial: a review of alternatives in mHealth clinical trial
methods. JMIR Mhealth Uhealth 2016 Sep 09;4(3):e107 [FREE Full text] [doi: 10.2196/mhealth.5720] [Medline: 27613084]

46. Thorlund K, Haggstrom J, Park JJ, Mills EJ. Key design considerations for adaptive clinical trials: a primer for clinicians.
BMJ 2018 Mar 08;360:k698. [doi: 10.1136/bmj.k698] [Medline: 29519932]

Abbreviations
HbA1c: hemoglobin A1c

Edited by SB Tsai; submitted 02.07.20; peer-reviewed by R Lal, M Haller; comments to author 29.07.20; revised version received
06.09.20; accepted 14.09.20; published 28.10.20.

Please cite as:
Alfonsi JE, Choi EEY, Arshad T, Sammott SAS, Pais V, Nguyen C, Maguire BR, Stinson JN, Palmert MR
Carbohydrate Counting App Using Image Recognition for Youth With Type 1 Diabetes: Pilot Randomized Control Trial
JMIR Mhealth Uhealth 2020;8(10):e22074
URL: http://mhealth.jmir.org/2020/10/e22074/ 
doi:10.2196/22074
PMID:33112249

©Jeffrey E Alfonsi, Elizabeth E Y Choi, Taha Arshad, Stacie-Ann S Sammott, Vanita Pais, Cynthia Nguyen, Bryan R Maguire,
Jennifer N Stinson, Mark R Palmert. Originally published in JMIR mHealth and uHealth (http://mhealth.jmir.org), 28.10.2020.
This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR mHealth and uHealth, is properly cited. The complete bibliographic information,
a link to the original publication on http://mhealth.jmir.org/, as well as this copyright and license information must be included.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e22074 | p.223http://mhealth.jmir.org/2020/10/e22074/
(page number not for citation purposes)

Alfonsi et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://mhealth.jmir.org/2019/2/e9838
http://dx.doi.org/10.2196/mhealth.9838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30785409&dopt=Abstract
https://arxiv.org/abs/1904.08376
https://arxiv.org/abs/1904.08376
https://mhealth.jmir.org/2016/3/e85/
http://dx.doi.org/10.2196/mhealth.5846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27480144&dopt=Abstract
http://europepmc.org/abstract/MED/25751133
http://dx.doi.org/10.1089/dia.2014.0276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25751133&dopt=Abstract
https://dmsjournal.biomedcentral.com/articles/10.1186/s13098-019-0480-4
http://dx.doi.org/10.1186/s13098-019-0480-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31636719&dopt=Abstract
http://dx.doi.org/10.1080/10810730.2015.1018624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26042660&dopt=Abstract
https://www.jmir.org/2016/5/e101/
http://dx.doi.org/10.2196/jmir.5567
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27170498&dopt=Abstract
http://europepmc.org/abstract/MED/25883165
http://dx.doi.org/10.1177/1932296815578880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25883165&dopt=Abstract
https://www.mdpi.com/resolver?pii=nu7064897
http://dx.doi.org/10.3390/nu7064897
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26091234&dopt=Abstract
http://dx.doi.org/10.1089/dia.2013.0021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23844569&dopt=Abstract
https://mhealth.jmir.org/2016/3/e107/
http://dx.doi.org/10.2196/mhealth.5720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27613084&dopt=Abstract
http://dx.doi.org/10.1136/bmj.k698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29519932&dopt=Abstract
http://mhealth.jmir.org/2020/10/e22074/
http://dx.doi.org/10.2196/22074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33112249&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Adoption of Mobile Health Apps in Dietetic Practice: Case Study
of Diyetkolik

Gorkem Akdur1*, BSc, MSc, MA; Mehmet Nafiz Aydin1*, BSc, MA, PhD; Gizdem Akdur2*, BEng, MSc, PhD
1Department of Management Information Systems, Kadir Has University, Istanbul, Turkey
2Centre for Research in Public Health and Community Care, University of Hertfordshire, Hatfield, United Kingdom
*all authors contributed equally

Corresponding Author:
Gorkem Akdur, BSc, MSc, MA
Department of Management Information Systems
Kadir Has University
Kadir Has St., Cibali / Fatih
Istanbul, 34083
Turkey
Phone: 90 5360662866
Email: gorkemakdur@gmail.com

Abstract

Background: Dietetics mobile health apps provide lifestyle tracking and support on demand. Mobile health has become a new
trend for health service providers through which they have been shifting their services from clinical consultations to online apps.
These apps usually offer basic features at no cost and charge a premium for advanced features. Although diet apps are now more
common and have a larger user base, in general, there is a gap in literature addressing why users intend to use diet apps. We used
Diyetkolik, Turkey’s most widely used online dietetics platform for 7 years, as a case study to understand the behavioral intentions
of users.

Objective: The aim of this study was to investigate the factors that influence the behavioral intentions of users to adopt and use
mobile health apps. We used the Technology Acceptance Model and extended it by exploring other factors such as price-value,
perceived risk, and trust factors in order to assess the technology acceptance of users.

Methods: We conducted quantitative research on the Diyetkolik app users by using random sampling. Valid data samples
gathered from 658 app users were analyzed statistically by applying structural equation modeling.

Results: Statistical findings suggested that perceived usefulness (P<.001), perceived ease of use (P<.001), trust (P<.001), and
price-value (P<.001) had significant relationships with behavioral intention to use. However, no relationship between perceived
risk and behavioral intention was found (P=.99). Additionally, there was no statistical significance for age (P=.09), gender (P=.98),
or previous app use experience (P=.14) on the intention to use the app.

Conclusions: This research is an invaluable addition to Technology Acceptance Model literature. The results indicated that 2
external factors (trust and price-value) in addition to Technology Acceptance Model factors showed statistical relevance with
behavioral intention to use and improved our understanding of user acceptance of a mobile health app. The third external factor
(perceived risk) did not show any statistical relevance regarding behavioral intention to use. Most users of the Diyetkolik dietetics
app were hesitant in purchasing dietitian services online. Users should be frequently reassured about the security of the platform
and the authenticity of the platform’s dietitians to ensure that users’ interactions with the dietitians are based on trust for the
platform and the brand.

(JMIR Mhealth Uhealth 2020;8(10):e16911)   doi:10.2196/16911
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Introduction

Background
The advancement of information and communication
technologies has urged the health care industry to develop new
solutions to bring better health functions to individuals by
reducing costs and time as well as enhancing convenience for
both service providers and users [1]. Over the last decade,
considerable health services have been partially or wholly
shifted to mobile phones. Since the concept of mobile health
(mHealth) was first coined in 2005 [2,3], mHealth has
incorporated innovative medical services, such as mobile
dietetics services. Most mHealth services consist of innovative
solutions such as web-based consultation systems with
physicians, web-based health conferences, health-relevant data,
medical inspection results via portable and wearable gadgets,
and smartphone-based apps [3].

Diet apps are a subset of mHealth and typically offer services
including physical activity, calorie, water intake, and weight
tracking; weight goal setting; meal recipes; and meal planning
[4]. Due to the excessive number of diet apps that promote
physical health and well-being, it is crucial to determine whether
these apps are valid and what they provide for their users [5].
Generally, users pay attention to the number of downloads,
average ratings, and reviews before downloading diet apps [6].
An important feature of Diyetkolik is its dietician consultation
service. Diyetkolik allows dietitians to join the platform as
experts and to offer their customized services to users.

Diyetkolik was founded in 2011, and as of 2020, it has a base
of around 1.5 million users [7]. It is Turkey's most widely used
online dietetics platform [8]. The platform has a large database
of food that is specific to Turkey. Diyetkolik has features such
as calorie checker, calorie tracking, water tracking, exercise
tracking, content, calculations, and reports. Users are offered 3
types of packages: users with a basic (free) membership can
access Diyetkolik’s food database, track calorie intake, and read
blog posts; users with a standard diet package are assigned
noncustomized diet plans and can ask a limited number of
questions to a dietitian; and users with a premium diet package
can benefit from customized diet plans that are prepared by
dietitians. Dietitians can create expert accounts on Diyetkolik,
publish nutrition-related blog posts, and connect with clients
who have subscribed to a premium membership. The business
strategy of Diyetkolik is business to business to consumer, which
is a novel approach in dietitian services in Turkey [9].

Previous reviews [10] have found that the use of nutrition and
diet mHealth apps can change nutrition health behavior and
improve diet. According to Carter et al [11], app users show
greater adherence, retention, and weight loss compared to those
shown by other nutrition and diet site users. Yet, what is unclear
is why people choose to use mHealth apps and how they use
them [12]. Generally, users choose any specific mobile app
based on such factors as reliability, ease of use, quality,
usefulness, aesthetics, trust, and recommendations by others
[13]. Hence, engineers, managers, and app developers must
acknowledge what end users demand. Many previous studies
[14-19] have focused on mHealth apps, but there are only a few

studies [20-24] that identify diet mHealth apps from the user’s
perspective. The objective of this research was to analyze the
influencing factors for user acceptance of a diet mHealth app
and investigate and test the importance of external constructs
affecting users’ behavioral intention to use. Only a few studies
[3,25-27] have analyzed end-user perspectives on diet app
acceptance in non-European Union countries; this study offers
additional insights on mHealth user acceptance in Turkey.

Theoretical Framework and Research Hypotheses
One of the major influential models that has been used to assess
the acceptance of technologies is the Technology Acceptance
Model (TAM) [28], originally developed by Davis [29] in 1989.
Davis [30] has stated that regulating circumstances to obtain
and adopt any technology are based on some presumptions, and
the major key factors are perceived ease of use and perceived
usefulness [30]. According to McFarland and Hamilton [31],
extended models can increase the explanation and forecasting
of acceptance. Considering innovative technologies and their
effects, Thompson et al [32] discussed that perceived ease of
use and perceived usefulness are not the only suitable factors
to determine technology adoption. For particular settings, using
different variables from other information technology acceptance
models could enhance the specificity and explanatory power of
the extended models [30]. For this reason, instead of using the
original TAM, or its well-known extensions such as the
Technology Acceptance Model 2 (TAM2) [33,34] and the
Unified Theory of Acceptance and Use of Technology
(UTAUT), we adopted the most relevant and complementary
external factors to extend TAM and explain user adoption of
diet apps [35].

Perceived usefulness is one of the main factors determining,
and main indicator of, behaviors of any kind of technology
usage [29,30]. Davis defined perceived usefulness as “the degree
to which a person believes that using a particular system would
enhance his or her job performance” [29]; in this study, we
integrated and adapted this definition of perceived
usefulness—the degree to which a person believes that using a
particular system would enhance their health and well-being to
make it more user-centric. Our second construct was perceived
ease of use, which is described by Davis as ”the degree to which
a person believes that using a particular system would be free
from effort [29],“ and we wholly integrated this definition into
our model.

The major goal of the TAM framework is to understand the
behavioral intention of users (acceptance) toward and their
actual use of a technology [36,37]. Davis suggested that future
technology acceptance studies should focus on other principles
that influence usefulness, ease of use, and user acceptance [37].
Thus, price-value, trust, and perceived risk factors were used
to extend the TAM framework in this study. These factors are
crucial to exploring the perspective of users in the mHealth
domain [3,38,39].

The price-value factor is related to the subscription fees of the
service offered by the mobile health services. It has a direct
effect on user acceptance; therefore, we adopted price-value as
an external factor. We investigated the direct relationship of
user satisfaction on the price that the users pay and whether the
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service matched their needs [38,40,41]. Moreover, trust is a
powerful external factor since trust plays a major role in
attracting new users and retaining existing users. If a person
believes in the service administered by an mHealth app, they
are likely to adopt the service. According to the TAM
framework, a person’s beliefs can encourage their assertiveness
and intention to adopt the technology [3,42,43]. Hence, we
integrated trust as another external factor in this study.

The external factor perceived risk can be defined as a “person’s
perception of uncertainty in the use of mHealth services and its

severity in terms of consequences [39].” There are some risks
posed by mHealth apps, such as privacy invasion, legal, and
performance risks [44]. Researchers have shown that privacy
and perceived risk can predict user adoption [45,46], hence we
used perceived risk in our extended model. Finally, some control
variables were added to enhance the explanatory potential of
the study. Gender, age, and previous mHealth app experience
were selected as covariates. Considering these factors,
hypotheses and the research framework were established; they
are illustrated in Figure 1 and are summarized in Table 1.

Figure 1. Theoretical framework.
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Table 1. Hypotheses list.

HypothesesLabel

Perceived usefulness positively affects the intention to use the app.H1

Perceived ease of use positively affects the intention to use the app.H2

Perceived ease of use positively affects the perceived usefulness of the app.H3

Behavioral intention to use positively affects the actual use of the app.H4

Price-value factor positively affects the perceived usefulness.H5

Price-value factor positively affects the intention to use the app.H6

Perceived risk is negatively associated with one’s adoption intention toward the app.H7

Trust positively affects the intention to use the app.H8

Gender difference plays a significant role in the intention to use the app.H9

Age has a significant role in the intention to use the app.H10

Previous mHealth app use experience of users has a significant role in the intention to use the app.H11

Methods

Study Design
Multiple-itemed scales were used to quantify each construct.
All questions were carefully selected and adapted from the
questionnaires used in previous studies [1,3,29,43,47-50]. We
adjusted most items to make them more suitable for an mHealth
context (please see Multimedia Appendix 1 for references for
each item). Perceived usefulness was measured with 4 items
(PU1-PU4), perceived ease of use was measured with 4 items
(PEOU1-PEOU4), behavioral intention to use was measured
with 5 items (BI1-BI5), price-value was measured with 3 items
(PV1-PV3), perceived risk was measured with 6 items
(PR1-PR6), and trust was measured with 3 items (T1-T3).

All of these items were rated by users in a 32-question online
survey using a 5-point Likert scale (1, strongly disagree; 3,
indecisive; 5, strongly agree). Questions were shuffled and one
attention check (trap) question was added to eliminate bias
responses. The aim of the attention check question was to ensure
that the users were focused. One of the perceived usefulness
items was stated as the exact opposite of another perceived
usefulness item. In this way, we attempted to minimize the risk
of collecting less reliable and inaccurate data from users who
were not being attentive [51]. Demographic questions were
asked at the beginning of the survey: gender, age group,
education level, usage frequency of the app (which directly
answers the actual use factor), previous mobile-health app
experience, main aim for the use of the app (users were allowed
to choose more than one answer from the pool), and membership
type (free 1-month standard membership, 3-month standard
membership, premium-dietitian service). The survey was
prepared in the Turkish language, which is the native language
of the app and its users. The survey was sent to Diyetkolik
managers to be placed on their survey platform.

Data Collection
Data were collected with an online survey method on a
Typeform web-based platform [52]. This platform is used by
Diyetkolik to gather feedback from its users. The survey was
distributed randomly to active users who subscribed to

Diyetkolik’s mailing lists. Out of 100,000 active users, 50,000
users who checked their weekly emails from Diyetkolik,
randomly received the survey link via email. A brief explanation
of the project was given in the email and indicated that
participation in the survey was voluntary and completely
anonymous (please see Multimedia Appendix 1 for the English
version and Multimedia Appendix 2 for the Turkish version of
the survey).

The data collection phase took 4 weeks between June 11, 2019
and July 10, 2019. Responses were collected from 840
Diyetkolik users. In order to increase the reliability and
accuracy, surveys that had missing entries and inattentive
responses were eliminated. Hence, the data count was reduced
to 658 from the original 840.

Statistical Procedure
Data were analyzed using SmartPLS 3 (SmartPLS GmbH) and
SPSS (version 24.0; IBM Corp) software. Data were gathered
in an Excel (Microsoft Inc) file and the shuffled items were
ordered categorically. Partial least square, a component-based
structural equation modeling technique, was used to examine
the research model and test the first 8 hypotheses. Partial least
square methods are particularly convenient for complex and
large research models to test both reflective and formative
constructs. Hence, partial least square-based structural equation
modeling was better suited to this research than
covariance-based structural equation modeling techniques [39].
For the last 3 hypotheses and for demographics, analysis of
variance (ANOVA) was used (at the significance levels P<.01
and P<.05).

Analysis of the Measurement Model in Structural
Equation Modeling
To assess construct validity and internal accuracy, we used
discriminant and convergent validity measures that
complemented each other [1]. Cronbach α and composite
reliability measures must be around 0.70 for each factor to have
a valid internal consistency. Additionally, the average variance
extracted and component loadings should be more than 0.50 to
have acceptable convergent and construct validity [53].
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Calculating the standardized outer loadings of main variables
can explain individual variance level, convergent validity, and
individual manifest reliability. Thus, items that have more than
0.70 outer loadings count as highly satisfactory. Items which
have a value of 0.50 or below should be eliminated to increase
the composite reliability. Items valued between 0.40 to 0.70
should be reviewed before dropping out [54].

Composite reliability and Cronbach α values play an important
role in analyzing internal consistency. A common rule of thumb
indicates that values 0.6 or higher are adequate for exploratory
purposes [55].

Discriminant Validity Measurement
Discriminant validity was checked using the Fornell-Larcker
criterion (correlation analysis). According to this criterion, an
average variance extracted value above 0.50 is acceptable, and
an average variance extracted value above 0.70 shows significant
validity.

Another method to check validity is by analyzing the R2 values.
It is a goodness-of-fit measure for linear regression models. It
explains the estimated variance of the construct’s relationship

with independent variables and higher R2 values show

significantly better model fits [56]. The value of R2 of underlying
variables should be greater than 0.26 [57].

Hypothesis Testing
To identify the relationships between the variables in the
structural model, path coefficient (β) and t values were tested
by bootstrapping with 1000 subsamples. The relationships
among factors are statistically proven with P values lower than
.01 and with t values larger than 1.96.

Results

Demographic Characteristics
The demographic characteristics of respondents (n=658) are
presented in Table 2. The majority of the respondents were
female (438/658, 66.6%) and between the ages of 18-41 years
(496/658, 75.4%). Most of the respondents had attained a
bachelor’s degree or higher (362/658, 55.0%). Two-thirds of
the respondents did not disclose their membership type, and
almost one-third of the respondents disclosed that their
membership type was basic (211/658, 32.1%).

Analysis of the Measurement Model in Structural
Equation Modeling
In the first round, the items BI5 (0.403), PV3 (0.594), PR1
(–0.772), PR2 (0.330), PR4 (0.556), and PR6 (0.450) were
removed from our partial least square structural equation model.
Only the items that had outer loadings greater than 0.6 remained,
and the final data analysis table was constructed.

Table 3 shows the final measurement model with the mean
values. According to the results, internal consistency is satisfied;
perceived risk, price-value, and trust (the 3 external variables)
had mean values of approximately 3 indicating that the average
respondent was indecisive about perceived risk, trust, and
price-value.

Discriminant Validity Measurement
The model passed the validity test with satisfactory results. All
variables in Table 4 show discriminant validity with cross
loadings above 0.70 (actual use: 1; behavioral intention: 0.732;
perceived ease of use: 0.739; price-value: 0.796; perceived risk:
0.873; perceived usefulness: 0.789; trust: 0.873).

For this study, 2 out of 3 R2 values satisfied the criteria

(behavioral intention: R2=0.635; perceived usefulness: R2=0.434;

perceived ease of use: R2<0.26).
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Table 2. Demographics of sample data.

Participants (n=658), n (%)Variable

 Gender

163 (24.8)Male 

438 (66.6)Female 

57 (8.7)Prefer not to say 

 Age (years)

169 (25.7)18-25 

168 (25.5)26-33 

159 (24.1)34-41 

112 (17.0)42-49 

34 (5.2)50-59 

16 (2.4)60 + 

 Educational qualifications

9 (1.4)Primary school graduate 

91 (13.8)High school graduate 

247 (37.5)Bachelor’s degree 

102 (15.5)University student 

115 (17.5)Post-graduate degree and higher 

94 (14.3)2-year degree graduate 

 App experience

314 (47.7)Yes 

344 (52.3)No 

 Membership type

5 (0.8)1-month standard subscription

2 (0.3)3-month standard subscription 

1 (0.2)Premium service 

211 (32.1)Basic (free) membership 

446 (67.8)Prefer not to say 
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Table 3. The measurement model with mean values.

Cronbach αComposite reliabilityAverage variance extractedMeanLoadingsFactors

.7980.8680.623 Perceived usefulness

   3.690.710PU1 

   3.730.806PU2 

   3.890.774PU3 

   3.700.859PU4 

.5800.7800.546 Perceived ease of use

   4.050.631PEOU1 

   3.280.695PEOU3 

   3.590.870PEOU4 

.4500.7720.634 Price-value

   3.120.905PV1 

   3.050.669PV2 

.6880.8650.762 Perceived risk

   2.840.884PR3 

   3.030.861PR5 

.8840.9060.762 Trust

   3.330.852T1 

   3.220.854T2 

   3.360.912T3 

.7080.8200.535 Behavioral intention

   3.400.678BI1 

   2.550.633BI2 

   3.530.752BI3 

   3.280.846BI4 

Table 4. Correlation matrix of the square root of the average variance extracted for discriminant validity.

VariableVariable

TrustPerceived use-
fulness

Perceived riskPrice-valuePerceived ease
of use

Behavioral in-
tention

Actual use

0.1170.332–0.2180.210.3120.3221Actual use

0.5830.61–0.2480.6840.6970.7320.322Behavioral intention

0.4810.641–0.2540.6470.7390.6970.312Perceived ease of use

0.480.536–0.2020.7960.6470.6840.21Price-value

–0.247–0.3660.873–0.202–0.254–0.248–0.218Perceived risk

0.4620.789–0.3660.5360.6410.610.332Perceived usefulness

0.8730.462–0.2470.480.4810.5830.117Trust

Hypothesis Testing
The results of partial least square model for the first 8
hypotheses of the study are illustrated in Table 5. Perceived
risk’s direct effect on behavioral intention (β=0, t=0.01, P=.99)
was not accepted. The direct effects of perceived ease of use

on perceived usefulness (β=0.506, t=12.98, P<.001), perceived
ease of use on behavioral intention (β=0.293, t=6.85, P<.001),
behavioral intention on actual use (β=0.322, t=9.10, P<.001),
and price-value on behavioral intention (β=0.303, t=7.67,
P<.001) were significant.
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Table 5. Results of partial least square for H1 to H8.

ResultP valuet valueβPathHypothesis

Accepted<.0014.280.156Perceived usefulness→behavioral intentionH1

Accepted<.0016.850.293Perceived ease of use→behavioral intentionH2

Accepted<.00112.980.506Perceived ease of use→perceived usefulnessH3

Accepted<.0019.100.322Behavioral intention→actual useH4

Accepted<.0015.030.209Price-value→perceived usefulnessH5

Accepted<.0017.670.303Price-value→behavioral intentionH6

Not accepted.990.010Perceived risk→behavioral intentionH7

Accepted<.0017.090.225Trust→behavioral intentionH8

Gender had no statistically significant role on the behavioral
intention to use the app (mean 3.21, SD 0.873; F1,599=0 P=.98.
In addition, age groups showed no association between age and
behavioral intention (mean 3.19, SD 0.872; F5,652=1.931, P=.09).
Finally, previous app use was not significant (mean 3.19, SD
0.872; F1,656=2.137, P=.14). Hence, H9, H10, and H11 were all
rejected (Multimedia Appendix 3).

Discussion

General
Considering the vast influence of information and
communication technologies in our daily lives, this research
aimed to extend TAM framework and to understand the main
factors that influenced Diyetkolik users’ acceptance of mobile
dietitian services. Identified factors were tested for the variables'
hypothesized positive associations with user acceptance of the
diet app. The findings showed that perceived ease of use,
perceived usefulness, price-value, and trust had a positive impact
on the app acceptance at the behavioral level. We only
demonstrated that high behavioral intention of users translated
into higher usage frequency of the app (actual use). Previous
studies [21,29,33,56,58-62] on TAM had also shown similar
results. Our study's results were consistent with Ajzen and
Fishbein’s theory [62,63] and also in congruence with findings
[29] that suggested that behavioral intention was a good
predictor of actual technology use. However, perceived risk did
not show any significant relationship with behavioral intention
to use (P=.99). Users used mHealth apps and benefit from the
services if they perceived the app to be useful, easy to control,
and trustworthy. Moreover, the analysis of age groups and
previous app use data showed that there were no statistically
meaningful differences (age: P=.09; use: P=.14) in behavioral
intention to use. Our results also revealed there was no major
role of gender in the behavioral intention to use (P=.98). This
conflicts with findings from another study [64] that showed that
men perceived mobile diet apps to be more beneficial in
managing their lifestyle and eating habits.

We predict that most respondents who did not respond to the
membership question had basic membership, because the
marketing and sales managers of Diyetkolik have stated that
the majority of users own free accounts. Disclosing the
subscription type will be made compulsory in any future
research, because it could positively affect our analysis to

identify the respondent type clearly. By doing this, we can
differentiate our questions for different segmentations instead
of focusing on all respondents as a homogenous population.

The findings from the survey’s price-value questions suggested
that users were ambivalent about the benefits of premium
membership (the subscription type that provides dietitian
services to the users). Having dietitian services straight from a
mobile device, instead of a physical consultation, seems
eminently practical for some respondents, but other respondents
were indecisive about consulting a dietitian online through the
platform. Most users have vigorously opposed or were hesitant
about purchasing health services online. Some users were also
indecisive about the reliability of the information that dietitians
provide on the Diyetkolik platform. These might stem from
issues in trust concerning the accreditation and the authenticity
of the platform’s dietitians.

Two external factors (trust and price-value) that were used in
this study in addition to the TAM factors (perceived ease of use
and perceived usefulness) improved our understanding of user
acceptance of an mHealth app and showed relevance with
behavioral intention to use. The third external factor (perceived
risk) did not provide any explanation regarding intention to use,
but it can be divided into further categories (legal concerns,
privacy risks, etc), and its statistical relationship with behavioral
intention can be retested in future research. Therefore, based
on our findings, we propose an extended TAM framework.

Limitations
This study had some limitations. It was conducted in one country
(Turkey), and the findings might not be generalizable to related
apps in European Union countries or in North America.
Demographic variables such as sociocultural differences with
regard to diet would create differences between different
countries. Future research could study different country settings
and compare cross-country data. Although the investigation had
a good representative sample, it was conducted online which
can cause some problems regarding the attention of respondents.
We tried to minimize this effect to a degree by including a trap
question.

Other data collection methods might be considered for future
studies, for example, inviting previous or occasionally active
Diyetkolik users to take part in the study. The insights from
former users could be important to understanding the factors
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behind technology abandonment, resistance, or rejection; there
may be close links with behavioral intention to use.

Due to the number of users preferring not to disclose their type
of membership, we were unable to identify additional insights
from comparing user perceptions about different subscriptions.
Future research can leverage digital trace data of user actions
on the mobile app and can use data analytics to examine further
hypotheses.

Conclusion
Measuring the user acceptance of mHealth by using an extended
TAM model was the primary aim of this study. Our research
showed that the perceived ease of use and the perceived
usefulness of an mHealth app were associated with the
behavioral intention of users to adopt and continue using the
app. A mHealth-specific extended TAM model that was
developed showed that price-value and trust factors directly
affected the behavioral intention to use the app. However,
perceived risk and behavioral intention were not associated, and
gender, age groups, and previous app use experience had no
direct or moderating roles on the intention to use the app.

Despite the aforementioned limitations, the results and findings
of the study contribute to mHealth app design and the
development of dietary and nutrition mHealth apps. The success

of apps is highly dependent on the user’s willingness to adopt
them. On a practical level, the insights from this research can
benefit nutrition and diet app developers and managers to
increase the adoption and actual use of apps. Furthermore, the
study proposes a theoretical extension to the literature. TAM is
a generic framework which is often used by researchers to study
the user acceptance of technologies, however, there are only a
few studies [22,44,65] that have explored diet-based mHealth
apps. Hence, our expanded TAM framework lays out additional
constructs and contributes to technology acceptance literature.
We believe that further research will use this model and possibly
identify new factors that could be useful in studying user
acceptance of diet apps.

As a recommendation, managers might find it useful to focus
on promoting the perceived usefulness of the service in order
to increase the uptake of premium services by the users. The
average respondent in our Diyetkolik case study was hesitant
about purchasing health services online, based on the app’s
price-value. If the benefits of the premium packages are
communicated to the users in innovative ways, and if the users
are frequently reassured about the security of the app and the
authenticity of the platform’s experts (eg, Diyetkolik’s
dietitians), then they might feel more inclined to purchase
premium services. This recommendation can be generalizable
to other mHealth apps where the user concerns are similar.
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Abstract

Background: Pregnant women are increasingly using mobile apps to access health information during the antenatal period.
Therefore, digital health solutions can potentially be used as monitoring instruments during pregnancy. However, a main factor
of success is high user engagement.

Objective: The aim of this study was to analyze engagement and factors influencing compliance in a longitudinal study targeting
pregnant women using a digital health app with self-tracking.

Methods: Digitally collected data concerning demographics, medical history, technical aspects, and mental health from 585
pregnant women were analyzed. Patients filling out ≥80% of items at every study visit were considered to be highly compliant.
Factors associated with high compliance were identified using logistic regression. The effect of a change in mental and physical
well-being on compliance was assessed using a one-sample t test.

Results: Only 25% of patients could be considered compliant. Overall, 63% left at least one visit blank. Influential variables
for higher engagement included higher education, higher income, private health insurance, nonsmoking, and German origin.
There was no relationship between a change in the number of physical complaints or depressive symptoms and study dropout.

Conclusions: Maintaining high engagement with digital monitoring devices over a long time remains challenging. As cultural
and socioeconomic background factors had the strongest influence, more effort needs to be directed toward understanding the
needs of patients from different demographic backgrounds to ensure high-quality care for all patients. More studies need to report
on compliance to disclose potential demographic bias.

(JMIR Mhealth Uhealth 2020;8(10):e17377)   doi:10.2196/17377
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Introduction

Pregnant women make up a significant proportion of the world’s
population. With an average age of 30 years, pregnant women
represent a generation of patients eager to experience new
technologies and extend medical care in the digital sector [1-3].
The use of pregnancy apps among expectant mothers is high;
such apps can therefore either be used as educational devices
or as monitoring instruments during pregnancy, based on regular
assessments of patient-reported outcomes (PROs), as well as
psychological and physical symptoms [4,5].

A PRO is defined as “a measurement based on a report that
comes directly from the patient (i.e., study subject) about the
status of a patient’s health condition without amendment or
interpretation of the patient’s response by a clinician or anyone
else” [6]. Many factors such as body mass index (BMI), physical
symptoms, or even depressive symptoms can be assessed using
PROs or validated questionnaires. Self-reporting of information
concerning delivery or prepregnancy weight were reported to
be of high accuracy [7,8].

Furthermore, digital monitoring devices could offer a benefit
to women at risk for preterm birth due to a reduction of adverse
fetal outcomes and costs [9]. Electronic health solutions offer
not only the possibility of self-tracking, but also health
education. Digital self-tracking of uterine activity has already
been shown to prolong pregnancy and improve outcomes for
the baby. Online education on smoking and nutrition can also
have significant impact on patients’ behavior [9,10]. Thus,
digital solutions during pregnancy have the potential to improve
efficiency and quality of care [11]. With the growing demand
of easily accessible educational health information, tailored
interventions, and more personalization, digital health apps offer
unique opportunities and may be beneficial to treatment
compliance [1,12]. In addition to that, there have been reports
of higher use of pregnancy apps among women with depression,
a history of chronic illness, or other risk factors for adverse
outcomes, including smoking [3,13,14].

Thus, electronic health (eHealth) apps seem to be the perfect
fit for obstetrics, with great potential for modifying the structure
of perinatal care [15]. Several online information platforms or
pregnancy apps for expectant mothers and their partners exist
at present, providing information as well as online coaching,
with good rates of compliance and success in lifestyle
interventions [16]. However, up to now, there have been no
digital prevention programs routinely integrated into antenatal
care.

To achieve successful integration into routine care, high patient
engagement, also referred to as compliance, remains a key

factor. Compliance is defined as the “the consistency and
accuracy with which a patient follows the regimen prescribed
by a physician or other health care professional” [17]. In any
digital health program, compliance is a key challenge and an
essential factor for a successful outcome, as low compliance
can threaten the validity of a study [18]. A substantial number
of patients stop using apps before the completion of a program
[19]. Several studies from different fields reported that
compliance declined through the course of their study [20,21].
However, the definition of compliance is often not clarified or
can vary greatly among different studies according to the study
format. In addition to that, not all studies report on compliance,
but rather dropout rates of presumably official study dropouts.

In addition to that, people from lower socioeconomic
backgrounds or of minority ethnicities have been reported to
have lower compliance rates [18,20-22]. There have also been
reports that patients with poorer lifestyle and health profiles are
less compliant [18].

To reach those marginal groups of patients at a presumed risk
of adverse pregnancy outcomes, some mobile apps have already
received broad acceptance as a way of low-threshold, interactive
care [23]. In contrast, apps may not effectively engage
“hard-to-reach” groups, such as women of low income and those
with lower levels of education [24]. Nonetheless, incentives or
reminders can be implemented to effectively increase
compliance [25,26].

Therefore, this study aimed to examine compliance and its
influencing factors among pregnant women in a prospective
cohort study. This analysis focused on characterizing women
with high engagement and investigating potential influencing
factors to understand patients’ engagement in digital apps as a
key factor for successfully integrating eHealth in routine care
settings.

Methods

Participants and Study Design
This exploratory bicentric trial was conducted prospectively
between October 2016 and September 2018 at two German
university hospitals (University Hospitals of Heidelberg and
Tuebingen). It was designed as a longitudinal, bicentric trial
that included several questionnaires, which were delivered via
an online platform called PiiA (Patient-informiert-
interaktiv-Arzt; Figure 1) [27]. Originally, the study design
included the randomization of the participants into two groups,
with the intervention group having access to an educational
pregnancy guidebook in addition to the survey. However, due
to the low usage of the app, we refrained from a direct group
comparison and treated both groups as one study cohort.
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Figure 1. Screenshot of the PiiA platform. PiiA: Patient-informiert-interaktiv-Arzt (patient-informs-interactive-physician).

The online study visits and the corresponding individual
questionnaires were scheduled monthly until delivery, followed
by 3 postnatal visits finishing at 6 months postpartum. In
addition to validated questionnaires, various pregnancy-related

symptoms and complications were surveyed as part of a
self-tracking app. The questionnaires included in this analysis
are shown in Table 1.

Table 1. Structure of the prenatal section.

Visit 5Visit 4Visit 3Visit 2Visit 1BaselineCharacteristics and questionnaires

363228242019Gestational age (weeks)

✓Socioeconomic questionnaire

✓Previous medical history

✓✓✓✓✓Physical symptoms

✓✓Digital evaluation

✓✓✓✓✓Edinburgh Postnatal Depression Scale

✓✓State-Trait Anxiety Inventory

Participants were enrolled during outpatient prenatal checkups
or, in individual cases, during a hospital stay, and were eligible
for participation if they were older than 18 years, they had a
sufficient level of German language proficiency, they had
internet access, and gestational age was between 19 and 27
weeks. Exclusion criteria were inability to understand the
content of the study, as well as multiples or chromosomal
aberrations and genetic conditions or fetal abnormalities of
different or unknown origin.

All study-related contacts took place in addition to standard
antenatal care. The study was entirely conducted in the German
language. Ethics approval was granted by the Ethical Committee
of the University of Heidelberg (S-158/2016) and the University
of Tuebingen (062/2017BO2).

Initial Support and Online Tutorial
After giving informed consent, all patients received a tablet and
were introduced to the platform by trained staff who were
available for further questions. The baseline visit was filled out
onsite. The platform also provided a tutorial that could be
accessed by the participant at any time. After the first visit,
patients continued the study at home using their own preferred
devices. At first login, patients were asked to provide their
current gestational week as a trigger for all following visits and
reminders, ensuring the exact start of new visits on their
respective gestational week.

Measurements

Demographics, Anamnesis, and Physical Complaints
The socioeconomic questionnaire (SEQ) is a self-designed
questionnaire that encompasses several items related to
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demographic characteristics such as age, origin, and education.
For retrieving the participants’ medical history, we used a
self-designed questionnaire that included a series of obstetric
questions on parity, preexisting conditions, and medical
conditions in previous pregnancies. The questionnaire contains
a selection of common complications and medical diagnoses.
Questions concerning technical abilities and preferences were
also administered. Furthermore, a questionnaire with a selection
of pregnancy-related PRO symptoms was available at every
visit as part of a self-tracking app.

Edinburgh Postnatal Depression Scale
Depressive symptoms were assessed using the Edinburgh
Postnatal Depression Scale (EPDS) at every visit through an
overall summary score. The EPDS was originally developed
by Cox et al [28] and translated into German by Bergant et al
[29]. The EPDS offers high sensitivity and specificity in
predicting depressive disorders [29] and has proven to
accomplish this in the prenatal and postnatal period [29,30].

State-Trait Anxiety Inventory
The State-Trait Anxiety Inventory (STAI) is a two-part
questionnaire, each consisting of a summary score of 20 items,
to evaluate anxiety as a temporary condition (state, STAI-S)
and as a personality characteristic (trait, STAI-T) [31]. We used
the German version of the questionnaire [31]. The STAI has
proven to be a valid instrument for assessing anxiety in pregnant
women [32]. We implemented the STAI at two visits.

Patient Engagement and Compliance Monitoring
A range of engagement strategies were employed, designed to
encourage participants to continue the study. Participants were
reminded via email 2 days prior to as well as 3 and 5 days after
the scheduled visit date. The rate of completion for each
assessment was calculated, measured by the amount of
completed questions divided by all available questions at a
specific visit. This rate was assessed weekly for each patient
that had been reminded in the previous week. If the completion
rate was ≤80%, email reminders were sent and escalated to
follow-up phone calls if patients did not respond. Patients who

officially dropped out of the study were considered as
noncompliant patients and were included in the analysis.

Statistical Analysis
We used the programming language R (Version 3.5.1; R
Foundation for Statistical Computing) for all of our analyses
[33]. Socioeconomic and obstetric data as well as completion
rates were analyzed descriptively by calculating mean scores
and standard deviations as well as absolute and relative
frequencies. We regarded a completion rate of ≥80% per visit
throughout the study as compliant.

First, we performed univariate logistic regression to examine
the effect of unique items on compliance. Multivariate logistic
regression was then applied to identify influencing factors on
compliance ≥80%, using all previously significant variables.

Second, we evaluated whether changes in mental or physical
well-being prompted an abrupt discontinuance of study
participation. Thereupon, we performed a one-sample t test on
each change in EPDS score and the number of physical
complaints between the last two visits before dropout (decline
of completion rate ≥80% followed by no further activity). This
analysis included both official dropouts as well as patients
concluding the study without further contact or notice. P values
≤.05 were considered significant. Since this is an exploratory
study, no adjusting for multiplicity was performed and P values
have to be interpreted in a descriptive sense.

Results

Sample Characteristics
This analysis is based on 585 participants pregnant with
singletons. In total, 41 patients (7.0%) actively decided to
terminate the study before completion, mostly due to personal
issues concerning time management, difficulties related to
pregnancy, or family reasons. Overall, 319 (54.5%) participants
stopped processing the online visits without officially
withdrawing their participation in the study and did not respond
to further contact attempts by the study staff. The sample
characteristics are presented in Table 2.
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Table 2. Demographic characteristics of the study population.

FrequencyVariable

33 (29-36)Age (years), median (Q1-Q3)

BMI, n (%)

333 (60.5)<25

106 (19.3)25-30

111 (20.2)>30

Smoker, n (%)

207 (37.4)Current or former

347 (62.6)Never

Origin, n (%)

470 (83.9)German

90 (16.1)Other

Education, n (%)

239 (42.7)University entrance qualification or higher

321 (57.3)Lower than university entrance qualification

Net monthly income per household (€), n (%)

75 (13.8)<1000 (<US $1184)

176 (32.4)1000-2000 (US $1184-$2367)

113 (20.8)2000-3000 (US $2367-$3551)

180 (33.1)>3000 (>US $3551)

Current employment, n (%)

469 (83.9)Yes

90 (16.1)No

Health insurance, n (%)

435 (77.7)Public

125 (22.3)Private

First time pregnancy, n (%)

220 (39.7)No

334 (60.3)Yes

Compliance Evaluation: Descriptive Compliance
Characteristics
When applying the definition of a completion rate of ≥80% per
visit throughout the study as compliant participation, n=148

patients could be considered as compliant during the prenatal
stage of the study, which corresponds to only about 25% of all
enrolled participants (Figure 2). Another 63% left at least one
visit blank.
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Figure 2. Relationship between completion rate continuity and number of participants.

As depicted in Table 3, the desired completion rate of 80% to
100% was met by a high number of patients at baseline but
decreased significantly in the following assessments. The
analysis showed a spike for completion rates of 80% to 100%

and 0% to 19%. The range in between these two extremes is
evenly distributed and low at every visit analyzed, indicating a
tendency to either fill out the entire questionnaire repertoire or
not to start the visit altogether.

Table 3. Completion rates per visit in relation to the number of participants per visit.

Visit 5, n (%)Visit 4, n (%)Visit 3, n (%)Visit 2, n (%)Visit 1, n (%)Baseline, n (%)Compliance per visit

321 (54.8)284 (48.5)256 (43.8)216 (36.9)56 (9.6)25 (4.3)0%-19%

8 (1.4)0 (0.0)2 (0.3)6 (1.0)11 (1.9)2 (0.3)20%-39%

8 (1.4)2 (0.3)4 (0.7)11 (1.9)18 (3.1)11 (1.9)40%-59%

40 (6.8)10 (1.7)6 (1.0)17 (2.9)31 (5.3)20 (3.4)60%-79%

208 (35.6)289 (49.4)317 (54.2)335 (57.3)469 (80.2)527 (90.1)80%-100%

Influencing Factors for High Compliance in
Online-Based Surveys During Pregnancy
We performed logistic regression analyses on characteristics
that could potentially influence compliance (Table 4). Items
referring to socioeconomic status appeared to have significant
influence; univariate logistic regression analysis showed a
positive relationship between higher education (university
entrance qualification or higher, P=.007), public health insurance
(P=.01), and origin (other versus German, P<.001), as well as
a negative correlation with smoking (P=.008, current or former
smoker versus never smoked). Further medical factors, such as
a history of previous abortions or BMI did not show significant

correlation with the outcome. Neither computer skills nor the
personal review of the user-friendliness of the website had an
effect on compliance. Further correlations are depicted in Table
4.

In general, mental health characteristics had no influence on
the patients’ compliance. To a small extent, trait anxiety seemed
to have an effect, as the STAI-T score at Visit 2 showed a
possible negative relationship between trait anxiety and high
compliance (P=.08). The EPDS score at baseline was not
significantly related to the outcome (P=.78). Additionally, the
intention to deliver via Cesarean section at Visit 1 presented
significant negative influence (P=.04). The questionnaire
characteristics are portrayed in Table 4.
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Table 4. Univariate logistic regression on high compliance.

P valueEffect (95% CI)Variable

Socioeconomic characteristics

.410.016 (–0.02 to 0.054)Age

.840.003 (–0.027 to 0.031)BMI

.008–0.551 (–0.967 to –0.148)Smoker

<.0011.333 (0.667 to 2.116)Origin

.0070.521 (0.143 to 0.901)Education

.090.542 (–0.065 to 1.188)Income

.010.56 (0.127 to 0.986)Health insurance

.5–0.189 (–0.75 to 0.34)Employment

.230.262 (–0.154 to 0.695)Relationship status

Anamnesis

.23–0.234 (–0.614 to 0.15)Previous birth

.770.061 (–0.359 to 0.471)Previous miscarriage

.55–0.198 (–0.875 to 0.425)Maternal diseases

.860.034 (–0.346 to 0.41)Complications

.04–0.742 (–1.509 to –0.069)Desire for Cesarian birth

.40.199 (–0.221 to 0.565)Sport or birth course

Technical details

.630.127 (–0.372 to 0.653)Technical skills

.260.068 (–0.05 to 0.19)User friendly

.24–0.187 (–0.499 to 0.12)Medium

Patient report outcomes

.78–0.007 (–0.055 to 0.04)Edinburgh Postnatal Depression Scale result from baseline

.08–0.017 (–0.036 to 0.002)State-Trait Anxiety Inventory (Trait) result from Visit 2

.11–0.019 (–0.041 to 0.004)State-Trait Anxiety Inventory (State) result from Visit 2

Based on the observed correlations, we performed multivariate
logistic regression on the factors influencing high compliance
in online-based surveys during pregnancy using the variables
with significant influence (P<.05) from our univariate analysis

(Table 4). We determined that German origin (P=.006) and
smoking (P=.02) were the remaining statistically significant
variables of our model (Table 5).

Table 5. Multivariate logistic regression on high compliance.

P valueEffect (95% CI)Variable

.02–0.538 (–1.001 to –0.088)Smoker

.0061.099 (0.371 to 1.951)Origin

.350.225 (–0.235 to 0.663)Education

.340.248 (–0.268 to 0.755)Health insurance

.11–0.597 (–1.381 to 0.1)Desire for Cesarian birth

Psychometric Implications of Study Dropout
No significant influence of a change in the EPDS score (P=.64)
or in the number of physical complaints (P=.2) on study
termination was found.

Discussion

Principal Findings
In this study, we analyzed compliance patterns and determining
factors for study compliance among pregnant women in a digital,
web-based setting.
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Only approximately 25% of patients were highly engaged in
the digital app, defined by a completion rate of ≥80% at every
visit.

Definitions of compliance vary from number of compliant
patients, number of completed visits, to transmission rates; each
definition only fits a particular study structure [26,34-36]. We
aimed to implement a definition of compliance that included
only complete data sets. Therefore, we considered an individual
completion rate ≥80% at all visits as compliant. Similar values
have been used or reported in other studies, so we considered
it to be an appropriate margin [35,37-39].

About 25% of the participants met the aforementioned criteria
for high compliance. This compliance rate is comparable to
similar studies, which reported compliance rates from 21.8%
to 35.6% among pregnant women [40,41]. However, other
pregnancy-related studies showed higher compliance ranging
from 41% to 92% [22,42,43]. In contrast, at 7%, the number of
official dropouts in our study is lower than in comparable studies
[16,44,45].

The range between the two extremes of compliance was evenly
distributed, indicating patients either accomplished full
compliance (80% to 100%) or did not fill out anything (0% to
19%). Technical questions, content-related questions, or
difficulties in filling out the online assessment did not seem to
play a role in participants’compliance. However, noncompliant
patients may feel overwhelmed with the assessment and may
not even start it because of the aforementioned challenges. In
this study, we actively encouraged the patients to participate
via reminders and asked noncompliant patients over the phone
whether they were having problems with the study content or
the online portal. In future studies, even more focus must be
placed on motivating the patients to simply start the study visit,
as they are then more likely to complete the entire visit.

We found a steadily decreasing compliance rather than an abrupt
dropout of participants, which could have been provoked by a
specific factor that all participants were exposed to at the same
time (ie, a shutdown of the website). Other studies have also
reported continuously declining compliance rates over time
[20,21]. The steadily declining compliance rate can be attributed
to a decreasing motivation instead of a low level of initiative
or motivation at the beginning of the study, since the number
of study participants at baseline was relatively high.

As our key finding, this study revealed that pregnant women
who highly engaged with the digital platform had a distinctive
profile. We found higher compliance rates in patients with
presumed advantageous social standing, which was determined
by responses that indicated higher education, higher income,
nonsmoking status, private insurance, and being of German
origin. Higher socioeconomic advantages such as a certain
ethnicity or higher education have previously been reported to
be associated with higher compliance [18,20-22]. In Germany,
immigrants are still more likely to have a lower socioeconomic
status and lower education [46,47]. Hence, our finding reflects
a known imbalance for health-related aspects. Before the
implementation of a digital risk assessment tool, the needs and
expectations of these groups need to be assessed to offer
high-quality digital health care to all patients.

Previous and current smoking was also associated with lower
compliance. An influence of smoking rate on low compliance
has previously been observed in adolescents [48]. Smoking
could indicate a limited perception for personal health risks and
hence explain a lower interest in health-related studies [49]. A
poorer lifestyle and health profile have also been reported to be
associated with lower compliance [18].

However, the impact of multicollinearity cannot be completely
discounted in socioeconomic analyses. A higher level of
education often goes hand in hand with a higher income, a lower
likelihood of smoking, and private insurance, which is only
available to higher income citizens in Germany [50,51].

Factors influencing compliance in medical research during
pregnancy are therefore mostly static in nature and not
necessarily pregnancy-specific. Individual solutions may have
to be found to improve compliance with digital health solutions.

We also found that a request for a Cesarean section, which was
expressed in the second trimester, was associated with lower
compliance. Such patients often have misconceptions and a lack
of accurate knowledge about different modes of delivery [52,53].
As seen above, our study sample presents with higher levels of
education, which may emphasize a lack of accurate information
among those with lower education concerning this matter.

Preexisting computer skills or the accessing device (smartphone
versus computer) did not show significant influence on user
compliance. However, these questions were only implemented
at Visit 3, offering limited insight into technical difficulties.

We also evaluated psychometric factors on compliance. The
EPDS at baseline and STAI-S at Visit 2 did not have a
significant impact on compliance, indicating no detectable
correlation between depressive symptoms or state-anxiety.
Likewise, Wright et al [21] reported that anxiety, depression,
or quality of life did not have an effect on compliance. However,
other studies observed higher retention of patients with anxiety
or positive affect [22,48], demonstrating the contrasting stance
of literature on this topic. Nonetheless, we found a weak link
between higher STAI-T scores at Visit 2 and lower compliance
(P=.08), suggesting a higher burden of the study in patients with
preexisting anxious tendencies.

In the multivariate regression model, German origin and being
a nonsmoker were revealed to be the influential factors
contributing to high compliance. Given the literature and the
aforementioned factors on demographic and socioeconomic
influence on study compliance [20,48], this result stresses the
potential preexisting catering of medical apps to patients of
higher socioeconomic standing. As our findings are in
accordance with previous research, future studies need to focus
on examining the needs of socially underprivileged groups and
immigrants in regard to medical studies and online apps. In
addition, studies should generally report on the demographic
profile of noncompliers as noncompliance can generally cause
a bias in results [54]. Customizing educational health apps to
patients with lower educational background or offering a service
in additional languages may assist in reaching these
hard-to-reach groups.
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A change in depressive symptoms or an increase in physical
complaints had no effect on the abrupt termination of the study,
which corresponds to the stance that a poor psychological
condition does not promote high compliance [21]. We believe
acute dropouts without further notice are a significant problem
for studies like this, which was our motivation for an
examination of this matter. Therefore, the
compliance-determining factors appear to be static
characteristics rather than influenceable developments or
conditions. We recommend focusing on examining the needs
and expectations of participants with a lower socioeconomic
background or those of non-German origin to provide all patients
with high-quality eHealth solutions.

Limitations
First of all, with country of origin being the strongest influencing
variable, we are faced with the problem of the ambiguous
meaning of that variable. We presented this question as “origin”
and offered different countries of origin that are common in
Germany. We focused on whether or not the participant
considered their country of origin to be Germany, which can
reflect socioeconomic disadvantages and possibly a lack of
pregnancy-related apps in languages other than German [46,47].
In addition to that, the study was only conducted in German,
which excluded some demographic groups. However, as a
sufficient level of the German language was included in the
criteria of eligibility, the influence of a language barrier was
minimized. This variable reflects possible disadvantages of
immigrants regarding medical studies.

Even though we mainly enrolled women with low-risk
pregnancies, the study enrolment took place in a university
hospital, which may lead to selection bias of patients with a
higher risk for adverse physical or mental health outcomes.
Additionally, most of the participants live in the areas
surrounding Heidelberg and Tuebingen, which are known to be
regions of higher income [55]. This is reinforced by the
relatively high number of patients with private health insurance
in our study population [56].

Moreover, as with any digital tool, our platform experienced
some technical difficulties, mostly due to individual browser
settings. These problems were minor and were solved quickly
when reported. However, we cannot completely eliminate the
possibility of technical difficulties that were not brought to our
attention by the participants and may have caused a decline in
compliance.

Conclusions
In conclusion, our results demonstrate that, despite standardized
reminders and motivational support, maintaining a high rate of
compliance in digital health assessments with pregnant patients
over a longer period of time remains challenging. As we
observed static characteristics such as socioeconomic
background and German origin to be the most influential factors,
we propose seeking new ways to reach these groups (e.g., by
providing surveys in additional languages and targeting the
individuality of every single patient). Further research needs to
be directed toward a better understanding of the needs and
expectations of socially disadvantaged groups with regard to
digital apps.
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Abstract

Background: Recovery from stress is a predictive factor for cardiovascular health, and heart rate variability (HRV) is suggested
to be an index of how well people physiologically recover from stress. Biofeedback and mindfulness interventions that include
guided breathing have been shown to be effective in increasing HRV and facilitating stress recovery.

Objective: This study aims to assess the effectiveness of a brief app-based breathing intervention (BioBase) in enhancing
physiological recovery among employees who were induced to cognitive and emotional stress.

Methods: In total, we recruited 75 full-time employees. Interbeat (RR) intervals were recorded continuously for 5 min at baseline
and during cognitive and emotional stress induction. The session ended with a 5-min recovery period during which participants
were randomly allocated into 3 conditions: app-based breathing (BioBase), mindfulness body scan, or control. Subjective tension
was assessed at the end of each period.

Results: Subjective tension significantly increased following stress induction. HRV significantly decreased following the stress
period. In the recovery phase, the root mean square of successive RR interval differences (P=.002), the percentage of successive
RR intervals that differed by >50 ms (P=.008), and high frequency (P=.01) were significantly higher in the BioBase breathing
condition than in the mindfulness body scan and the control groups.

Conclusions: Biofeedback breathing interventions digitally delivered through a commercially available app can be effective in
facilitating stress recovery among employees. These findings contribute to the mobile health literature on the beneficial effects
of brief app-based breathing interventions on employees’ cardiovascular health.

(JMIR Mhealth Uhealth 2020;8(10):e19412)   doi:10.2196/19412
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Introduction

Work environments have become more complex, and in the
current scenario, there are incredible levels of job demands on
employees. Increasing job demands are leading to unanimously
negative trends toward occupational stress levels [1], which
have been shown to result in damaging effects on employees’
health and well-being. High occupational stress levels are
strongly associated with cardiovascular disease [2,3], which is
one of the leading causes of morbidity and mortality [4].

Work stress may affect cardiovascular health through the
imbalance between two major branches of the autonomic
nervous system (ANS). The ANS consists of 2 antagonistic
components: the sympathetic system, responsible for energy
mobilization (fight or flight response), and the parasympathetic
system, associated with restorative function (rest and digest
status) [5]. Under optimal conditions, these systems operate in
balance. However, under extended periods of work stress, the
sympathetic system is overactivated, producing prolonged stress
responses and eventually delaying stress recovery [6]. In the
long term, if prolonged activation persists, it is thought to cause
wear and tear on the physiological systems as higher levels of
sympathetic activation lead to exhaustion [7]. What seems to
be key for improving cardiovascular health is not the reactivity
to stress but how quickly physiological recovery from stress
occurs [8].

Heart rate variability (HRV) is a prominent biomarker of
cardiovascular health that reflects the ability to maintain balance
between sympathetic and parasympathetic activity in the
presence of a stressor [9]. HRV refers to the time variation
between interbeat (RR) intervals and HRV has been suggested
to be an index of self-regulatory strength [10] and affective
stability [11]. Higher HRV is a signal of good physiological
adaptation, whereas lower HRV is an indicator of abnormal and
insufficient adaptation of the ANS [12]. Individuals with
naturally lower HRV have been shown to take longer to recover
following exposure to experimentally induced stressors [13].
Low HRV has also been found to be a predictor of cardiac
events [14], hypertension [15], and increased morbidity and
mortality [16].

Given that HRV is a crucial index of somatic health and
self-regulation, it is imperative to investigate possible ways to
improve it, and growing evidence suggests that biofeedback is
a simple and efficient way to increase HRV [17]. Biofeedback
involves processes that enable individuals to learn how to change
their physiological activity to improve health and performance
[18]. One of these processes is to help individuals change their
physiological responses by directly teaching them how to breath
at a specific rate [19]. Respiratory sinus arrhythmia (RSA) is
the mechanism through which breathing increases HRV. RSA
occurs when heart rate fluctuations are synchronized with
breathing; heart rate slightly increases during inhalation and
slightly decreases during exhalation [20]. By teaching
individuals breathing maneuvers, they learn to maximize and
achieve RSA [19]. With breathing and heart rate at
corresponding rates, the baroreflex, an ANS reflex responsible
for controlling important bodily functions such as blood pressure

(BP) [21], is strengthened. Thus, RSA not only increases HRV
but also strengthens the baroreflex [22] and improves the control
of physiological stress responses.

Previous research has shown that biofeedback interventions can
be effective in increasing HRV. Hassett et al [23] showed that
10 biofeedback training sessions produced a significant increase
in HRV among patients with fibromyalgia. Large and acute
HRV increases were also observed after a 10-week biofeedback
training among depressed adults [24]. Similar HRV increases
were observed after 6 weeks of biofeedback training and
maintained for 12 weeks after program completion in patients
with coronary artery disease [25]. Empirical evidence suggests
that biofeedback interventions can also result in significant
improvements in self-reported stress and anxiety [26]. A study
conducted among medical staff showed that a 28-day
biofeedback training program led to significant decreases in
self-reported work stress [27], and similar training has been
successfully used as a stress reduction method for hospital nurses
[28].

Furthermore, even brief biofeedback sessions can have positive
effects in reducing stress reactivity in healthy populations. For
example, it has been shown that participants who practiced 30
min of slow breathing demonstrated increased HRV during
stress induction [29]. It has also been shown that a single session
of biofeedback breathing can increase HRV [30], whereas a
single 15-min breathing session can improve HRV in response
to laboratory-induced stress and during recovery [31].

Beneficial effects on HRV can also be found following
mindfulness-based interventions. Mindfulness is the practice
of paying attention to the present moment in a nonjudgmental
way by disregarding distracting thoughts and focusing attention
on breathing [32]. Being trained to direct attention to a single
focus such as breathing, while inhibiting any intrusive thoughts,
can help individuals stay connected to their bodily senses [33].
A body scan is a common mindfulness practice that typically
involves guided instructions where listeners attend to various
parts of their body and their breathing, gently observing these
areas and allowing other thoughts to recede [34]. Ditto et al [34]
showed that participants practicing the body scan displayed
significantly greater increases in HRV and larger BP decreases
compared with those engaging in other relaxing activities.
Shearer et al [35] also showed that students who underwent a
one-day mindfulness training course that included breathing
exercises demonstrated higher HRV in anticipation and during
a cognitive challenge. More importantly, brief body scan
sessions have also been shown to significantly reduce emotional
exhaustion symptoms in health care workers [36].

At present, the mass popularity of smartphone devices opens
possibilities for the use of mobile apps as a useful platform for
delivering these self-help interventions. Their high accessibility
and ease of use offer great potential for mobile health growth.
Guided breathing can now be incorporated in mobile apps and
delivered at a relatively low cost [37]. For example, previous
research has shown that a biofeedback app-based game was
more effective in decreasing arousal during stress when
compared with conventional relaxation techniques [38], and an
8-week app-based mindfulness meditation program has also
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been shown to reduce stress in college students compared with
controls [39].

Mobile apps have been used to modify stress responses, and
recently there has been a surge in apps that aim to decrease
workplace stress [40]. This is because many employees confront
demanding tasks requiring high levels of cognitive effort on a
daily basis. If tight deadlines and time pressure are added, then
employees experience heightened levels of stress that elicit
physiological arousal. It is also common for certain work
situations involving high workload, heated interactions with
supervisors, or discrepancies with colleagues to elicit negative
emotions such as anger. These negative emotions, if not
regulated efficiently, can trigger negative ruminative thoughts
that, if persistent, can cause prolonged physiological activation
[41], which in the long term can increase cardiovascular disease
risk [16]. Therefore, it is imperative to find practical ways to
help employees physiologically recover from the stress that
work demands cause.

Most people who need such interventions are often those who
are the most time deprived or busy. It is therefore important to
develop parsimonious and easy-to-use interventions but also
interventions that are evidence based. BioBase (BioBeats Ltd)
is a commercially available mobile app used to modify
breathing. Recently, breathing exercises delivered through
BioBase were shown to produce significant HRV increases after
stress exposure [42]. However, its effects on employee HRV
have not been tested. This study therefore aims to examine the
effects of a brief breathing session delivered through the
BioBase app against a mindfulness body scan on HRV after
stress exposure in a group of full-time employees. Participants
were exposed to cognitive and emotional stress in the laboratory
and then randomly allocated to 1 of 3 conditions: BioBase
breathing app, mindfulness body scan, or a control condition.

It is intuitive that biofeedback and mindfulness share some
degree of resemblance regarding the mechanisms they target;
biofeedback improves breathing whereas mindfulness trains the
individuals to focus their attention on bodily sensations such as
breathing. Biofeedback is an active process that requires
participants to achieve RSA by actively following specific audio
and visual instructions and results in HRV changes very quickly

[22]. However, a mindfulness body scan is a passive process
involving audio instructions that require less active participant
engagement, as its efficacy depends on participants’ attention
levels and is generally considered to be effective only after
regular practice [43]. Despite the abovementioned differences
between biofeedback and mindfulness interventions, no study
to date has investigated their effectiveness in comparison with
one another and a control condition. Hence, the aim of this study
was to assess the impact of a biofeedback intervention, namely
guided breathing, in reducing stress, indexed by HRV recovery,
in comparison with a mindfulness intervention and a control
condition. As biofeedback requires participants to focus their
attention on both audio and visual instructions, it was predicted
that—following stress exposure—individuals in the BioBase
breathing condition would demonstrate greater HRV recovery,
relative to those in the mindfulness body scan condition.

Methods

Participants
In total, 107 individuals volunteered to participate. Of these 107
participants, 15 did not meet the eligibility criteria; 6 were
receiving psychotherapeutic treatment, 3 had a heart condition,
1 took prescribed medication, and 5 were working less than 30
hours per week. Of the remaining 92, the first 75 individuals
were tested, as this sample size has revealed moderate-to-strong
effect sizes in the past [42]. The final sample consisted of 75
full-time working adults (48 females; age range 18-62 years;
mean age 32.32, SD 10.46 years). Participants’ demographics
such as work hours per week, level of education, years of work
experience, and type of occupation are shown in Table 1. Single
items were included asking participants if they were smokers,
as frequent tobacco use has been associated with increased
sympathetic activity resulting in higher heart rate (HR) [44].
Levels of fitness were also assessed as more fit individuals
tended to have lower HR [45]. Smoking and fitness status for
all participants is shown in Table 1. All participants were given
a £10 (US $13) gift voucher for their participation. The
University of Surrey Ethics Committee granted a favorable
ethical opinion for this project (reference: UEC 2018 119
FHMS).
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Table 1. Participant demographics (N=75).

Values, n (%)Characteristics

Work hours per week

65 (87)31-40

9 (12)41-50

1 (1)>50

Education

1 (1)No formal education

13 (17)Secondary education

61 (82)University education

Work experience (years)

33 (44)Up to 1

26 (35)1-5

16 (21)>5

Occupation

10 (13)Marketing or advertising

9 (12)Recruitment or Human Resources

9 (12)Teaching or education

7 (10)Accounting or banking or finance

6 (8)Business or consulting or management

5 (7)Engineering

5 (7)Health care

5 (7)Retail

4 (5)Research

15 (19)Other

Smoking status

52 (69)Nonsmoker

14 (19)Past smoker

9 (12)Current smoker

Fitness status

34 (45)Several times a week

25 (33)Once or twice a week

8 (11)Once or twice a month

5 (7)Less than once a month

3 (4)Never

Design
This study was a randomized laboratory-based experiment that
examined HRV changes following stress exposure. Initially,
participants underwent a baseline period, followed by a stressor
period, which included 2 cognitive tasks and 2 emotion-eliciting
film clips. They were then randomly assigned to 1 of the 3
conditions: BioBase app, mindfulness body scan, or control.
HRV was assessed throughout the experiment.

Cognitive Stress
Cognitive performance-based tasks require high cognitive effort,
and they increase physiological activation (HR) [46]. The use
of nonverbal tasks also avoids the effect of cardiovascular
confounds such as speaking, and its effects on respiration during
a verbal stress task can mask the acute effect of the physiological
stress response on HRV [47]. Therefore, in this study, we
administered 2 tasks to induce cognitive stress. The first was
the Continuous Performance Task, a neuropsychological
performance-based task that assesses sustained attention. In this
task, participants had to attend a series of letters presented on
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the screen and respond by pressing the space bar whenever an
“X” was presented. Letters were presented in 9 blocks of 20
letters, 5 of which were “X” in each block. All letters were
displayed for 250 ms each. The interstimulus intervals were 1
second, and participants were given a practice round before
commencing to make sure they understood when they needed
to respond. The task lasted approximately 8 min and was adapted
from a previous study [48]. The second task we used was the
stop signal paradigm of Go/No-Go, which assesses inhibition.
Participants were presented with a series of images. About 75%
of these images were acting as Go cues, and participants needed
to respond (press the space bar) as fast as possible. Occasionally
the series of Go cues got interrupted by images that were acting
as No-Go cues, and participants were instructed not to respond.
Owing to the frequency of the Go cues (≥75%) being greater
than the No-Go cues, a tendency to respond is created while
participants should effortfully inhibit their responses to the
No-Go cues. Participants responded to 2 blocks of 80 trials each,
and this task was adapted from a previous study [49].
Participants were told to answer as quickly as possible in both
tasks, which were programmed using E-PRIME 2.0(Psychology
Software Tools).

Emotional Stress
Emotional stress was induced by asking participants to watch
2 emotion-eliciting film clips, a common technique to induce
emotions in the laboratory while maintaining ecological validity
[50]. The film clips were derived from the FilmStim database
[51], which includes videos for emotion elicitation purposes.
Participants watched 2 anger-eliciting film clips because anger
has been found to induce the greatest physiological activation
in HR among negative emotions [52]. The first anger-eliciting
film clip was a 93-second excerpt from the film “American
History X” which was found to produce a high arousal score
(5.84/7) and the maximum negative affect score among
databases (2.73/5). The second was a 43-second excerpt from
the film “The Piano,” producing a high arousal score (5.67/7)
and very high negative affect score (2.49/5) [51]. Sound from
both clips was removed to ensure that participants’ attention
was focused on the images [53].

BioBase App
The BioBase app is a commercially available app that provides
guided breathing that can be modified according to participants’
HR. In this study, participants in the BioBase breathing
condition performed a 5-min guided breathing exercise based
on the Papworth-Benson breathing method, which focuses on
diaphragmatic breathing to use the full lung capacity and aims
to decrease breathing rate, which will then trigger vagus nerve
stimulation, leading to a desired relaxation response [42]. The
relaxation phase occurs when HR and breathing synchronize or
become resonant. Participants in this condition followed visual
and audio instructions on a smartphone without being given
feedback on their breathing. Instructions guided participants to
breathe at 6 breaths per minute for 5 min. This is a common
breathing rate that results in great HRV increases, which can
occur within the first few minutes of practice [54].

Mindfulness Body Scan
Participants in the mindfulness condition were asked to perform
a body scan for 5 min by following audio instructions [55]. This
required participants to focus on the audio guiding their attention
on their bodily and breathing sensations and encouraging
nonjudgmental acceptance of thoughts and feelings experienced
at that moment.

Self-Report Measures

Mindfulness
Participants completed the Five Factor Mindfulness
Questionnaire (FFMQ) [56] before the experiment. The FFMQ
is a 24-item self-report measure that assesses 5 distinct but
related facets of mindfulness and consists of 5 different
subscales: nonreactivity to inner experience, observing or
noticing, acting with awareness, describing, and nonjudging of
experience. Participants responded on a 5-point Likert scale
ranging from 1 (never or very rarely true) to 5 (very often or
always true).

Fatigue
Fatigue makes it difficult to maintain attention and has been
found to impair performance in attention tasks [57]. To ensure
that participants would be able to focus on the cognitive stressor
task, we further controlled for fatigue by using the Samn-Perelli
Fatigue Checklist [58] before testing started. This single item
assesses state fatigue by asking participants to rate their fatigue
levels on a 7-point Likert scale (1=fully alert to 7=completely
exhausted, unable to function effectively, ready to drop).

Sleepiness
We also controlled for sleepiness levels as sleep deprivation is
known to degrade inhibitory control [59]. The Stanford
Sleepiness Scale [60] was used to assess subjective perceptions
of daytime sleepiness/alertness by asking participants how
sleepy/alert they felt before the experiment on a 7-point Guttman
scale item (1=feeling active and vital, alert, wide awake to 7=lost
struggle to remain awake).

Mood
The Visual Analog Scale (VAS) for Moods [61] was used as a
brief measure to repeatedly assess participants’ mood changes
after the completion of each period. Participants were asked to
indicate how tense they felt after the baseline period, the
cognitive stressor, the emotional stressor, and the recovery
period. Participants were asked, “At this particular moment,
how tense do you feel?” and they answered by moving a marker
up and down a 100-mm line representing a continuum from 0
(extremely tense) to 100 (not tense at all). Higher scores indicate
higher levels of tension.

Heart Rate Variability
A Polar V800 HR monitor with a Polar H7 HR Sensor (Polar
Electro OY) was used to record RR intervals at a sampling
frequency of 1000 Hz [62]. The HR sensor was attached to a
chest band, which sends a signal via Bluetooth to a smartwatch.
RR intervals were continuously recorded throughout the
experiment.
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Procedure
The study was conducted in a laboratory at the University of
Surrey. Before attending the laboratory session, participants
gave their informed consent and completed a short health
screening survey. Participants who reported having any heart
condition or taking any prescribed medication (not including
contraceptive pill) were excluded from participation as some
pathological heart-related conditions such as arrhythmia and
various types of medication can confound the interpretation of
HRV values [63]. Those who reported having received
psychotherapeutic treatment in the past were also excluded as
we wanted to ensure that the conditions were novel to
participants. In the laboratory, participants completed self-report
measures on their demographics and control variables reported
in the Self-Report Measures section. They were then given
instructions on how to place the HR chest band. The
experimenter left the room to allow privacy for participants to
place the chest band. Once the chest band was safely attached,
and HR readings were successfully synchronized with the
smartwatch, participants were asked to quietly remain seated
on a chair for 5 min; this was the baseline period. Once the 5
min had passed, they were asked to indicate how tense they felt
by completing the VAS. Following this, they were asked to
complete 2 cognitive tasks on the computer. Participants were
given clear instructions on how to complete the tasks and were

told that they measured attention speed and they had to respond
as quickly as possible. To ensure that they understood the
instructions, they completed a short practice block for which
they were given feedback on their performance before each
task. Once participants completed the tasks, they were asked to
indicate how tense they felt by completing the VAS. They were
then told that they had to watch 2 short film clips on the
computer. They were not aware of the film clips’ emotional
valence. Once the film clips were viewed, participants were
again asked to indicate how tense they felt on the VAS.
Participants were then randomly allocated to 3 different recovery
conditions: BioBase breathing, mindfulness body scan, and
control. Block randomization was used to allocate participants
into 3 groups, and web-based software was used to generate the
group allocation. Participants in the control condition were
asked to remain seated silently on the chair. They were not given
any specific instructions regarding their breathing rates. At the
end of the 5-min recovery phase, participants across all 3
conditions were asked to indicate how tense they felt on the
VAS. Finally, they were told that the experiment had ended and
the HR recording was turned off. Participants were asked to
remove the chest band. The experimenter left the room and
returned once participants were ready, thanked them for their
participation, and gave them the debrief statement. Figure 1
shows the flowchart of the procedure.

Figure 1. Procedure flow chart. CPT: Continuous Performance Task; FFMQ: Five Factor Mindfulness Questionnaire; HRV: Heart Rate Variability;
SPFC: Samn-Perelli Fatigue Checklist; SSS: Stanford Sleepiness Scale; VAS: Visual Analogue Scale.
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Data Analysis
The HRV analysis was conducted using ARTiiFACT software
[64]. General guidelines [65] considered 5-min excerpts as an
accepted short-term recording for group comparison and a
minimum of 250 seconds is suggested for organizational
research [66]. For this study, RR excerpts were grouped into 4
epochs (baseline, cognitive stressors, emotional stressors, and
recovery). The baseline period was analyzed in 5-min segments;
the cognitive stressor, in 11 min; the emotional stressor, in 2
min segments; and the recovery period, in 5-min segments
across all participants. For the data analysis, values from the
cognitive and emotional stressor periods were averaged and
therefore analyzed as one total stressor period. Following
previous research [42,67], we also accounted for individual
differences in stress responsivity that could potentially influence
the findings by creating a stress reactivity change score (derived
from calculating the HRV difference between the total stressor
period and the baseline period). To reduce HRV artifacts (owing
to movement, sneezing, or loss of signal), recordings were taken

while participants were sitting with knees at a 90o angle, both
feet flat on the floor without speaking or making any movements

[68]. Artifacts were identified using the Berntson detection
algorithm. Flagged RR intervals were visually inspected, and
once confirmed as artifacts, they were corrected by applying
cubic and/or linear spline interpolation, where necessary [69].
For this study, we used 3 HRV parameters. The first parameter
was the root mean square of successive RR interval differences
(RMSSD), which is a time-domain measure considered to reflect
vagally mediated HRV. The second parameter was percentage
of successive RR intervals that differ by more than 50 ms
(pNN50), which reflects the percentage of successive RR
intervals that differ >50 ms. The third parameter was the high
frequency (HF), a frequency-domain parameter that represents
breathing-related changes in HR, reflects parasympathetic
contribution to HRV, and is regarded as an RSA measure [70].
Before analyses, the data were screened for outliers and
normality. All HRV variables were positively skewed; therefore,
data were log-transformed (lg10) because this transformation
type can correct for positive skewness and kurtosis, unequal
variances, and lack of linearity [71]. On the basis of their
z-scores, 3 outliers were excluded as they were above 3 SDs.
Statistical analyses were performed using SPSS 25. Figure 2
shows the experiment timeline.

Figure 2. Experiment timeline. CPT: Continuous Performance Task; VAS: Visual Analogue Scale.

Results

Participant Characteristics
One-way analysis of variances (ANOVAs) were conducted to
detect any between-group differences (BioBase, mindfulness,
and control) regarding baseline HRV. There were no significant
differences between groups regarding baseline HRV as reflected
on root mean square of successive RR interval differences

(RMSSD; F2,72=0.42; P=.65; η2=0.01), pNN50 (F2,69=1.42;

P=.24; η2=0.04), and HF (F2,72=2.12; P=.33; η2=0.05). We also
tested for between-group differences in demographic variables
such as age, gender, work hours, and external factors such as
smoking, fitness status, and trait mindfulness to determine
whether they had a systematic effect on HRV. Participant
characteristics are presented in Multimedia Appendix 1.
One-way ANOVAs on levels of fatigue (F2,72=1.40; P=.25;

η2=0.03) and sleepiness/alertness (F2,72=1.27; P=.28; η2=0.03)
revealed no significant difference between participants.

A paired sample t test was conducted to demonstrate that the
experimental manipulation was successful (cognitive tasks and

anger-eliciting film clips). Subjective tension after the cognitive
task and the emotional task were averaged and then compared
with subjective tension at baseline. RMSSD values after the
cognitive task and emotional task were also averaged. We did
this to capture HRV during the total reactivity period (Figure
2). Results showed that subjective levels of tension significantly
increased after the cognitive and emotional stressors (mean
4.21, SD 2.18) compared with baseline (mean 1.28, SD 1.66),
t74= −10.84, P<.001, d=0.94. Similarly, RMSSD during the
stressor period was significantly lower (mean 1.60, SD 0.23)
than the baseline RMSSD (mean 1.68, SD 0.27), t74=3.39,
P=.001, d=0.48, indicating that the experimental manipulation
was successful in physiologically arousing participants.

Poststress Physiological Recovery
To examine the effects of the intervention on cardiac recovery
in the poststress period, a between-subjects analysis of
covariance for the group (BioBase, mindfulness body scan, and
control) was conducted using the HRV at recovery as the
outcome and the reactivity change score as a covariate (to
statistically remove its influence on recovery). Age was also
added as a covariate as responsiveness of autonomic activity
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reduces with older age [72]. There was a significant group effect
for RMSSD, pNN50, and HF with a medium-sized effect,
regardless of participants’ individual differences in stress

response. In all cases, HRV was higher in the BioBase group
than in the mindfulness body scan and the control group. The
results are shown in Table 2.

Table 2. Group means, standard deviations, between-group F ratio and effect sizes in the BioBase breathing, mindfulness body scan, and control group
during poststress recovery.

ValuesGroupsParameters

ηρ2P valueF test (df)Control, mean (SE)Mindfulness body scan, mean (SE)BioBase breathing, mean (SE)

0.16.0026.801
(2,72)

1.55 (0.05)1.68 (0.05)1.82 (0.05)RMSSDa,b

0.13.0085.261
(2,69)

1.03 (0.08)1.29 (0.07)1.37 (0.07)pNN50a,c

0.12.014.695
(2,72)

2.50 (0.11)2.77 (0.11)2.97 (0.10)HFa,d

aLog transformed.
bRMSSD: root mean square of successive interbeat interval differences.
cpNN50: percentage of successive interbeat intervals that differ by more than 50 ms.
dHF: high frequency.

Discussion

Principal Findings
It is common for employees to encounter stressors at work that
can cause physiological activation and, if prolonged, can in the
longer term have deleterious effects on cardiovascular health
[41]. The aim of this study was to compare the effects of a 5-min
guided breathing exercise delivered through the BioBase app
with a mindfulness body scan exercise and a control group in
facilitating employees’physiological recovery following induced
stress exposure.

Our principal finding was that HRV was higher at recovery for
participants who performed BioBase breathing after stress
induction. Results showed that there was a significant difference
between groups, with those performing biofeedback breathing
on the BioBase app demonstrating higher HRV compared with
mindfulness and the control group during the recovery period.
This is of great significance because HRV is an important
cardiovascular health index, and higher HRV has been
associated with numerous positive health outcomes [73].

Comparison With Previous Work
Recent studies have also investigated the effectiveness of
app-based biofeedback breathing interventions. For example,
Plans et al [42] assessed the effects of 6-min guided breathing
delivered through the BioBase app compared with 6 min of
rumination and controlled conditions after stress exposure
induced by completing a speech task. They found that
individuals who performed guided breathing on the BioBase
app had significantly higher HRV than those who ruminated
and the control group poststress. Our study findings are in line
with their findings, but more importantly, this study was
designed to overcome some of their limitations. For example,
their study did not account for confounding variables such as
fitness and smoking status. Furthermore, they compared the
effects of breathing with rumination, which mostly pertains to
repetitive thinking of negative nature, whereas we compared

breathing with mindfulness, an active intervention historically
associated with positive health outcomes. In addition, the
breathing rate used in this study was based on past literature
suggesting 6 breaths per minute as the average rate to achieve
RSA [54]. Our findings also support recent evidence showing
that a brief 5-min app-based biofeedback training session was
effective in enhancing physiological recovery after
laboratory-induced stress, as assessed by levels of salivary
alpha-amylase, another commonly used stress biomarker [74].

Previous studies have compared the effects of biofeedback
breathing and mindfulness with other self-help methods. For
example, a study compared the effects of a 5-week daily
biofeedback breathing intervention with mindfulness and
physical activity training [75] and reported no overall difference
in their effectiveness. Biofeedback training was also found to
be equally effective with mindfulness and physical exercise
training in reducing worry symptoms and improving attention
in young adults [76]. These results are in contrast with our
findings, which revealed that biofeedback breathing resulted in
greater increases in HRV compared with mindfulness. However,
it should be noted that these previous studies [75,76] are limited
by the fact that the interventions consisted of numerous sessions,
and outcome measures were of a self-report nature while our
study looked at physiological changes over a single session.
Moreover, these previous studies examined the intervention
effects on stress responses, whereas this study examined the
effect of the intervention on recovery from physiological stress.
Further research is needed to shed light on the differential effects
that brief interventions and long-term interventions can have
on physiological and self-report outcome measures.

Limitations
Despite our study building upon and extending findings from
the previous studies, it comes with its own limitations that
warrant discussion. First, HRV during recovery was recorded
for only 5 min. Even though this is classified as the minimum
accepted short-term recording [65], it could be of great interest
to explore how long after the recovery period did the effects
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last. Moreover, we induced anger among participants, which is
a commonly experienced emotion in the workplace that can
pose detrimental effects not only for the employee experiencing
it but also on the organizational level [77]. Therefore, our results
add value to the notion that BioBase was successful in helping
employees physiologically recover from a negative emotion.
However, it would be worth exploring the effectiveness of the
BioBase breathing app in helping employees overcome negative
emotions other than anger. Another limitation is that we did not
establish the resonant frequency for each individual but we used
the commonly accepted average of 6 breaths per minute. Lehrer
et al [54] suggested that practicing breathing at the unique
resonant frequency for each individual is a requirement to
produce maximal HRV increases. Our study included a single
brief breathing session, so establishing each participant’s
resonant frequency would be time consuming. Greater effect
sizes might have emerged if we applied the unique resonance
frequency breathing rate for each participant.

Regardless of these limitations, the results derived from this
study provide a stimulus for the delivery of future stress
recovery interventions. It would be of interest to test the effects
of repeated biofeedback breathing exercises on employees’
health. For example, future studies could investigate whether

the daily practice of short biofeedback sessions could potentially
result in HRV increases not only during practice but also in trait
physiological changes in HRV. It would also be of interest to
test whether biofeedback breathing could increase HRV among
employees who ruminate about work during their leisure time
[78].

Conclusions
To our knowledge, this study is the first randomized study to
investigate the effect of biofeedback and mindfulness on
physiological recovery from momentary stress in employees.
This study demonstrated that a short period of focused
biofeedback breathing can aid physiological recovery in
employees following a laboratory-induced stressor. Using a
smartphone app to aid physiological relaxation may also help
individuals to recover from stressful situations in real life, both
inside and outside of work. By taking into consideration the
rapid advances in mobile technology, this study showcases the
great utility of short smartphone-delivered relaxation methods.
With their great practicality and high accessibility, mobile
interventions can be a potential solution to the ever-increasing
demand for ease of use and parsimonious stress-management
interventions.
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RMSSD: root mean square of successive RR interval differences
RR: interbeat
RSA: respiratory sinus arrhythmia
VAS: Visual Analog Scale
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Abstract

Background: Dental diseases can be prevented through the management of dental plaques. Dental plaque can be identified
using the light-induced fluorescence (LIF) technique that emits light at 405 nm. The LIF technique is more convenient than the
commercial technique using a disclosing agent, but the result may vary for each individual as it still requires visual identification.

Objective: The objective of this study is to introduce and validate a deep learning–based oral hygiene monitoring system that
makes it easy to identify dental plaques at home.

Methods: We developed a LIF-based system consisting of a device that can visually identify dental plaques and a mobile app
that displays the location and area of dental plaques on oral images. The mobile app is programmed to automatically determine
the location and distribution of dental plaques using a deep learning–based algorithm and present the results to the user as time
series data. The mobile app is also built with convergence of naive and web applications so that the algorithm is executed on a
cloud server to efficiently distribute computing resources.

Results: The location and distribution of users’ dental plaques could be identified via the hand-held LIF device or mobile app.
The color correction filter in the device was developed using a color mixing technique. The mobile app was built as a hybrid app
combining the functionalities of a native application and a web application. Through the scrollable WebView on the mobile app,
changes in the time series of dental plaque could be confirmed. The algorithm for dental plaque detection was implemented to
run on Amazon Web Services for object detection by single shot multibox detector and instance segmentation by Mask region-based
convolutional neural network.

Conclusions: This paper shows that the system can be used as a home oral care product for timely identification and management
of dental plaques. In the future, it is expected that these products will significantly reduce the social costs associated with dental
diseases.

(JMIR Mhealth Uhealth 2020;8(10):e17881)   doi:10.2196/17881
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Introduction

Dental plaque is a sticky biofilm associated with oral diseases
such as tooth decay and periodontal disease. Management of
dental plaque is one of the effective ways to prevent dental
diseases, but its transparent and colorless properties make it
difficult to visually identify and manage. Therefore, it is
important to improve motivation for dental plaque management
by making it easy to identify whether the dental plaque adheres
to the tooth surface. The most commonly recommended method
is to use a disclosing agent that can identify the dental plaque
by staining [1,2]. However, the assessment of dental plaque
accumulation is subjective and error-prone because it is
generally performed through self-monitoring. Therefore,
accurate evaluation requires clinical examination by a clinician,
which increases cost and time [3,4]. In addition, the mouth and
tongue may be stained all day or temporarily by disclosing
agents, and some products contain dyes that may cause allergic
reactions [5].

It has been demonstrated that dental plaque can also be identified
by the light-induced fluorescence (LIF) technique [6,7]. This
technique is based on the red fluorescence property of
porphyrins, metabolites of heterogeneous bacteria within dental
plaque, when irradiated with narrow blue-violet light (centered
at 405 nm wavelength) [8,9].

Since it was first reported in the 1920s that dental plaque emits
red fluorescence by ultraviolet ray irradiation [10,11], various
studies using LIF characteristics have been published, such as
fluorescence changes according to oral bacterial species,
fluorescence imaging systems, and clinical diagnosis. Studies
of fluorescence changes by oral bacterial species reported that
red fluorescence was detected in Prevotella intermedia, P.
melaninogenica, Actinomyces naeslundi, A. israelii, and
Bifidobacterium dentium, green fluorescence was observed in
Streptococcus oralis, S. salivarius, S. mutans, S. mitis, S.
sobrinus, Fusobacterium nucleatum, and Propionibacterium
acnes, and orange fluorescence was found in Latobacillus
fermentans, L. rhamnosus, and L. casei, and Candida albicans
[8,12-14]. Commercial products reported in the scientific
literature as LIF imaging systems for dental plaque detection
include ACTEON SOPROLIFE (Henry Schein, Inc) [15] and
QLF-D Biluminator (Inspektor Research Systems BV) [16].
These products have been used to evaluate plaque levels by

comparing clinical and red fluorescent plaques [16-18], and
some studies have shown that tooth defects such as caries,
calculus, hypomineralization, and discoloration can be observed
with red fluorescence [15,19,20]. However, these products are
not only classified as medical devices, but also have problems
in size and price, making them unsuitable for ordinary users to
motivate plaque management at home.

Therefore, we judged that an inexpensive, compact, and
intuitively usable system would be suitable for motivating
plaque management to ordinary users and developed an oral
hygiene monitoring system consisting of a LIF device and a
smartphone-based mobile app. The LIF device induces the
fluorescence of plaque and the app serves to visualize the plaque
area, but in order to greatly motivate, an image processing
method that emphasizes the plaque area is required. The
traditional image processing method is sufficient to emphasize
the plaque area in a limited environment, but an ordinary user
needs an image processing method suitable for taking oral
images with various cameras such as an Android phone and an
iPhone in various environments such as a room, a bathroom,
and a living room. Recently, deep learning algorithms have
been applied to detection, segmentation, classification, and
prediction in various medical fields, including plaque
classification, showing surprising results [21,22]. Therefore, it
was determined that the deep learning algorithm would be the
best way to solve the above-mentioned disadvantages.

In this paper, we introduce a deep learning–based oral hygiene
monitoring system that makes it easy to identify dental plaques
in our home. The system consists of a device that can visually
identify dental plaques and a mobile app that displays the
location and area of dental plaques on the oral image. The
mobile app was developed based on two deep learning models
to sequentially detect tooth areas and highlight plaque areas.

Methods

Overview
In this study, we developed a hand-held LIF device that allows
the user to easily monitor dental plaque with the naked eye in
a mirror and a hybrid mobile app that provides oral hygiene
information. Figure 1 shows the LIF device and the hybrid
mobile app.
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Figure 1. Oral hygiene monitoring system: (a) light-induced fluorescence device and hybrid mobile app; (b) method for monitoring oral hygiene with
the naked eye through a mirror; (c) method for monitoring oral hygiene using smartphone; (d) hybrid mobile app that provides time series oral hygiene
information.

Development of Light-Induced Fluorescence Hardware
Interface
As shown in Figure 2, the LIF device consists of 5 parts: body,
two light-emitting diodes (LEDs), filter, hood, and battery cover.
The body has a cylindrical handle with 28 mm diameter for
easy hand grip, a button manufactured through silicone insert
injection molding for better assembly, and a wide viewer
suitable for viewing the oral hygiene. The LED
(GTPDTV64101, Shenzhen Getian Opto-Electronics Co Ltd)
emits 1 W narrow-band spectrum in the wavelength range of

400 to 410 nm with the view angle of 120 degrees. The filter is
manufactured through a color-mixing technique in injection
molding so that it has a color correction function for identifying
clean teeth as white and plaque as red in color. The hood is
matte black to block ambient light and minimize light reflection
and is interchangeable for each user. The battery cover is
designed for high friction through serration technique and it is
not easily separated from the body. The device is powered by
three AAA batteries and can last for approximately two and a
half hours.
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Figure 2. Light-induced fluorescence device for monitoring oral health: (a) dimensions (mm) and (b) components.

Development of Hybrid Mobile App
A hybrid mobile app is one that combines the functionalities of
both a native app, which allows access to the smartphone
camera, and web application, which can easily be updated
without installation by modifying only the code on the server.
In this study, we built a hybrid mobile app using JAVA for
Android and Swift for iOS and, as shown in Figure 3, its
architecture is divided into the mobile app part and the cloud
server part. The mobile app consists of a camera application

programming interface that captures LIF oral images via the
device and a WebViewer that displays oral hygiene over time
on the smartphone screen. The cloud server is built on Amazon
Web Services, which has abundant computing resources such
as CPU and GPU. It contains an Apache http server, which
process requests and provides web assets and content over http
protocol, a MariaDB, which transforms data into structured
information, an Analysis server, which analyzes oral hygiene
through deep learning algorithms, and web storage, which stores
original images and analyzed results.

Figure 3. Architecture of the hybrid mobile app comprising mobile app and cloud server.
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Oral Image Data Flow on Cloud Server
An oral image taken with the user’s smartphone camera is
uploaded to the http server implemented in Apache using the
http protocol. The http servers use load balancing technology
to send images to the deep learning–based analysis servers,
reducing the load on analyzing large numbers of oral images
from multiple users. After analysis is completed, the result
image is converted into thumbnails to reduce the amount of
transmission and reception and then sent to the user’s
smartphone screen to check the oral hygiene information.
Information such as account, date, plaque location, and
cleanliness generated during the oral hygiene analysis are stored
and updated in the database on the MariaDB as time series data.

Deep Learning–Based Algorithm for Oral Hygiene
Analysis
The oral hygiene analysis is performed through deep
learning–based image processing algorithms including object
detection, which determines whether the input image is an oral
image and localizes the oral region, and instance segmentation,
which extracts the dental plaque regions. In this analysis,
datasets categorized into oral and nonoral images are used. The
2000 oral images are taken only via the device and stored on
the server, and the 2000 nonoral images are Pascal visual object
classes images [23] without teeth or gums. Figure 4 illustrates
a flowchart of the oral hygiene analysis.

Figure 4. Flowchart of oral hygiene analysis.

For the object detection, the ground-truth bounding box
annotations are first performed, which outline the region of
interest (RoI) involving only the teeth and gums for each image.
Then the single shot multibox detector (SSD) [24], one of the
most popular deep learning models for object detection, is
applied to detect the RoI within the images (predicted bounding
box). The SSD model training is performed with a training
dataset after dividing the datasets into a 2000-image training
dataset (1000 oral and 1000 nonoral images) and a 2000-image
test dataset (1000 oral and 1000 nonoral images). In order to
improve the learning performance, the training dataset is
augmented with random sample crop, photometric distortion
(random transformations in the color HSV domain), rotation,
and mirroring. Then the resolutions of the images in the dataset
are all converted to 300×300 pixels, and their RGB values are
normalized between 0 and 1.

In order to finely extract the red fluorescence–emitted dental
plaque region from the oral image, an instance segmentation
technique capable of classification and detection of multiple
instances in one class is required.

In this study, the Mask region-based convolutional neural
network (R-CNN) [25], which is a Faster R-CNN [26] with the
addition of a small fully convolutional network that can act as
object detection and mask segmentation for each RoI, is used

as an instance segmentation technique. The RoI images extracted
through the SSD model are used as the input data for Mask
R-CNN model training.

Pixel-level annotation for Mask R-CNN training was performed
on plaque areas emitting red fluorescence in tooth images
according to three criteria:

1. Connected components labeling, which groups its pixels
into components based on pixel connectivity, is performed
on plaque areas

2. Plaque areas that span several teeth are divided at tooth
boundary

3. Plaque thinly distributed between teeth is classified as one
instance without following the second criterion

The images are technically prepared in the Common Objects
in Context (COCO) data format [27] and augmented with
rotation and aspect ratio conversion.

The Mask R-CNN model uses a model pretrained with COCO
data as an initial parameter, and the training of the model is
performed by the loss function–based stochastic gradient descent
method.

This research protocol was approved by the institutional review
board (IRB #ERI19046), Seoul National University Dental
Hospital. In order to protect users’ privacy information, no
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personally identifiable information such as name, age, or gender
are included in the image, and except for the mouth and the
device, the visible parts of the image were mosaicized to make
them indistinguishable.

Results

System Characterization
The LIF device consists of a body for easy grip, two LEDs for
400 to 410 nm light emission, filter for color correction, and
hood for blocking ambient light, as shown in Figure 2. The
electrical features of the device are power consumption of about
2.1 W, current of about 468 mA with 4.5 V, and idle current of
about 4.5 mA. When using three AAA batteries with a capacity
of 1500 mAh in series, continuous use time is about 150

minutes, and an individual can use it for about 75 days if it is
used for 2 minutes per day.

The hybrid mobile app has a scrollable web view, allowing
users to easily observe changes in dental hygiene status using
time series data as shown in Figure 1(d). Oral hygiene analysis
is then performed by taking an oral image through the app and
sending it to the cloud server (Figure 3). After analysis, the oral
hygiene results are sent back to the user’s app. It takes 3.00 (SD
0.020) seconds for the deep learning graphics processing unit
and other libraries to load, 1.69 (SD 0.019) seconds for the oral
region detection process (SSD), and 4.38 (SD 0.024) seconds
for the dental plaque region extraction process (Mask R-CNN).
Figure 5 presents representative results obtained during object
detection and instance segmentation.

Figure 5. Representative images obtained during deep learning–based oral hygiene analysis. The red arrow points to the predicted bounding box.

Experimental Analysis of Plaque Detection Algorithm
Oral hygiene analysis was performed through object detection
and instance segmentation, and each performance was verified
using intersection over union (IoU) and average precision (AP).
IoU is an evaluation metric used to verify the performance of
object detection. Its value is calculated by dividing the area of
overlap by the area of union of both the ground-truth bounding
box and predicted bounding box. AP, also a metric for
evaluating the accuracy of the object detector, is the average of
precision values corresponding to recall values between 0 and
1. Here, recall indicates how well all positives are predicted,
and precision indicates the accuracy of the predicted result. The
object detection performance of SSD is expressed by AP, which
is an average value for IoU threshold. The AP values at IoU
thresholds of 0.50, 0.60, 0.70, 0.80, and 0.90 are 90.9, 81.8,
63.6, 42.0, and 9.1, respectively. The average over IoU
thresholds from 0.50 to 0.95 with a step size of 0.05 is 53.31.
The performance of Mask R-CNN is expressed as IoU for the
whole segmentation result instead of AP because the dental
plaque regions are atypical, and the result value is 0.31.

Discussion

Principal Findings
In this paper, we presented a deep learning–based oral hygiene
monitoring system consisting of a LIF device and hybrid mobile
app to facilitate oral hygiene at home using a smartphone. The
most prominent feature of the LIF device is the filter. Filters of
similar devices are manufactured by depositing a thin dielectric
layer onto a glass substrate, while the filter of our device is
simply manufactured by adopting a method of mixing colors
with poly(methyl methacrylate). Thus, the filter of our device
is relatively low in manufacturing cost while maintaining the
main role of the filter to make the red fluorescence of the plaque
stand out compared with the surrounding tooth color. However,
performance of the filter is affected by the intensity of ambient
light [28], so a hood is required to minimize degradation by
ambient light. Although our device also has a black hood, it has
been observed that overexposed images are taken because the
hood cannot completely block ambient light outdoors or under
strong lighting. These results are caused by light leakage due
to different oral structures of individuals, and it is expected that
these problems will be sufficiently solved when the hood is
made of flexible materials or customized. Another source of
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ambient light is the large window for visual observation or
camera shooting. This is fundamentally unable to block ambient
light, but it is believed that providing a light-blocking agent
will minimize the influence of ambient light.

The key feature of our hybrid mobile app is that it is
programmed with a deep learning algorithm. Since most
conventional LIF products are developed for medical purposes,
nonmedical users require the help or education of a medical
practitioner. On the other hand, our mobile app automatically
determines the location and distribution of dental plaques
without clinical examination or training. In addition, since the
result is stored and displayed as time series data, it is convenient
for the user to manage oral hygiene. The deep learning models

for oral detection and dental plaque segmentation require high
computing resources, but by performing analysis on the server,
computing resources can be effectively managed, and results
can be quickly generated.

As shown in Figure 6, our segmentation algorithm is somewhat
poor in performance. In order to determine the cause, 2000
images were randomly sampled from the images stored on the
server and statistically analyzed. Images were categorized as
normal, out-focusing, far away, overexposed, too dark, foggy,
yawning, and no device. Each category was multiselected, and
the results are shown in Table 1. Multimedia Appendix 1 shows
representative images categorized in each category.

Figure 6. Representative poor results of each deep learning algorithm.

Table 1. Statistical results of the quality of the acquired images.

Value n (%)Category

627 (31.4)Normal

882 (44.1)Out-focusing

501 (25.1)Far away

489 (24.5)Overexposed

297 (14.9)Too dark

249 (12.5)Foggy

223 (11.2)Yawning

Of the images from the server, only 31.35% (627/2000) were
classified as normal, meaning that most images were described
with one or more variables such as out-focusing, far away,
overexposed, too dark, foggy, and yawning, which is thought
to directly affect the performance of deep learning–based
analysis. In addition to these cases, two tooth areas were found
by reflecting the tooth area on the smartphone case, and the
plaque area was not properly divided when the captured image
had a red tone. In the future, if we provide guidelines to users
on an appropriate environment for acquiring images and improve
the algorithms based on continuously increasing numbers of

images as the number of users of the product increases, we
expect that plaque identification will improve [29].

Limitations
Due to the different image sensor characteristics of smartphones,
a consistent preprocessing method could not be applied. The
other limitation was that the size of the training data was smaller
than the collected data due to various optical environments.

Conclusion
The primary cause of dental caries and periodontal disease is
the failure to remove dental plaque in a timely manner.
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Providing preventive care solutions to quickly identify and
respond to dental plaques at home can significantly reduce social
costs associated with oral disease. The LIF system introduced
in this paper consists of a LIF device for visually identifying
dental plaques and a mobile app for providing deep
learning–based oral hygiene analysis results. The device allows
the user to visually check oral hygiene in a mirror and the app
motivates the user to perform oral hygiene management by

providing the oral hygiene analysis results in time series. In this
paper, we introduced a home oral care system, but in the future,
we will introduce LIF-based medical devices for marginalized
populations, including the elderly, people of lower
socioeconomic standing, and those living where the internet is
unavailable, by applying edge computing technique and
developing low-cost devices in the form of smartphone
accessories.
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Abstract

Background: Diabetes during pregnancy poses serious health risks to both mother and child. Regular physical activity can
reduce these risks, yet few clinic-based interventions of physical activity for pregnant women with diabetes have been attempted.

Objective: The purpose of this single-arm pilot trial is to assess the feasibility and acceptability, and explore the potential
efficacy of a counseling- and mobile health–based physical activity intervention for pregnant women with diabetes.

Methods: Participants (N=17) who had type 2 or gestational diabetes, could read and speak in English or Spanish, and were
between 10 and 27 weeks of gestation were recruited from the University of California San Diego Diabetes and Pregnancy
Program. Participants engaged in a one-on-one counseling and goal-setting session immediately following a clinic visit with their
physician. They were given a Fitbit and shown how to use the Fitbit app, including entering personalized step goals, and were
encouraged to build up to 10,000 daily steps. Daily steps were recorded for 12 weeks, until they were 36 weeks’ gestation, or
until 1 week before they gave birth, whichever came first. Feasibility was measured by recruitment, retention, and adherence,
and acceptability was measured using consumer satisfaction questionnaires and follow-up interviews. Potential efficacy was
explored by examining changes in daily steps over time.

Results: The participants were primarily Hispanic (13/17, 76%), had public insurance (15/17, 88%), and had type 2 diabetes
(12/17, 71%). Of the 17 patients who began the intervention, 76% (13/17) completed a follow-up visit, and 71% (12/17) continued
wearing the Fitbit regularly after 8 weeks in the intervention. Adherence in wearing the Fitbit was relatively high, with a median
wear adherence of 90% of days. The intervention was generally well accepted, with 85% (11/13) indicating that they were
motivated to exercise more following the counseling session, 85% (11/13) indicating that the Fitbit helped increase their activity,
and 92% (12/13) recommending the program overall. Mean daily steps increased from baseline (mean 6122, SD 2439) to week
3 (mean 6269, SD 2166) and then decreased through week 12 (mean 4191, SD 2228).

Conclusions: High acceptability, retention, and adherence suggest that this may be a promising approach to delivering a simple,
low-burden intervention in a clinical setting to a high-risk, underserved population. A randomized controlled trial is needed to
determine whether this approach is effective in slowing the reduction in activity typically seen throughout pregnancy.

Trial Registration: ClinicalTrials.gov NCT03302377; https://clinicaltrials.gov/ct2/show/NCT03302377

(JMIR Mhealth Uhealth 2020;8(10):e18915)   doi:10.2196/18915
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Introduction

Diabetes during pregnancy can have serious health consequences
for both mother and child. Women who experience type 2
diabetes (T2D) during pregnancy are less likely to return to
prepregnancy weight and are more likely to experience glycemic
dysregulation following pregnancy [1]. Infants exposed to T2D
in utero have approximately 9 times higher risk of perinatal
mortality and are at a higher risk for congenital malformation
and developing obesity and T2D later in life [2-4]. Given the
rapidly rising rates of diabetes among young adults of
childbearing age [5] and estimates that diabetes prevalence will
more than double in the United States by 2050 [6] and more
than quadruple in youth [7], this constitutes a critical public
health issue.

Physical activity has robustly been shown to prevent T2D [8],
and limited clinical trial research suggests that it can normalize
glucose and prevent insulin use in pregnant women with diabetes
[9-11]. The American College of Obstetrics and Gynecologists
concordantly now recommends an individualized exercise
prescription for all pregnant women with diabetes [12].
Intervening on physical activity during pregnancy is much
needed, as activity typically declines during pregnancy [13,14],
particularly for women who were initially underactive [15].
Delivery of prenatal exercise counseling, however, is
inconsistent and often absent, as most providers lack time or
training to provide all the tools necessary to help patients change
physical activity [16,17].

Advances in technology, however, have made the dissemination
of individualized physical activity interventions more feasible
[18,19]. Commercial wearable activity trackers and
accompanying smartphone apps use features that have
consistently been associated with successful behavioral changes,
such as goal setting, self-monitoring, reminders, and social
accountability [20]. Accordingly, interventions combining
wearable trackers with brief counseling have shown significant
improvements in physical activity [21,22]. As wearable devices
are not only effective but also low cost relative to other clinical
interventions, they could be especially appropriate for
incorporation into clinical care, although studies of the efficacy,
feasibility, and acceptability of using wearable devices with
clinical populations remain sparse. Some small pilot studies
have found that using consumer wearable devices may be
feasible and effective in increasing physical activity in pregnant
women [23]; however, no such studies have been performed to
date in pregnant women with diabetes.

Given the growing rates of diabetes in pregnancy and the
significant risks associated with this condition, this is a pressing
public health issue, and developing effective, low-cost physical
activity interventions with potential for implementation in
clinical and community settings is essential for promoting
healthy pregnancies and infants. Therefore, we designed a
low-cost, low-burden physical activity intervention combining
an in-person counseling session with the use of a consumer
wearable tracker and mobile phone app. The purpose of this
study is to evaluate the feasibility and acceptability of this
physical activity intervention for pregnant women with diabetes.

Methods

Study Overview
The Fit for Two study was a single-arm pilot trial to assess the
feasibility and acceptability of a physical activity intervention
in a clinical setting for pregnant women with T2D or gestational
diabetes (GD). The intervention comprised an in-person
counseling session followed by the use of a Fitbit wrist monitor
and app for 8-12 weeks to reinforce key behavior change
strategies. Physical activity was measured throughout the trial
via Fitbit monitors, and feedback on the intervention was
provided at the study conclusion via consumer satisfaction
questionnaires and individual interviews.

Participants
Participants were pregnant women receiving prenatal care at
the University of California San Diego (UCSD) Diabetes and
Pregnancy Program (DAPP). Women were eligible to enroll if
they (1) were currently pregnant and between 10 and 27 weeks
of gestation, (2) were aged 18 years or older, (3) had daily access
to a smartphone, (4) were underactive (engaged in less than 100
min per week of at least moderate-intensity activity), (5) could
read and speak in English or Spanish, and (6) were diagnosed
with either T2D or GD. Patients with T2D were those who had
previously been diagnosed with T2D before pregnancy, whereas
those with GD were diagnosed with diabetes during pregnancy.
Women were ineligible if they had any condition that would
make exercise unsafe as determined by their physician or if they
were concurrently participating in another behavioral or
pharmaceutical trial. The study was approved by the UCSD
institutional review board, and all participants provided written
informed consent.

Recruitment
Recruitment occurred during DAPP clinic visits. Using
electronic medical records, Health Insurance Portability and
Accountability Act–certified study staff checked weekly patient
visit schedules to identify patients who met the eligibility
criteria. The patient’s physician was asked to confirm whether
she could safely participate in a physical activity study or
whether she had any contraindications. At the end of their clinic
visits, potentially eligible patients were asked by the attending
physician whether they were interested in learning about a study
that could help them increase their physical activity. Study staff
was on-site to discuss the study with interested participants and
complete a screening interview to confirm eligibility.

Protocol Overview
As most patients in the DAPP clinic have prenatal care
appointments scheduled every 1-3 weeks for glucose review,
study visits were designed to coincide with the scheduled clinic
visits. Participants attended an orientation visit in an exam room
at the clinic to learn more details about the study and give
informed consent. Participants who were Spanish-dominant met
with a bilingual researcher and completed consent and all forms
and study visits in Spanish. They were then given a blinded
Fitbit Alta HR wrist-worn activity monitor to wear for 1 week
to establish baseline steps and activity (see the Measures
section). Following their next prenatal care visit 1-3 weeks later,
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the participants started the physical activity intervention. Figure 1 shows a timeline of the intervention activities.

Figure 1. Intervention timeline.

Intervention Description
The Fit for Two intervention was centered on evidence-based
behavior change strategies such as goal setting, self-monitoring,
accountability, and social support. The intervention comprised
an in-person counseling session to teach key behavior change
constructs and initiate behavior change, followed by continued
support through the Fitbit app and activity monitor to reinforce
behavior change strategies. This allowed for both depth and
breadth of the intervention content with relatively little staff
time or clinic space required.

During the in-person counseling session at the start of the
intervention, participants learned more about the importance of
physical activity during pregnancy and the types and amounts
of activity they should engage in. The interventionist then
unblinded the participant’s Fitbit data from the previous week
to review their current steps and activity. Using the principles
of motivational interviewing, the interventionist helped the
participant set her personal goals for daily steps, identify
potential barriers to achieving goals, and outline
problem-solving strategies. The data were used to set realistic
goals for daily steps and discuss potential barriers and problem
solving around them using principles of motivational
interviewing. The study staff then helped participants learn to
use the Fitbit monitor and app to support self-monitoring and
get feedback toward goals and reinforcement when goals are
met through congratulatory messages, visual displays on the
app, and a digital firework display on the wrist
monitor. Participants were encouraged to set their own new
goals regularly to gradually build up to 10,000 steps at whatever

pace was right for them and keep their physician informed of
their progress by reporting their average daily steps per week
in their weekly email reporting daily glucose levels. For the
duration of the intervention (8-12 weeks depending on the timing
of pregnancy), participants were instructed to wear the Fitbit
wrist monitor daily and synchronize it with the Fitbit app at
least weekly. Fitabase (Small Steps Lab, LLC), a third-party
software platform that extracts the Fitbit data from authorized
users in real time, was used by the study staff to monitor syncing
and provided text reminders if participants had not synced their
Fitbit monitor with the app for more than 2 weeks.

Participants also received a brief (10-min) phone call after 6
weeks to review progress and report any problems.

Measures
Basic demographics were collected via questionnaires at baseline
and included age, race, ethnicity, education, employment,
income, marital status, and the number of children. Medical
data were collected from participants’electronic medical records
both at baseline and follow up and included current weight,
weight gain since pregnancy, week of gestation, resting blood
pressure (systolic and diastolic), hemoglobin A1c (HbA1c), and
nonfasting glucose.

Consumer Satisfaction
We used a questionnaire to assess the feasibility and
acceptability of various intervention components, including the
goal-setting session, educational material, the Fitbit monitor,
and the smartphone app. It was available in English or Spanish;
the measure has been translated and back-translated in Spanish
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and adapted from previous interventions with Spanish-speaking
individuals [24]. Participants were also invited to engage in a
one-on-one follow-up interview to give more detailed feedback
about their experience in the program.

Physical Activity
Daily steps were measured throughout the study using the Fitbit
Alta HR monitor. It is a wrist-worn, combined sensing (ie,
accelerometry and photoplethysmography) activity tracker that
measures physical activity (ie, intensity, energy expenditure,
bouts of exercise, steps, and distance traveled) at varying
resolutions ranging from 1 second to 1 min daily. The Fitbit
app automatically syncs data from the wrist monitor to a
smartphone app via Bluetooth, which was collected and stored
through Fitabase. A valid day of Fitbit wear was defined as
≥600 mins (10 hours) of heart rate data, or for participants with
inconsistent or missing heart rate data, ≥6000 steps. A partial
wear day was defined as any day with ≥1000 steps. The literature
has shown that days with <1000 steps are unlikely to show
actual wear [25]. To prevent feedback from influencing baseline
activity, the displays on the wrist monitor and app were then
blinded by removing all information tiles from the app and
setting the wrist monitor to only show time, battery life, and
distance. The Fitbit has shown excellent reliability and validity
for measuring daily steps [26].

Participants were also given an ActiGraph GT3X+ hip-worn
accelerometer to wear for 1 week at baseline and follow up to
provide a measure of activity at various intensities. However,
a high percentage of participants (13/17, 76%) commented that
the belt-worn accelerometer was markedly uncomfortable during
pregnancy and requested to stop wearing it; thus, this measure
was discontinued.

Analysis
Feasibility was defined by 3 factors: (1) recruitment if at least
50% of the women who expressed an interest in the study
enrolled, (2) retention if at least 75% of the participants who
attended a baseline session completed the follow-up assessment

and/or interview, and (3) adherence if the participants wore and
synced the Fitbit on at least 75% of days. Acceptability was
defined as at least 75% of the respondents indicated that they
were satisfied or very satisfied with the intervention overall and
individual intervention components.

As the primary aim was assessing feasibility and acceptability,
we did not calculate the power to determine efficacy, but we
did evaluate changes in activity from baseline to follow up
(week 12) to explore the potential implications for efficacy.
Daily steps were converted into average daily steps for the
baseline period (the week immediately following the orientation
visit) and each week of the trial following the baseline
intervention visit. We used 2 separate average daily step
variables to plot activity and explore trajectories of behavior
change across weeks in the intervention and across gestational
weeks: (1) days with any partial Fitbit wear time and (2) days
where the Fitbit was worn the entire day. For each of these
figures, we present group means plotted with a local polynomial
regression fitting or loess function to examine nonlinear changes
across follow up. Analyses were performed using R Studio
version 1.2.5033.

Results

Feasibility

Recruitment
The flow of recruitment is shown in Figure 2. A total of 108
participants had visits scheduled in the clinic during the study
period and were considered for participation based on chart
review. Approximately one-third of the 108 patients were not
screened in person because of missed appointments. Of the 75
patients screened, 42 met the eligibility criteria. The most
common reasons for ineligibility were concurrent participation
in another study (n=16), not speaking English or Spanish (n=7),
and not receiving physician clearance for unsupervised exercise
(n=6).
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Figure 2. CONSORT (Consolidated Standards of Reporting Trials) diagram.

Of the 42 patients meeting eligibility criteria, 13 declined
participation, and 10 expressed interest but were unable to
schedule an orientation visit. The most common reason given
for declining participation and being unable to schedule a visit
was lack of time because of competing demands of diabetes
management and prenatal care. Of the 19 participants who
attended the orientation session and signed consent forms, 17
completed a baseline intervention visit and began the program.
Only 2 participants withdrew following the orientation visit,
citing the competing demands of diabetes management.

Baseline
Table 1 shows the baseline characteristics of the 17 participants
who began the intervention. Participants were, on average,
approximately 30 years old (mean 29.8, SD 3.85; range 23-36),
and most were Hispanic (13/17, 76%). Nearly half (8/17, 46%)
had no employment, and almost all (15/17, 88%) had Medi-Cal
public insurance. Participants were a mix of primigravida and
multiparous, with approximately two-thirds indicating that they
had other children at home. Most (12/17, 71%) had T2D, and
most were in the second trimester (mean 20 weeks and 5 days
of gestation, SD 4.6). There was a broad range of metabolic
markers, with HbA1c ranging from 4.8 to 10%, and nonfasting
glucose ranging from 96 to 179 mg/dL.
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Table 1. Baseline characteristics of the study sample (N=17).

ValueDemographics

29.8 (3.85)Age, mean (SD)

Race and ethnicity, n (%)

1 (6)Non-Hispanic White

3 (18)Non-Hispanic Black

13 (76)Hispanic

Language, n (%)

13 (76)English

4 (24)Spanish

Employment, n (%)

8 (46)None

3 (18)Part-time

3 (18)Full-time

3 (18)No data

Insurance type, n (%)

2 (12)Private

15 (88)Public

Education, n (%)

4 (24)Less than high school

6 (36)High school

6 (36)Some college

1 (4)No data

Marital status, n (%)

5 (29)Single

1 (4)Divorced/separated

10 (59)Married/partnered

1 (4)No data

Other children at home, n (%)

10 (66)Any other children at home

6 (40)Children younger than 5 years at home

7 (47)Children aged 6-18 years at home

Medical data

Diabetes type, n (%)

12 (71)Type 2

5 (29)Gestational

37.0 (4.1)BMI (kg/m2), mean (SD)

211.5 (39.2)Weight (lbs), mean (SD)

120.8 (17.2)Systolic blood pressure (mm Hg), mean (SD)

70.7 (9.4)Diastolic blood pressure (mm Hg), mean (SD)

6.1 (1.4)HbA1C
a, mean (SD)

112.5 (18.2)Glucose (mg/dl) mean (SD)

aHbA1c: hemoglobin A1c.
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Follow Up
Of the 17 participants who began the intervention, 13 (76%)
completed a follow-up visit, and 12 (71%) continued to wear
the Fitbit regularly after 8 weeks. A participant experienced
technical difficulties and was not able to connect her Fitbit to
the Fitabase system, so her data were not captured. Of the 4
participants lost to follow up, 2 withdrew during the intervention
because of medical complications/early labor, whereas 2 chose
to discontinue the study because of the competing demands of
pregnancy. Participants’ time in the intervention ranged from
56 to 84 days, depending on the week of gestation upon
enrollment and when they delivered.

Adherence was measured by examining how often participants
wore their Fitbit monitors. There was great variability in the
wear time among participants. Adherence ranged from 27% of
days (23/84) to 100% of days (84/84), with a median wear day
of 90% (mean 78%, SD 29%), indicating good adherence.
However, full days of wear (≥600 min) were much more
infrequent and ranged across participants from 0% to 86% of
days, with a median of 50% (mean 48%, SD 32%). The median
wear time on days with wear was 706 min (mean 749.1, SD
396.4). Limiting wear time to waking hours, median wear time
was 643 min on days with any wear (mean 638.9, SD 282.9).

Acceptability
Of the 13 participants who filled out consumer satisfaction
questionnaires, 11 (85%) indicated that they found the
counseling session quite/extremely helpful, and another 11
(85%) said that they felt moderately/very motivated to start
exercising following the counseling session. The same number
(11/13, 85%) indicated that they learned a great deal about
physical activity in the counseling session, and 13 (13/13, 100%)
said that they learned something new. With regard to the Fitbit,
11 (11/13, 85%) found it quite/extremely helpful in helping
them increase their physical activity, and all but 1 participant
(1/13, 8%) indicated that they wore it regularly. All but 1
participant (1/13, 8%) said that they were quite/extremely
satisfied with the program overall, and 12 (12/13, 92%) said
that they would probably/definitely recommend it to a friend.

A total of 10 participants completed a semistructured interview
to provide additional feedback on the program. A common
theme from the interviews was an appreciation for the
low-burden/light-touch approach, with participants noting that
the study encouraged them without feeling too pushy or
intrusive:

pushed me harder… but didn’t put too much pressure
on me… you guys were not invasive at all so I was
able to go about my day. [Participant]

Another noted that the study team “did not hover over me… I
had my own space.”

Another participant said,

I also liked the feeling of having a support team
without being pushed. I didn’t feel forced to be
physically active. [Participant]

Several participants mentioned that they appreciated not feeling
judged or ashamed when they did not meet their goals.

Consistent with the results of the consumer satisfaction survey,
another common theme was that the Fitbit was simple and easy
to use. A participant shared:

I used the Fitbit every day. It was easy to track how
many steps I had. Very user-friendly. [Participant]

Several participants reported that they explored additional
features of the Fitbit app that were not part of the intervention
but had been mentioned by their physicians, such as tracking
calories, hydration, and heart rate.

Participants also noted a number of features of the Fitbit app
and wrist monitor that motivated them. Several participants
enjoyed the push notifications from the Fitbit app, reporting
daily step progress, or reminding them to move. A participant
noted:

the updates I received letting me know how close or
far I was from my goal also helped motivate me even
more to try and achieve my goals. [Participant]

Another appreciated the reinforcement the app provided when
she met her goal:

it’s cool that the Fitbit shows a little rocket when you
meet your goal… (my daughter) always wanted to
see the rocket, so we walked around the park just to
see the rocket. [Participant]

Several participants also noted that it became more difficult to
stay physically active as their pregnancies progressed. A
participant noted,

I decreased my step goal toward the end of my
pregnancy because it became harder to be physically
active and meet my step goal. [Participant]

Another participant recommended adding components to the
intervention at the end to enhance motivation later in pregnancy.
Another suggested a web-based support group or in a clinic.

Change in Steps
At baseline, the mean number of steps per day was 5281 (SD
1846; Table 2). The average number of steps per day when only
considering valid days was higher (mean 6122.1, SD 2356.2
steps per day). The average number of steps slightly increased
from baseline to week 3 for both any wear days (mean 5504,
SD 1846) and full valid days (mean 6268.6, SD 2081.3; Figure
3). For both any and valid days, the mean daily steps at week
6 were lower (mean 4657, SD 1751.9, and mean 5802.6, SD
2329.1, respectively) before rising again at week 9 (mean
5850.7, SD 2350.6, and mean 6770.4, SD 2563.3, respectively).

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e18915 | p.277http://mhealth.jmir.org/2020/10/e18915/
(page number not for citation purposes)

Larsen et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Table 2. Average daily steps by week in the study.

Valid full dayAny wearPeriod

Mean (SD)nMean (SD)n

6122 (2439)155281 (1846)16Baseline

6269 (2166)135504 (1984)14Week 3

5803 (2443)114658 (1823)13Week 6

4191 (2228)43888 (1551)4Week 12

Figure 3. Average daily steps by week in the intervention.

On average, women entered the study at 21 weeks of pregnancy
(mean 20.8, median 21, min/max 11/27). Figure 4 displays the
average daily step counts by gestational week for any day step
counts and full valid day step counts. All wear and valid full-day
step counts were highest for women earliest in their pregnancies
(14 weeks: mean 6208.1, SD 1324.1 for any wear; mean 7757.5,
SD 2009.7 for valid days) and then dropped significantly by 19
weeks (any wear: mean 4973.4, SD 2543.8; valid days: 4334.7,

SD 1991.6). Steps increased again toward the beginning of the
third trimester (27 weeks, any wear: 6074.6 SD 1968.1; valid
days: mean 6629.7, SD 2163.6) and then fell again as the third
trimester progressed. Average step counts increased again
between 33 and 36 weeks, but notably, only 2 women provided
data beyond 33 weeks, contributing to more error in these
estimates (Figure 4).
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Figure 4. Average daily steps by gestation week.

Discussion

Principal Findings
These results suggest good feasibility for a counseling- and
wearable tracker-based physical activity intervention for
pregnant women with diabetes. Of all eligible participants, most
(29/42, 69%) expressed interest and enthusiasm for the study,
and nearly half were enrolled (19/42, 45%). Retention and
adherence were high, with a median wear time of 90% of days,
and 76% (32/42) of participants completing a follow-up visit.
The intervention also appeared highly acceptable to participants,
with a large majority (39/42, 93%) saying that they were
satisfied; 93% (39/42) saying that they would recommend the
program, and 86% (36/42) indicating that they felt motivated
to exercise more.

Changes in daily steps were modest and generally increased at
the very beginning and then fell again, then rose again after the
6-week call, before falling once more at the end of the
intervention; therefore by week 10, the mean daily steps were
quite similar to what they were at baseline. Without a control
group, it is difficult to know whether the intervention was
successful in increasing the number of typical steps for this
population. These results are similar to a recent study using
Fitbits to increase physical activity in healthy pregnant women,
which found small increases in steps in both the intervention
and control groups (both received Fitbits) across 12 weeks [23].

Previous research has shown that activity tends to decrease
during pregnancy, particularly from the second to the third
trimester [13,14]. Schmidt et al [14] showed that although
activity remained relatively consistent across the first and second
trimesters, there were declines in both moderate activity and
total energy expenditure between the second and third trimesters.
A study by Pereira et al [15] showed that the decrease in

physical activity during pregnancy was especially pronounced
in insufficiently active women, as was also with the women in
our study. Considering these trends, it is promising that women
in this study kept relatively stable steps during the initial 8 to
10 weeks of the trial rather than showing a steady decrease.
Data on changes in activity during pregnancy for women with
diabetes, however, are scarce, and it is difficult to know how
activity in this sample is compared with the larger population.

The greatest barrier to recruitment, apart from an ongoing trial
in the same clinic with similar inclusion criteria, was enrollment
under 28 weeks of gestation. As DAPP is a tertiary referral
clinic, many women were referred late in gestation and did not
have a regular primary care physician. Additionally, most
women with GD did not receive a diagnosis until at least weeks
24-26 of gestation and thus were ineligible for the study by the
time they were screened. Increasing physical activity at any
stage of pregnancy is likely to confer benefits to both mother
and child; however, earlier intervention may have the greatest
clinical impact. This can only be made possible by larger,
systems-level changes through greater access to prenatal care
and/or universal promotion of physical activity programs to all
pregnant women. In addition, despite the low burden of the
intervention, of the 42 eligible patients, 23 did not enroll, mostly
citing the competing demands of managing diabetes during
pregnancy. This highlights the difficulty of recruiting this
population and the need to reframe physical activity not as a
competing demand but as a key component of diabetes
management.

Conversely, retention was relatively high for a high-risk clinical
population, particularly as some participated in their third
trimester. A meta-analysis of physical activity interventions in
pregnancy and risk of GD found that loss to follow up is a major
barrier in these populations, reaching up to 33% attrition in
some studies [9]. High retention in this intervention was likely
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owing to recruiting and delivering the intervention in a clinical
setting where patients were expected to see their physician
regularly and partnering with the attending physician to recruit
and deliver the intervention. That said, following the initial
goal-setting session, the entirety of the intervention was
delivered remotely. Just 2 women stopped early because of
medical complications/early labor, although these patients still
provided consumer satisfaction data following delivery.
Similarly, adherence was quite high, with participants wearing
the Fitbit on approximately 90% of days they were in the
intervention, although this decreased across the study. Russo
et al [9] also found that adherence to physical activity
interventions in pregnancy was highly variable and as low as
16%.

The high retention and adherence may have been owing to the
high acceptability and light touch of the intervention. The most
common theme in the follow-up interviews was an appreciation
for the intervention not being invasive and that participants were
allowed to go about their lives without feeling pushed or judged.
This was facilitated by utilizing a face-to-face session to teach
key behavior change strategies and then using the wearable
tracker and app to reinforce these strategies throughout the
intervention rather than relying on continued staff contact.

Although this approach was highly acceptable to participants,
it is only ideal if it is also efficacious. Despite the fact that some
more highly burdensome or invasive interventions may be less
acceptable, it may also be the burden or the intrusion that leads
to behavior change, and although only 1 participant specifically
requested more staff contact, several noted a need for additional
support during the third trimester. Future iterations of the
intervention may need to incorporate greater intervention doses,
particularly in the later stages of pregnancy, while still remaining
noninvasive, particularly as this patient population is already
burdened with tasks of diabetes management and prenatal care.
This could be through greater staff contact, or still relying on
technology to reinforce behavioral strategies but expanding to
other channels (eg, texting) and with greater frequency. The
need for this is reinforced by the fact that activity in this trial
rose adjacent to contact with the study staff (baseline goal setting
and 6-weeks check-in call).

Strengths and Limitations
This study has several strengths, including the patient population
recruited. Pregnant women with diabetes are a high-risk clinical

population with a great need for lifestyle intervention. A
common limitation in physical activity interventions in
pregnancy is adherence and retention, but both of these factors
remained relatively high through the progression of pregnancy.
In addition, participants were racially and ethnically diverse,
with Latinas comprising the majority. Several spoke only
Spanish, and most (all but 2) relied on public insurance,
representing a particularly high-risk, underserved population.
In addition, all study visits were completed in exam rooms in
the clinic, laying a foundation for an intervention with high
potential for clinical implementation.

There are also important limitations to note. As noted previously,
this was a single-arm trial, which limited our ability to pinpoint
the effects of the intervention or to examine individual
intervention components. Although diverse, the study population
was difficult to recruit, and the sample size was small. Although
parts of the intervention piggy-backed onto existing clinical
protocols, such as including their daily steps in weekly glucose
reports to their clinicians, clinicians reported a lack of resources
for interpreting and responding to these reports, highlighting
the need for multilevel interventions to successfully integrate
interventions into clinical settings. In addition, because the use
of accelerometers was discontinued, more detailed data on time
in various activity intensities, including sedentary time, were
not available. Despite these limitations, given the lack of
research on this population, we feel that these findings lay a
valuable foundation for the much-needed interventions for this
high-risk group.

Conclusions
Overall, these findings suggest that combined coaching- and
mobile health–based physical activity intervention for pregnant
women with diabetes is feasible and acceptable. A larger trial
is needed to further explore the effect of wearable technology
in physical activity interventions targeting pregnant women
with diabetes. Future iterations of the intervention should include
more staff contact and social support for the participants,
especially during the later stages of pregnancy. Given the rapidly
growing rates of diabetes in women of reproductive age, further
development of such low-cost, low-burden interventions with
potential for dissemination is vital to reducing complications
and costs of diabetes in this high-risk population.
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Abstract

Background: The number of people with lifestyle-related diseases continues to increase worldwide. Improving lifestyle behavior
with health literacy may be the key to address lifestyle-related diseases. The delivery of educational videos using mobile health
(mHealth) services can replace the conventional way of educating individuals, and visualization can replace the provision of
health checkup data.

Objective: This paper aimed to describe the development of educational content for MIRAMED, a mobile app aimed at improving
users’ lifestyle behaviors and health literacy for lifestyle-related diseases.

Methods: All videos were based on a single unified framework to provide users with a consistent flow of information. The
framework was later turned into a storyboard. The final video contents were created based on this storyboard and further discussions
with leading experts and specialist physicians on effective communication with app users about lifestyle-related diseases.

Results: The app uses visualization of personal health checkup data and educational videos on lifestyle-related diseases based
on the current health guidelines, scientific evidence, and expert opinions of leading specialist physicians in the respective fields.
A total of 8 videos were created for specific lifestyle-related diseases affecting 8 organs: (1) brain–cerebrovascular disorder, (2)
eyes–diabetic retinopathy, (3) lungs–chronic obstructive pulmonary disease, (4) heart–ischemic heart disease, (5) liver–fatty liver,
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(6) kidneys–chronic kidney disease (diabetic kidney disease), (7) blood vessels–peripheral arterial disease, and (8) nerves–diabetic
neuropathy.

Conclusions: Providing enhanced mHealth education using novel digital technologies to visualize conventional health checkup
data and lifestyle-related diseases is an innovative strategy. Future studies to evaluate the efficacy of the developed content are
planned.

(JMIR Mhealth Uhealth 2020;8(10):e20982)   doi:10.2196/20982

KEYWORDS

apps; educational videos; health checkup; lifestyle-related disease; mHealth, prevention; telehealth; visualization

Introduction

Measures against noncommunicable diseases, such as cancer,
heart disease, and stroke have been strengthened globally [1].
Above all, diabetes, evolving from metabolic syndrome, causes
complications, which adversely impact a person’s health and
overall quality of life and add to the medical expenditures on
both individual and societal levels [1]. In Japan, the number of
individuals with lifestyle-related diseases (eg, cancer, heart
disease, and cerebrovascular disease) has been increasing.
Lifestyle-related diseases account for 60% of deaths in Japan,
and national medical expenses continue to increase at the rate
of 1 trillion yen per year [2-4].

In Japan, annual health checkups are stipulated by various laws
of the Ministry of Health, Labour and Welfare, such as the
Industrial Safety and Health Act and the Health Promotion Act
[5]. Specific health checkups and specific health guidance started
in 2008. The targets of these health checkups and health
guidance are people aged 40-74 years. As per the Elderly
Medical Care Act, insurers must provide annual health checkups
to those who are insured [5]. The aim is to identify people with
metabolic syndrome and a subsequent risk of developing
lifestyle-related diseases, such as diabetes, hypertension, and
hyperlipidemia due to visceral fat accumulation [6,7]. Unlike
diseases treated only with medication, the key to managing
metabolic syndrome and lifestyle-related diseases is to modify
lifestyle behavior. Achieving such behavioral change is a
challenge, as behavior in any target population differs by age,
sex, occupation, lifestyle factors (eg, smoking, alcohol
consumption, exercise, and diet), individual background,
knowledge, and understanding of health issues that have
accumulated over many years [7,8].

Although the impact of risky lifestyle behaviors on health has
long been established, the importance of health literacy is now
increasingly recognized [8,9]; and the association between health
literacy and lifestyle behaviors has been widely confirmed
[8,10]. Health literacy can be understood by using lay terms
related to the ability of individuals to address health issues in
a complex society. However, the rapid growth in its recognition
has led to multiple interpretations of the concept, which may
cause confusion [8]. Sørensen et al [11] defined health literacy
as “people’s knowledge, motivation and competences to access,
understand, appraise, and apply health information in order to
make judgments and take decisions in everyday life concerning
healthcare, disease prevention and health promotion to maintain
or improve quality of life during the life course.” Moreover,
Berkman et al [12] defined health literacy by emphasizing

similar abilities or “know-how” that could be used to
“communicate about” issues related to health.

Improved health literacy about lifestyle-related diseases may
thus lead to improved health behaviors, which in turn are
important for sustainable prevention of lifestyle-related diseases.
One route that could prove beneficial for improving health
literacy is the use of mobile health (mHealth) apps.

In recent years, information and communications technologies
(ICTs) have advanced rapidly, and the number of mHealth apps
has been increasing [13]. mHealth is an expanding area within
eHealth, which includes medical and public health information
services provided via the internet and related technologies [14].
mHealth allows the general public to gain access to health advice
or behavioral interventions. In Japan, the provision to use ICT
for specific health guidance was initially announced in 2013
[15] and revised in 2018 [16]. Specific health guidance utilizing
ICTs has the potential to increase participation rates due to its
convenience to remote users as well as busy working
professionals, allowing effective health guidance without
in-person meetings.

Indeed, the delivery of educational content through videos can
replace the current use of in-person communication in providing
health checkup data and information about lifestyle-related
diseases that may be difficult to understand for those who are
not health care professionals [13,17]. With the expansion of
mHealth services, the range of methods available to improve
users’ health literacy is increasing (eg, use of apps with videos,
photos, and SMS text messages) [13,18]. To our knowledge,
however, no app has yet been developed that encourages healthy
behavior among persons with metabolic syndrome and high
risk of lifestyle-related diseases, which (1) uses visualization
of health checkup data to describe possible future
lifestyle-related disease and (2) provides evidence-based
educational content to improve health literacy about relevant
lifestyle-related diseases.

MIRAMED, the lifestyle intervention app described in this
paper, aims to be compatible with the Japanese Ministry of
Health, Labour and Welfare’s summary [19] of the present
health promotion guidelines. In this paper, we describe the
development of the visual content of the app that aims to
improve user health literacy and lifestyle-related behaviors by
converting the individual’s numerical health checkup data into
easy-to-understand visual information. We focus on the process
of creating educational videos for this app based on the current
guidelines and expert opinions from specialist physicians.
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Methods

Development of Educational Contents
The target audiences of the app were people with metabolic
syndrome and high risk of metabolic syndrome. The first step
in the app’s lifestyle intervention process was raising users’
awareness of the current status of their health and potential risks
of lifestyle-related diseases by visualizing their annual health
checkup data. This step was facilitated by using icons displaying
key organs in combination with educational videos that describe
typical lifestyle-related diseases of those organs. Subsequently,
users were prompted to set personal goals for lifestyle change
in 5 key lifestyle categories: nutrition, smoking and alcohol,
exercise, sleep, and stress. An intervention period of 3 months
was set based on the user’s understanding of their baseline health

status. The user then received daily evaluations related to the
lifestyle categories and weekly feedback on their progress. This
paper focuses on the process of creating the visualization of
health checkup data and the creation of the educational videos
used in the MIRAMED app. The overview of this process is
illustrated in Figure 1.

The MIRAMED app and its contents were developed by the
Precision Health group, Center of Innovation at the University
of Tokyo in Japan; and the study was approved by the ethics
committee of the Department of Bioengineering at the
University of Tokyo (approval number: KE18-44). This research
was supported by the Center of Innovation Program from Japan
Science and Technology Agency. The funding agency had no
role in the design of the study; collection, analysis, and
interpretation of data; writing of the report; and decision to
submit the paper for publication.

Figure 1. Flowchart of the developmental process of the body map (visualization of health checkup data) and educational videos used in the lifestyle
intervention app MIRAMED.

Visualization of Health Checkup Data
Annual health checkup data were visualized in a body map using
icons of 8 organs related to lifestyle-related diseases: brain,

eyes, lungs, heart, liver, kidneys, blood vessels, and nerves.
When a user’s health checkup data indicated possible risks
associated with a potentially affected organ, the icons were
rendered in orange coloring (Figure 2).
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Figure 2. User interface of the app showing a body map with the visualization of a user’s risks of lifestyle-related diseases.

Creation of Educational Videos About
Lifestyle-Related Diseases
The purpose of educational videos in the app was to improve
users’ health literacy on potential health risks indicated by their
health checkup data. In accordance with the Japanese Ministry
of Health, Labour and Welfare’s summary [19,20] of the present
health promotion guidelines in Japan, 8 videos were created.
Each video matched with 1 of the 8 selected organs and provided
content on a lifestyle-related disease relevant to that organ. First,
a unified framework was developed on which all the videos
were based. The aim of this framework was to make users
familiar with the flow of information in each video and to create
cohesiveness across videos covering different lifestyle-related

diseases. A framework was then developed into health
condition–specific storyboards, which were in turn made into
educational videos. Discussions were held with the leading
experts and specialist physicians in the fields of neurology,
diabetes and metabolic diseases, respiratory medicine,
cardiology, gastroenterology, nephrology, and endocrinology.
These experts and physicians consulted on how to convey
evidence-based and health guidelines–compliant message for
each disease to the app users. It was agreed that the unified
framework for the videos would contain the following 5 sections
(Table 1): disease name, explanation of the disease, symptoms,
important facts, and improvement and prevention of the disease.
It was required that the contents of each section were grounded
in the scientific literature. Owing to the limitations on playback
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time of each section, word count for the explanation of each
section was also restricted. The framework for all the videos
was shared with the production company, and visual designers
were provided with instructions on the appropriate animated
contents for each section. Extensive discussions were held

regarding the comprehensibility of each section from a user’s
point of view. This feedback allowed for the creation of
storyboards, which were discussed further before developing
the final product.

Table 1. The framework for “Diabetic neuropathy.”

ExplanationSections

Disease name • Diabetic neuropathy

Explanation of the disease • The systemic peripheral nervous system is damaged due to chronic hyperglycemia. Development of the condition
involves peripheral nerve metabolism abnormality, decreased chronic blood flow in nerve tissue due to microan-
giopathy, and hypoxia. The pathogenic mechanism emphasizes polyol pathway enhancement, free radicals,
abnormal lipid metabolism, protein glycation, and inflammatory factors [21]

Symptoms • In a typical example, signs appear bilaterally in the toes and sole [21,22]
• The signs expand to more proximal parts, such as ankles and lower legs. As the condition progresses, hands

start showing signs in a glove-sock–like pattern [21,22]
• Sensory nerves, motor nerves, and autonomic nerves are damaged, in that order [21-23]
• Autonomic neuropathy can involve all systems in the body. It causes a substantial increase in morbidity and

mortality, especially in the presence of cardiovascular autonomic neuropathy [21-24]

Important facts • Diabetes causes various metabolic disorders centered on persistent hyperglycemia due to insufficient action of
insulin. This impairment occurs in the order of neuropathy, retinopathy, and nephropathy [21,25]

Improvement and prevention • Blood glucose control from an early stage [21,25-28]

Figure 3 gives an example of the storyboard, which was later
turned into the educational video for “Diabetic neuropathy,” a
lifestyle-related nerves disease (as indicated by the

corresponding icon). The storyboard additionally contained a
short description of each section and the maximum length in
minutes for the corresponding narration.
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Figure 3. The storyboard of diabetic neuropathy.

Results

A total of 8 videos were created by matching an organ with its
associated lifestyle-related disease: (1) brain–cerebrovascular
disorder, (2) eyes–diabetic retinopathy, (3) lungs–chronic
obstructive pulmonary disease, (4) heart–ischemic heart disease,
(5) liver–fatty liver, (6) kidneys–chronic kidney disease (diabetic
kidney disease), (7) blood vessels–peripheral arterial disease,
and (8) nerves–diabetic neuropathy. Each of the videos had a

playback time of around 1 minute to retain the user’s attention
on the contents of the video.

In the example shown in Figure 2, the app indicates that the
user had 3 potentially affected organs (brain, blood vessels, and
nerves), which are rendered in orange coloring. Upon touching
the icon of the glowing organ, the user would be taken to the
educational video about the most common lifestyle-related
diseases associated with that organ. A detailed description is
provided for diabetic neuropathy.
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The total playback time of the educational video for diabetic
neuropathy was 59 seconds. The title was purposefully chosen
as a statement, “Common consequences likely to happen with
your nerves,” illustrated with the image of a nerve (Figure 3A).
The title was seamlessly connected with a narrated explanation
of the underlying cause of the condition: “The main cause of
diabetic neuropathy is diabetes mellitus” [21,23]. This was
shown along with an image of a pinprick test, meant to illustrate
the process of blood glucose measurement (Figure 3B). As a
further explanation of disease pathology, the narration continued,
“If your blood glucose level remains high, the blood vessels
that nourish the nerves will have an accumulation of waste
products. This results in damage to the blood vessels, which
leads to hypoxia and impaired nerve function.” The nerve
hypoxia was expressed with the image of an oxygen tank in
which the oxygen level decreased (Figure 3C). This was
complemented with the figure of a human with highlighted
hands and feet to suggest that symptoms usually start in the
peripheral extremities. Typical symptoms were described in the
order in which they usually appear, starting with sensory nerves,
followed by motor nerves, and finally autonomic nerves [21-23].
The early-stage sensory disorder was explained as starting with
spontaneous pain, numbness, and abnormal sensation in the
lower limbs at an early stage of the onset [21,22,24,29]. The
starting location of the peripheral symptoms was illustrated with
red toes (left side of Figure 3D). Narration explained late-stage
sensory disorder to the user. “If you have abnormal sensation
in the feet and the condition worsens, you may not even notice
that you have stepped on a nail.” The narration was combined
with an image of a thumbtack stuck in the sole of foot (right
side of Figure 3D).

The important fact section highlighted the following 3 major
complications of diabetes: (1) neurological disorder–neuropathy,
(2) eye disorder–retinopathy, and (3) kidney
disorder–nephropathy [21,25]. The image of a podium (Figure
3E) illustrated the order of the most common conditions, starting
with neuropathy, followed by retinopathy and nephropathy
[21,25]. Finally, for the prevention or improvement of the
condition, several factors were considered, such as proper diet
(managing calory intake [21,25,28], starting each meal with
vegetables [25], not eating sweets [25,28], eating breakfast every
morning [25,28]); increased physical activity (combining aerobic
and anaerobic exercises) [25,28]; and reducing stress in daily
life [28]. In the video, healthy lifestyles were illustrated with
avatars to encourage and visualize healthy lifestyle behaviors,
such as waking up early in the morning, commuting on foot,
bicycling, and allowing oneself time to relax (eg, by reading
books) (Figure 3F).

Discussion

The purpose of the MIRAMED app is to improve users’ health
literacy and encourage lifestyle-related behaviors through the
personalization of health and lifestyle information. This occurs
through the following means: (1) visualization of users’ annual
health checkup data using icons that feature potential affected
organs along with the possible lifestyle-related diseases of the
featured organs, and (2) provide educational content on
lifestyle-related diseases through videos. Given that informed,

active, motivated, knowledgeable, and confident users can
improve their health outcomes [30] and reduce medical costs
[31], the app’s content may support a change of health behavior
in users. To our knowledge, this is the first study to describe
potential lifestyle-related diseases by visualizing users’personal
annual health checkup data in combination with educational
videos to describe typical lifestyle-related diseases based on the
scientific literature and opinions of leading experts and specialist
physicians.

Improvement in self-efficacy significantly increases the
likelihood that a health intervention (eg, weight loss [32,33] or
smoking cessation [34]) will be successfully maintained.
Learning and using medical terminology resembles learning a
new language, and this is one reason why non–health care
professionals face difficulty in understanding health checkup
data and lifestyle-related diseases [35]. Visual and auditory
augmentation of printed medical terms promotes the
understanding of individual health status and provides an
opportunity for repeated engagement in learning sessions [35].

App users can access educational videos about typical
lifestyle-related diseases by touching icons of the respective
organs. The purpose of these videos was to contribute to the
improvement of the user’s health literacy. All videos were
developed according to a consistent and unified framework.
The framework was created in order to provide the user with a
familiar structure and consistency across all videos, thus making
the information from a wide range of medical specialties easily
accessible. The playback time of each video was limited to
around 1 minute, and the narration was conducted by the same
narrator across all the videos and information. Moreover, both
developers and specialists agreed that the contents of the app
could be easily understood, even by those without a medical
background.

The global penetration of mobile phones is growing rapidly,
with up to 90% penetration in countries with high-income
economies [36]. For those with a lifestyle-related disease or
other chronic health problems, especially individuals living in
rural areas who do not have access to medical services by other
means, knowledge applicable to daily life is essential for
effective self-management of lifestyle-related diseases [35].

This development had a few limitations worth noting. First, the
content of the app was developed for the Japanese public. Thus,
all the content was written in Japanese. However, it is possible
to translate the app and its content into other languages. Second,
information on how many times a user played each video and
the number of videos watched by a user was not collected. Third,
in general, there is a lack of standardized measurement tools to
assess health literacy and conceptual framework for health
literacy [8,37,38]. However, the future versions of the app can
include measures of health literacy, for example, the Rapid
Estimate of Adult Literacy in Medicine, Test of Functional
Health Literacy in Adults (TOFHLA), or Newest Vital Sign
[37-39]. We are presently investigating user experience with
the usability of the app; accessibility of the contents; and
changes in user lifestyle behaviors, weight, and waist
circumference.
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In conclusion, this study described the development of visually
enhanced health education materials using new digital
technologies with an innovative strategy to visualize
conventional health checkup data. Although developed as

educational videos for lifestyle-related diseases, these contents
are expected to be used in various fields. Further evaluation of
the effectiveness of the developed contents is needed.
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Abstract

Background: Around 2 million Chinese people, mostly men, die annually from tobacco-related diseases; yet, fewer than 8%
of Chinese smokers ever receive any smoking cessation support.

Objective: This study aimed to test the preliminary effectiveness and feasibility for a mobile social network (WeChat)–based
smoking cessation intervention (SCAMPI program) among Chinese male smokers.

Methods: Chinese male smokers aged 25-44 years were recruited online from WeChat, the most widely used social media
platform in China. Individuals using other smoking cessation interventions or who lacked capacity to provide online informed
consent were excluded. Participants were randomly assigned (1:1) to intervention or control groups. Neither participants nor
researchers were masked to assignment. The trial was fully online. All data were collected via WeChat. The intervention group
received access to the full-version SCAMPI program, a Chinese-language smoking cessation program based on the Behaviour
Change Wheel framework and relevant cessation guidelines. Specific intervention functions used in the program include: planning
to help users make quitting plans, calculator to record quitting benefits, calendar to record progress, gamification to facilitate
quitting, information about smoking harms, motivational messages to help users overcome urges, standardized tests for users to
assess their levels of nicotine dependence and lung health, as well as a social platform to encourage social support between users.
The control group had access to a static WeChat page of contacts for standard smoking cessation care. Both groups received
incentive credit payments for participating. The primary outcome was 30-day biochemically verified smoking abstinence at 6
weeks after randomization, with missing data treated as not quitting. Secondary outcomes were other smoking status measures,
reduction of cigarette consumption, study feasibility (recruitment and retention rate), and acceptability of and satisfaction with
the program.

Results: The program recorded 5736 visitors over a 13-day recruitment period. We recruited 80 participants who were randomly
allocated to two arms (n=40 per arm). At 6 weeks, 36 of 40 (90%) intervention participants and 35 of 40 (88%) control participants
provided complete self-reported data on their daily smoking status via WeChat. Biochemically verified smoking abstinence at 6
weeks was determined for 10 of 40 (25%) intervention participants and 2 of 40 (5%) control participants (RR=5, 95% CI 1.2-21.4,
P=.03). In the intervention group, the calculator function, motivational messages, and health tests were underused (less than once
per week per users). Participants rated their satisfaction with the intervention program as 4.56 out of 5.00.

Conclusions: Our program is a novel, accessible, and acceptable smoking cessation intervention for Chinese male smokers. A
future trial with a greater sample size and longer follow-up will identify if it is as effective as these preliminary data suggest.

Trial Registration: ANZCTR registry, ACTRN12618001089224; https://tinyurl.com/y536n7sx

International Registered Report Identifier (IRRID): RR2-18071
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Introduction

Problems With Smoking in China
Nearly 300 million people in China smoke tobacco daily [1],
95% of whom are men [1]. Smoking causes 25% of Chinese
male deaths [2]. However, tobacco control measures are not
well adhered to, and fewer than 8% of Chinese smokers have
ever received any smoking cessation advice [3]. Interest in
smoking cessation is modest (only 38.8% of all current
smokers), and success is rare (10.7% among people who had
ever tried to quit smoking) among Chinese male smokers [4].

Mobile Phone–Based Smoking Cessation Interventions
Mobile phone–based smoking cessation interventions have the
potential to address this problem. A Cochrane review of SMS
messaging trials for smoking cessation found them to be
effective [5]. Apps may also help; in a trial of a behavioral,
decision-aid smartphone app, 23.8% of participants self-reported
3-month continuous smoking abstinence compared with 10.2%
of participants who did not receive access to the decision-aid
app [6].

Smartphone ownership in China is dramatically increasing,
especially in the past 5 years [7], to the point where China now
has the largest smartphone market (>700 million people) in the
world [8]. The largest user group is composed of men aged
25-44 years [9]. Smartphone-based smoking cessation
interventions might be a solution to address the problems of
low awareness and usage of smoking cessation services in
China.

WeChat Usage
WeChat is the most popular social network platform in China.
In 2020, 1.2 billion people were monthly active users of
WeChat. WeChat users are highly engaged with the app; nearly
80% of WeChat users use the app for >30 minutes daily [10].
In 2016, WeChat launched a new feature, “mini-program,” to
deliver messages, collect user data, and respond to user
commands [11]. This makes the WeChat platform more
powerful than ever before.

The WeChat super app is becoming a vital component of health
care in China [12]. In the past 5 years, a number of studies have
attempted to identify the effectiveness and feasibility of
delivering health care interventions through WeChat, such as
self-management of hypertension or type 2 diabetes [13-16].
Some studies have found improvements in users’ health
conditions [15-17]. However, WeChat’s application for smoking
cessation remains untapped. Given the large number of WeChat
users and the high prevalence of smoking in China, WeChat
should be tested to see if it is an appropriate and acceptable
platform to deliver smoking cessation interventions.

Aim
We aimed to evaluate the preliminary effectiveness and
feasibility of SCAMPI, a standalone online smoking cessation
intervention designed, developed, and trialed entirely within
the WeChat ecosystem to reach Chinese men aged 25-44 years
who smoke tobacco.

Methods

Study Design
We used a two-arm, parallel, randomized controlled trial design
to evaluate preliminary effectiveness and acceptability of the
SCAMPI program as well as recruitment and retention for
estimating the sample size of a future definitive trial. All trial
procedures were conducted online via WeChat. Ethical
approvals were granted by The University of Auckland Human
Participants Ethics Committee (Ref. 021649) and Zhejiang
University School of Public Health Research Ethics Committee
(Ref. ZGL201801-2). The trial was prospectively registered
with the ANZCTR registry (ACTRN12618001089224).

Participants
Participants were recruited from China via WeChat
advertisements. People interested in participating were invited
to complete an electronic questionnaire on WeChat. Inclusion
criteria included smokers (daily smokers “smoking any type of
tobacco products on a daily basis” or occasional smokers
“smoking any type of tobacco products occasionally”) aged
25-44 years; access to a smartphone; knowledge of the Chinese
language and WeChat platform; and willingness to participate
and provide follow-up information at scheduled points.
Participants were excluded if they used other types of smoking
cessation interventions, refused to provide follow-up
information, or had a medical condition (eg, mental health
conditions or cognitive issues that prohibit understanding of the
information provided by the program) that could limit their
ability to participate. The first 80 eligible individuals who
completed questionnaires and subscribed to the SCAMPI
Official Account (OA), a social network account used for
messaging and interacting with other subscribers, were
consented, enrolled in the trial, and randomized. We collected
consent via WeChat; then, we asked participants to provide data
on demographics, smoking status, acceptability, and satisfaction
(intervention group only) with the program via online
questionnaires. Participants’ use patterns and engagement with
the program were collected via system records of interaction.

Randomization and Masking
Participants were randomly allocated into intervention and
control groups at a 1:1 ratio using a computer-generated
randomization sequence with variable block sizes of 2 or 4,
provided by the trial statistician (YJ). Participants enrolled
themselves to the trial by providing informed consent,
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completing the registration questionnaire, and subscribing to
the SCAMPI OA. The investigator (JC) assigned participants
to the intervention based on the randomization sequence.

Due to the nature of the intervention, participants were not
masked to the intervention, as they were provided information
about the interventions they would have access to. Participants
were not informed which version of the program they used
—whether it was the intervention of interest or the comparator.
Versions 1 and 2 were used to represent the full and restricted
versions of the SCAMPI program, respectively.

Researchers were not masked to the treatment allocation, and
statistical analyses were not blinded to the treatment allocation.
There are multiple sources used for this trial, and 2 of the
sources are only used to collect data (SCAMPI mini-program
usage data collected via the mini-program server and users’
satisfaction data collected via online questionnaires) from
participants in the intervention group. It is impossible to blind
researchers to the treatment allocation in order to export data
from these sources.

Recruitment
The advertisement and recruitment of the study were completely
online through the WeChat platform. WeChat users who were
interested in quitting smoking and typed keywords like
“smoking,” “stop smoking,” and “smoking cessation support”
would be able to find the SCAMPI OA from WeChat. WeChat
users who subscribed to the SCAMPI OA were asked if they
would like to take part in the trial through automated WeChat
messages. The message was sent in Chinese, translated as
“Would you like to be part of a trial for evaluating the
preliminary efficacy and feasibility of a WeChat-based smoking
cessation program? Use the following link to register as a
participant of the trial!” The Tencent Games Dreaming Plan (a
department of the Interactive Entertainment Group) also posted
the QR code of the SCAMPI OA in their platform to promote
the trial and program. After tapping the link, potential
participants were directed to the registration system and asked
to provide informed consent (see Multimedia Appendix 1).
Participants were expected to provide their consent electronically
by tapping the “agree” button on the web page. Participation
was completely anonymous. Any data related to the participant’s
personal identity were not collected. A simple IP address check
was used to ensure people did not use multiple identities (one
participant participated the study with different WeChat
accounts).

Procedures
After providing informed consent, participants were randomly
allocated to different groups (intervention and control group,
n=40 in each group). Participants randomized to the intervention
group had access for 6 weeks to the full version of the SCAMPI
program, and participants randomized to the control group had

access for 6 weeks to a restricted version of the SCAMPI
program. On completion of the 6-week follow-up assessment,
participants in the control group were offered full access to the
SCAMPI program. All data on program use were recorded until
the end of the trial. All participation and procedures of the trial
were completed online through the WeChat platform, except
participants who reported 30-day continuous smoking abstinence
at the 6-week follow up received a cotinine test kit via courier
to test nicotine levels in their saliva. A link to a courier WeChat
mini-program was sent to this group of participants. Participants
who received the link were asked to provide their address and
recipient details to the courier through WeChat (none of these
data were accessible nor recorded by the research team). Based
on the details, the kits were sent to the participants. Participants
were requested to use the kit as instructed, take a photo or shoot
a short video about how they used the kits and the relevant
results (personal images were not requested), and send the test
results to the SCAMPI OA. All data were collected online via
the WeChat platform. Participants in both groups recorded their
daily cigarette consumption for the week throughout the trial
period. Usage data on the corresponding versions of the
SCAMPI program were recorded on the server of the program.
Participants’baseline data and satisfaction with the intervention
were collected through electronic questionnaires (registration
questionnaire and end-of-trial questionnaire). Compensation
for participation was delivered in a form called WeChat red
packet, a widely used online currency in China and transferrable
through the WeChat platform. Recipients of WeChat red packet
can use it to purchase goods or use services in China. WeChat
red packet was attached to the registration questionnaire,
6-weekly smoking status check-in sessions, and end-of-trial
questionnaire (for the intervention group, this is delivered along
with the last weekly smoking status check-in session) in the
trial. Once participants complete the questionnaires, the WeChat
red packet appears in their account (participants in both groups
receive same value red packets). Participants’ answers to
questionnaires had no impact on the WeChat red packet they
received.

Interventions
Details of the SCAMPI program and its development have been
published elsewhere [18]. In brief, the program was developed
through a 1-month collaborative product development process
involving 20 Chinese male smokers aged 25-44 years recruited
through WeChat. We analyzed their smoking behavior using
the “Capability,” “Opportunity,” “Motivation,” “Behaviour”
(COM-B) model [19], along with relevant reports of the 2015
Chinese Adult Tobacco Use Research [20] and the national
online survey about smoking behaviors of Chinese smokers
[21]. The collaborative product development process identified
a number of behavioral factors affecting the smoking behavior
of the target population, as shown in Textbox 1.
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Textbox 1. Summary of behavioral factors for smoking.

Psychological capability

1. Lack of methods to cope with unwanted emotion

2. Low health literacy of smoking harms and second-hand smoking harms

3. Low health literacy of cessation benefits to self and family

4. Lack of methods to quit smoking

5. Lack of awareness of existing smoking cessation services

Reflective motivation

1. Problematic impression of smoking (eg, smoking is cool)

Automatic motivation

1. Perception of smoking as an emotional coping tool (ie, unwanted emotion triggers smoking behavior)

2. Perception of smoking as an entertainment tool (ie, entertainment, such as playing cards, triggers smoking behavior)

Physical opportunity

1. High probability of being in a triggering environment (eg, gifted with cigarettes, peer smoking)

2. Low cost of tobacco

Social opportunity

1. Using smoking as a social communication tool (eg, peer smoking and sharing cigarettes)

Using the Behaviour Change Wheel framework, interventions
were designed to address the behavioral factors identified. These
interventions adhered to the China Clinical Smoking Cessation
Guideline, were coded as functions in the SCAMPI program
[19,22], and were deliverable by the WeChat platform [23,24]
(see Multimedia Appendix 2). Participants indicated their
preferences for the functions in a WeChat-based smoking
cessation intervention via an online questionnaire. Prototype
iterations and questions were posted on SCAMPI WeChat OA
to solicit participants’ preferences on the user experience and
user interfaces. Participants’comments on the prototype helped
developers to iteratively update the SCAMPI program before
its launch. At the end of the development phase, the 20
participants were invited to rate usability and acceptability by
completing an online questionnaire based on the Mobile App
Rating Scale questionnaire [25]. The online questionnaire was
completed by 16 of the 20 participants, and the average rating
for the SCAMPI program was 4.4 out of 5.0.

The program has the following functions: (1) smoking cessation
planning, (2) calculator to record quitting benefits (eg, money
saved by not smoking), (3) calendar to record progress of
smoking cessation (eg, on which dates did the users not smoke),
(4) gamification to facilitate quitting (eg, ranking board for
users to compete for the longest continuous smoking abstinence),
(5) information about smoking harms and health benefits from
smoking cessation, (6) motivational messages (based on requests
from users) to help users overcome urges, (7) standardized tests
to help users assess their levels of nicotine dependence and lung
health, and (8) social support platform to deliver peer support
between users. Screenshots and QR codes of the SCAMPI
program are provided in Multimedia Appendix 3. At the end of
the trial, all WeChat users had free access to the SCAMPI

program by either using the keywords “smoking/smoking
cessation/SCAMPI” on the WeChat platform or scanning the
SCAMPI program QR codes. The full version of the SCAMPI
program has the aforementioned functions and content. The
restricted version of the program provided the users with contact
information for standard smoking cessation care (eg, Quitline
in China, local smoking cessation clinics). The minimum
frequency of program use is once a week, to provide
participants’daily cigarette smoking status throughout the week.
Prompts and messages (eg, motivational messages to support
users to avoid smoking urges or prompt users to read program
posts about smoking harms) were triggered by requests from
users. The only messages users received were reminders to
provide their smoking status, triggered in the 48 hours after the
date users were requested to provide their daily smoking status
for the week. The reminders were delivered <3 times a day
(once every 8 hours) for 2 days via WeChat. Participants who
did not respond to any of these messages were counted as
dropouts from the trial. There was no specific training session
provided to users. After successfully registering as participants
to the study, participants received a message to introduce the
versions of program they would use in the trial. Since the
program was built natively on the WeChat platform using the
WeChat mini-program design guideline, users were expected
to have no challenges with using the functions of the program.

Outcomes
The primary outcome was biochemically verified past 30-day
smoking abstinence at 6 weeks [25]. Quit failure was defined
as any number of cigarettes smoked in the past 30 consecutive
days. This measure is known as the 10th level of smoking
abstinence in the Chinese Standard for Smoking Cessation [24].
Participants who reported themselves as 30-day smoking
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abstainers at the 6-week follow-up received cotinine test strip
kits by post. These participants were requested to complete the
test at home (using their saliva, with clear instructions provided)
and upload a photo or a short video of the strip test results to
the investigators via WeChat.

Secondary outcomes were cigarette consumption, 7-day
self-reported smoking abstinence at the 4-week and 6-week
follow-ups, self-reported 30-day smoking abstinence at the
6-week follow-up (all measured by online, self-reported data),
retention in the trial, number of times the participants interacted
with their program throughout the trial, and satisfaction ratings
for using SCAMPI as a smoking cessation tool (intervention
group only).

We used 2 electronic questionnaires. The registration
questionnaire asked participants about their demographics,
smoking status, and willingness to quit smoking (see Multimedia
Appendix 4). The registration questionnaire was developed
based on the national online survey about smoking behaviors
of Chinese smokers [20,21]. The end-of-trial questionnaire (see
Multimedia Appendix 5) was developed based on a standard
questionnaire, the Mobile App Rating Scale questionnaire [26].
It focuses on assessing users’ perception of and satisfaction
with the app, software, or mobile program they used. Both
questionnaires were reviewed and commended by experts from
WeChat to ensure its user experience met the Chinese users’
preferences. Usage was measured by the number of times users
visited the program. Participants were encouraged to make
comments by directly sending text or audio messages to the
program if they wished.

Guidelines for Participant Withdrawal
Participants were informed in the participant information sheet
that they were able to withdraw from the trial at any time with
no reasons needed. If a participant reported severe physical or
mental discomfort by using the SCAMPI program, the
investigator (JC) terminated his participation immediately and
referred him to health care professionals. Events were recorded
and reported.

Statistical Analysis
In this pilot trial, we recruited around 15% of the total sample
required for a future adequately powered trial (ie, 80

participants, 40 per group). We estimate a full trial would need
a total of 530 participants (n=265 per group) for 90% power at
5% significance (2-sided) to detect an absolute difference of
10% in the primary outcome between 2 groups, assuming a
control quit rate of 6.7% [4]. The feasibility outcomes (eg,
recruitment, retention, participants’demographics, acceptability)
are reported descriptively. All randomized participants were
included in the final analysis following the intent-to-treat
principle. Missing smoking outcomes were considered as
treatment failure and imputed as not quitting. Baseline
demographics were summarized by randomized group using
descriptive statistics. Primary and secondary outcomes are
presented as mean (SD) for continuous variables and n (%) for
categorical variables. To test the hypothesis of a difference
between the 2 randomized groups after intervention, smoking
outcomes were analyzed using a Chi-square test or the Fisher
exact test when the counts were <5. Both relative risk (RR) and
odds ratio (OR) were estimated with 95% CIs. For continuous
outcomes, we used a 2-sample t test or Wilcoxon non-parametric
test for skewed data. A generalized linear mixed model was
used to analyze daily cigarette consumption reported by the
participants over the 6-week trial period, using Poisson
distribution with a log link. Statistical analysis was performed
using SAS version 9.4 (SAS Institute Inc, Cary, NC). All
statistical tests were 2-sided at a 5% significance level.

Results

Between January 18, 2019, and January 31, 2019, 80 eligible
participants were randomly assigned to the intervention group
(n=40) or control group (n=40), as shown in Figure 1.

The intervention and follow-up period lasted for 42 days, from
January 31, 2019 to March 13, 2019. In the 13-day recruitment
period, 5736 visitors viewed the registration system, 3257 of
whom tried to complete the registration form; 1115 eligible
individuals provided informed consent and completed the
registration forms, among whom the first 80 who completed
the registration questionnaire and subscribed to the SCAMPI
OA were registered in the study. Table 1 shows the baseline
characteristics, smoking status, and quitting reasons of these
participants.
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Figure 1. Flowchart of trial recruitment, enrollment, and randomization.
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Table 1. Baseline characteristics, smoking status, and quitting reasons.

Control group (n=40)Intervention group (n=40)Characteristics

31.4 (5.1)32.4 (6.0)Age (years), mean (SD)

Smoking status, n (%)

38 (95)34 (85)Daily smoker

2 (5)6 (15)Non-daily smoker

Past smoking cessation attempt, n (5)

31 (78)33 (83)Yes

9 (23)7 (18)No

Use of smoking cessation services, n (%)

28 (90)24 (72)Yes

3 (10)9 (27)No

Factors that trigger smoking, n (%)

19 (48)17 (43)Socializing

19 (48)10 (25)At meals

32 (80)26 (65)When feeling down

24 (60)23 (58)When feeling excited

26 (65)17 (43)When nervous and anxious

29 (73)26 (65)When feeling tired

16 (40)13 (33)When involved with entertainment

8 (20)0 (0)When reading or writing

12 (30)9 (23)When working

14 (35)11 (28)When alone

17 (43)10 (25)Drinking alcohol

Reasons to quit smoking, n (%)

21 (53)20 (50)Personal health

28 (70)32 (80)Family health

18 (45)16 (40)Doctor’s advice

17 (43)15 (38)Smoke-free policy in public area

11 (28)4 (10)Social stigma

17 (43)9 (23)Concerned about environment for next generation

Marital status, n (%)

8 (20)9 (23)Single

6 (15)9 (23)In a relationship

26 (65)22 (55)Married

Parenting status, n (%)

23 (58)31 (78)Has a child (or children)

17 (43)9 (23)No child

Demographics
Of the participants, 90% (72/80) were daily smokers. On
average, participants had a strong desire to quit smoking (median
quit smoking willingness score=4.3/5.0, interquartile range
4.1-4.5). In addition, 64 of 80 (80%) participants had tried to
quit smoking, and 52 of 64 participants (81%) reported having

previously used smoking cessation services. Major triggers to
smoking were unwanted emotions like feeling depressed and
feeling tired as well as concerns for personal or family health.

Retention
At 6 weeks, 36 of 40 (90%) intervention participants and 35 of
40 (88%) control participants provided complete self-reported
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data on their daily smoking status via WeChat. For the remaining
9 participants, 7 did not respond, and 2 provided partial smoking
data (both were smokers).

Self-reported 30-day smoking abstinence was then collected
from a total of 73 participants. Of these participants, 20
(intervention n=15, control n=5) self-reported quitting at 6 weeks
and were asked to provide their addresses to receive cotinine
test kits to verify their self-reported data. Of these 20
participants, 17 (85%) provided their addresses, of whom 16
(16/20, 80%, intervention n=13, control n=3) completed the
tests.

Data on biochemically verified 30-day smoking abstinence at
6 weeks (primary outcome) was available for 69 participants

(intervention n= 35, control n=34). Primary analysis included
all 80 participants, with missing outcomes treated as not quitting
(ie, treatment failure).

Primary Outcome
Of the 40 participants in the intervention group, 10 (25%) were
abstinent (biochemically verified) at the 6-week follow-up,
compared with only 2 (5%) of the 40 participants in the control
group (RR=5.0, 95% CI 1.2-21.4; P=.03). The unadjusted OR
was 6.3 (95% CI 1.3-31.1).

Secondary Outcomes
Secondary outcomes are summarized in Tables 2 and 3.

Table 2. Summary of participation and smoking data.

Control group (n=40)Intervention group (n=40)Outcomes

Retention rate, n (%)

35 (88)37 (93)Week 4

35 (88)36 (90)Week 6

61.40 (26.40)81.88 (37.23)Number of times interacting with the SCAMPI program during
week 6, mean (SD)

Cigarettes smoked per day, mean (SD)

7.60 (8.79)3.43 (6.39)Week 4

5.81 (7.72)3.00 (6.02)Week 6

Table 3. Odds ratios for secondary outcomes.

P valueOdds ratio (95% CI)Control group, n (%)Intervention group, n (%)Outcomes

.820.89 (0.36-2.23)26 (65)25 (63)Cigarette consumption reduction at week 6

7-day self-reported smoking abstinence

.0073.46 (1.38-8.69)13 (33)25 (63)Week 4

.072.25 (0.92-5.52)15 (38)23 (58)Week 6

.024.2 (1.35-13.06)5 (13)15 (38)30-day self-reported smoking abstinence at week 6

Engagement
On average, participants in the intervention group had 82
interactions with their assigned program, while participants in
the control group had an average of 61 interactions with their
program over the 6-week trial period.

Smoking Behavior Change
Both groups reduced cigarette consumption over the 6 weeks,
although the average daily consumption was lower in the
intervention group, but the difference was not statistically
significant (RR=0.47, 95% CI 0.16-1.35; P=.16). Compared to
baseline, 25 and 26 participants achieved cigarette consumption
reduction at week 6 in the intervention and control groups,
respectively (unadjusted OR 0.89, 95% CI 0.36-2.23; P=.82).
At the 4-week follow-up, 25 of 40 participants (63%) in the
intervention group and 23 of 40 participants (33%) in the control
group reported 7-day smoking abstinence. At week 6, 23 of 40
participants (58%) in the intervention group and 15 of 40
participants (38%) in the control group achieved 7-day smoking

abstinence (unadjusted OR at 4 weeks=3.46, 95% CI 1.38-8.69;
P=.007; unadjusted OR at 6 weeks=2.25, 95% CI 0.92-5.52;
P=.07). At 6 weeks, 15 of 40 participants (38%) in the
intervention group and 5 of 40 participants (13%) in the control
group reported 30-day smoking abstinence (RR=3.0, 95% CI
1.2-7.5; unadjusted OR=4.2, 95% CI 1.35-13.06; P=.02).

Satisfaction
Overall, 36 of 40 participants (90%) from the intervention group
responded to the end-of-trial questionnaire, rating the SCAMPI
program 4.6 out of 5 (95% CI 4.3-4.8). Almost all of the
responding participants (35/36, 97%) were willing to introduce
SCAMPI to others, 23 of 36 participants (64%) were willing to
pay to use the program, 35 of 36 participants (97%) indicated
they would use the program at least once in the next 12 months,
and 27 of 36 participants (75%) reported that they would use
the program more than 10 times in the next 12 months.
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Discussion

Principal Findings
In this pilot smoking cessation program underpinned by a
theoretical model and empirical evidence [27], Chinese male
smokers aged 25-44 years who used the program achieved
significantly higher 30-day (both self-reported and
biochemically verified) smoking abstinence at the 6-week
follow-up as well as 7-day self-reported smoking abstinence (at
the 4-week and 6-week follow-ups) than those randomized to
the control program. This is the first trial done entirely within
the WeChat ecosystem [28-31]. The potential for efficient
recruitment (3257 visitors within 13 days) supports the use of
this popular social network platform to engage smokers, deliver
interventions, and conduct trials via the same platform.
Significant numbers of participants (n=52) had ever used
smoking cessation services, which may be why the participants
engaged with the registration system after reading the
advertisement on WeChat. The high retention rate in both arms
suggests our strategy of using frequent micro-incentive credits
was effective. The program also achieved remarkably high
satisfaction ratings from its users.

Limitations
There were a number of limitations. As a pilot trial, it was not
powered to detect a significant effect, and the study period (6
weeks) was insufficient to assess long-term (6-month or
12-month) smoking abstinence. However, this pilot trial has
shown that the SCAMPI program is feasible and acceptable as
a smoking cessation tool on WeChat, for the largest social
network user group and smoking population group in China.
The recruitment strategy will be able to recruit a bigger sample
size within a reasonable length of time (approximately 1 month).
The trial design and mode of intervention delivery have shown
the ability to maintain a high retention rate of study participants.
A future randomized control trial is needed with a larger sample
size and 6-month follow-up to evaluate the program’s
effectiveness in supporting long-term smoking cessation. Our
findings may not be generalizable to other people, in China or
elsewhere. Nevertheless, WeChat is widely used by people of
different age groups and in a range of countries [32,33].
However, SCAMPI was developed using a systematic, replicable
method and could be used to tailor mobile social network–based
smoking cessation interventions to different population groups.

Another limitation is that participants were not blinded. This
may lead to type 1 error as participants in the intervention group
may tend to report themselves as smoking- abstinent. However,
unlike most online trials relying on self-reported data,

biochemically verified data was captured. With more resources,
a future trial could use more frequent cotinine testing.

There are a number of concerns with using a social network
platform to deliver health interventions and implement clinical
trials, including reduced experimental control and the risk of
reduced reliability [34-38]. However, these concerns may be
addressed by improving the quality of the digital trial and health
product application. For example, in future trials, more precise
technology could be applied to increase study data validity and
reliability (eg, using the mobile or computer camera to verify
user identities) [39]. On the other hand, there are advantages;
digital trials provide a level of anonymity for people unwilling
to participate in face-to-face research, typically because of
embarrassment and stigma [40-42].

They also overcome logistical barriers for some participants,
such as people with physical disability, transport issues, or
geographic remoteness [43]. Applying social network platforms
to recruit clinical trial participants and deliver trial interventions
can facilitate the inclusion of low-incidence or hidden
populations, such as young adult smokers [44]. Therefore, the
application of a social network platform may reduce the chances
of under-reporting and increase the generalizability of the data
[40-45].

User experience with the SCAMPI program may have been
impacted by the fact that it was embedded within a social
network platform. Users may have been disturbed by WeChat
messages while using the program. However, a new WeChat
feature allows users to temporarily exit from a mini-program
to answer WeChat messages. The SCAMPI program was
designed to be simple and concise; no function was designed
to be used for longer than 1 minute. No session should take >5
minutes of a user’s time. Currently, the program is only able to
collect data on the number of times participants interacted with
the program. It was difficult to measure the duration of each
interaction. Future studies could monitor the duration of
user-program interactions to understand user interaction with
the program to improve user experience.

Implications
The greatest strength of our program and pilot trial was the use
of an existing, widely used social network platform, ensuring
wide reach, efficient recruitment, and frequent engagement.
The preliminary effectiveness and acceptability of the SCAMPI
program is a useful reference point for a larger definitive trial
and to guide the development and deployment of other social
network–based health behavior change interventions. If applied
as a common service on the WeChat platform, it may be
necessary to find nonmonetary incentives to maintain the high
engagement, such as enhanced gamification.
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Abstract

Background: Associations between higher levels of patient engagement and better health outcomes have been found in
face-to-face interventions; studies on such associations with mobile health (mHealth) interventions have been limited and the
results are inconclusive.

Objective: The objective of this study is to investigate the relationship between patient engagement in an mHealth intervention
and depressive symptoms using repeated measures of both patient engagement and patient outcomes at 4 time points.

Methods: Data were drawn from a randomized controlled trial (RCT) of an mHealth intervention aimed at reducing depressive
symptoms among people living with HIV and elevated depressive symptoms. We examined the association between patient
engagement and depressive symptoms in the intervention group (n=150) where participants received an adapted cognitive-behavioral
stress management (CBSM) course and physical activity promotion on their WeChat social media app. Depressive symptoms
were repeatedly measured using the Patient Health Questionnaire (PHQ-9) at baseline and 1 month, 2 months, and 3 months.
Patient engagement was correspondingly measured by the completion rate, frequency of items completed, and time spent on the
program at 1 month, 2 months, and 3 months. Latent growth curve models (LGCMs) were used to explore the relationship between
patient engagement and depressive symptoms at multiple time points in the intervention.
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Results: The mean PHQ-9 scores were 10.2 (SD 4.5), 7.7 (SD 4.8), 6.5 (SD 4.7), and 6.7 (SD 4.1) at baseline, 1 month, 2
months, and 3 months, respectively. The mean completion rates were 50.6% (SD 31.8%), 51.5% (SD 32.2%), and 50.8% (SD
33.7%) at 1, 2, and 3 months, respectively; the average frequencies of items completed were 18.0 (SD 14.6), 32.6 (SD 24.8), and
47.5 (SD 37.2) at 1, 2, and 3 months, respectively, and the mean times spent on the program were 32.7 (SD 66.7), 65.4 (SD 120.8),
and 96.4 (SD 180.4) minutes at 1, 2, and 3 months, respectively. LGCMs showed good model fit and indicated that a higher
completion rate (β at 3 months=–2.184, P=.048) and a greater frequency of items completed (β at 3 months=–0.018, P=.04) were
associated with fewer depressive symptoms at 3 months. Although not significant, similar trends were found in the abovementioned
relationships at 1 and 2 months. There was no significant relationship between time spent on the program and depressive symptoms.

Conclusions: This study revealed a positive association between patient engagement and health outcomes at 3 months of an
mHealth intervention using LGCMs and repeated measures data. The results underscore the importance of improving patient
engagement in mHealth interventions to improve patient-centered health outcomes.

Trial Registration: Chinese Clinical Trial Registry ChiCTR-IPR-17012606; https://tinyurl.com/yxb64mef

International Registered Report Identifier (IRRID): RR2-10.1186/s12889-018-5693-1

(JMIR Mhealth Uhealth 2020;8(10):e20847)   doi:10.2196/20847
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Introduction

Mobile health (mHealth) has increasingly become a promising
tool to deliver treatments for a range of psychosocial disorders
[1-4]. Studies have shown that mHealth interventions are
effective in reducing depressive symptoms among people living
with HIV and elevated depressive symptoms [5-8]. In
comparison with traditional face-to-face interventions, mHealth
interventions have the potential to implement personalized and
cost-effective interventions, provide real-time feedback, and
overcome geographical and logistical barriers [9].

Despite the growing success of mHealth interventions, the
relationship between patient engagement and intervention
outcomes is still unclear. Patient engagement is defined as the
extent to which participants actively interact with intervention
content [10]. In face-to-face randomized controlled trials
(RCTs), patient engagement has been found to be an essential
predictor of intervention outcomes, with higher levels of patient
engagement predicting better health outcomes of participants
[11]. However, such a relationship has not yet been confirmed
in mHealth interventions [12]. Findings regarding patient
engagement and intervention outcomes in mHealth interventions
are mixed. Some studies found a relationship similar to that
observed in face-to-face interventions [13-18], while others
found no significant relationship [19-21].

Understanding the relationship between patient engagement
and health outcomes in mHealth interventions is critical for
developing and implementing effective mHealth programs [12].
In most mHealth studies, patient engagement was only assessed
at a single point in time and changes in patient outcomes were
typically evaluated between pre- and postintervention [21].
There is a lack of examination of dose-response relationships
between patient engagement and treatment outcomes during
the entire course of the interventions. It is unclear whether such
a dose-response relationship exists in mHealth interventions,
and if yes, whether such a relationship occurs early in the
intervention as demonstrated in some face-to-face interventions
[22] or appears later in the intervention. Existing mHealth

studies have varying intervention durations, which may lead to
differential results of the dose-response relationship. For
example, for the same purpose of reducing depressive symptoms
among the general population, one mHealth intervention lasted
4 weeks whereas another was 24 weeks in duration [19,23].
With different lengths of treatment, it might be difficult to
compare the dose-response relationship in these mHealth
interventions, especially when the relationship was only
evaluated pre- and postintervention. More studies are needed
to explore the potentially changing relationship between patient
engagement and health outcomes during the course of mHealth
interventions. Longitudinal analyses with repeated measures of
both patient engagement and treatment outcomes are likely to
improve our understanding of the dose-response relationship
throughout the course of an intervention.

To fill the gaps in the existing literature, this study aimed to
explore the relationship between patient engagement and
depressive symptoms during the 3-month course of an RCT of
an mHealth program for people living with HIV and elevated
depressive symptoms, the Run4Love intervention [24]. We used
3 measures of patient engagement to capture multiple aspects
of this construct in the study, as suggested by a recent systematic
review on adherence reporting in online RCTs [12]. Using 4
time points of outcome measures and the corresponding patient
engagement measures, we examined the levels of and changes
in patient engagement and depressive symptoms at 1, 2, and 3
months and the relationship between patient engagement and
depressive symptoms at 1, 2, and 3 months.

Methods

Study Setting
This study is a secondary analysis of data from the intervention
group of a 3-month RCT (Chinese Clinical Trial Registry
[ChiCTR-IPR-17012606]) that was conducted to examine the
efficacy of a WeChat-based intervention on reducing depressive
symptoms among people living with HIV and elevated
depressive symptoms [8]. WeChat, similar to WhatsApp, is a
widely used social media platform for instant communication
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in China with 1.1 billion active users [25]. Participants were
recruited from the outpatient department of a large hospital
designated for HIV treatment in 2017 in Guangzhou, the third
largest city in China, with a population of more than 13 million
[26]. A total of 300 people living with HIV who had elevated
depressive symptoms (Center for Epidemiological Studies
Depression Scale [CES-D] score ≥16) and used WeChat were
randomized into the intervention or wait-list control group in a
1:1 ratio. The institutional review board of Sun Yat-sen
University approved the intervention protocol, and the detailed
recruitment and randomization procedure were described
elsewhere [24].

Intervention
In addition to routine care, the Run4Love intervention consisted
of two major components, an adapted cognitive-behavioral
stress management (CBSM) course and physical activities
promotion. The adapted CBSM course included content covering
coping skills, muscle relaxation, and meditation tutorials. The
physical activities promotion consisted of information on the
benefits of regular exercise, exercise guidance, and healthy
dietary suggestions. During the 3-month intervention,
multimedia items were delivered to participants to support the
adapted CBSM course and physical activities promotion via
WeChat in the form of short articles, audio recordings, and
posters almost once a day (5 to 6 items per week). Out of 65
items in total, 29 were short articles with an average of 1300
words, requiring about 5 minutes to read; 24 were posters with
motivational messages, requiring about 30 seconds to read; and
12 were audio recordings in Chinese requiring 5 to 10 minutes
to listen to. The WeChat-based Run4Love platform with
extended functions was used to automatically deliver
intervention items and collect real-time data on patient
engagement (eg, time spent on an article, audio recording, or
poster). The intervention design has been detailed elsewhere
[24].

During the intervention, we used several measures to promote
engagement: (1) automatically sending feedback on each
participant’s compliance via WeChat on a weekly basis (eg,
number of items completed and not completed); (2) giving
verbal encouragement and financial incentives (up to US $2)
via WeChat on a weekly basis based on the level of compliance;
and (3) conducting motivational interviews by phone to sustain
participation and help overcome barriers of compliance at 1
week, 1 month, and 2 months after baseline.

Measurement

Depressive Symptoms
Depressive symptoms were assessed by the Chinese version of
the Patient Health Questionnaire (PHQ-9) at baseline, 1 month,
2 months, and 3 months [27]. Compared with the 20-item
measurement of CES-D, PHQ-9 is shorter but has demonstrated
both good reliability and validity in the Chinese populations
[28,29]. The scale consists of 9 items such as “Little interest or
pleasure in doing things” and “Feeling down, depressed, or
hopeless” to measure the depressive status of the participants
over the previous 2 weeks. Each item was rated on a 4-point
Likert scale ranging from 0 (not at all) to 3 (nearly every day),

providing a 0 to 27 total severity score, with higher scores
indicating increased depressive symptoms [30]. A good
reliability of PHQ-9 was shown in the study, and the Cronbach
alphas were .814, .861, .872, and .852 at baseline, 1 month, 2
months, and 3 months, respectively.

Patient Engagement
Three cumulative measures, including completion rate,
frequency of items completed, and time spent on the program,
were used to assess patient engagement in this study.
Completion rate was the ratio of the number of items a patient
completed to the number of items assigned, where the items
that had been clicked were considered completed. Frequency
of items completed was assessed not only by the number of
items read or listened to by the participants, but also by the
number of times the items were repeatedly read or listened to.
Compared with the completion rate, frequency of items
completed captured the repeat aspect of patient engagement.
For example, if the same item was read or listened to twice by
a participant, frequency was counted as 2 and the frequency of
items completed for the participant was the accumulative
frequency for all the items. The time spent on the program was
measured by the overall time a participant spent on the
Run4Love program, including reading or listening to the
delivered items during the course of the intervention. We
repeatedly assessed these 3 measures of patient engagement in
conjunction with measurements of depressive symptoms that
were evaluated at 1, 2, and 3 months after baseline, as has been
recommended in previous studies [31]. Specifically, all 3
measures at 1, 2, and 3 months were used to assess the average
patient engagement from baseline until 1, 2, and 3 months after
baseline.

Baseline Characteristics
Sociodemographic characteristics and HIV-related variables
were collected at baseline including age, gender, sexual
orientation, education, marital status, employment status,
income, and duration of HIV infection (years). Income was
measured by asking the participants whether they had adequate
income to cover their daily expenses (adequate or inadequate).

Statistical Analysis
Descriptive statistics on depressive symptoms, 3 measures of
patient engagement, and baseline characteristics were provided.
Mean and standard deviation were used to describe continuous
variables with normal distribution, median and interquartile
range (IQR) for continuous variables that did not follow a
normal distribution, and frequency and percentage for
categorical variables. Latent growth curve models (LGCMs)
were constructed to examine the time-varying associations
between patient engagement and depressive symptoms using
repeated measure data at 4 time points [32]. Maximum
likelihood estimation with robust standard errors (MLR) was
used to handle missing data and obtain parameter estimates
[32]. Descriptive analyses were conducted in SPSS Statistics
version 20.0 (IBM Corporation), and LGCMs were conducted
in Mplus version 7 (Muthen & Muthen).

The analyses of LGCMs were conducted in two steps [32]. First,
we developed an unconditional LGCM to estimate the growth
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trajectory of depressive symptoms across time. The initial level
of depressive symptoms was represented as the intercept, and
the average rate of change was represented as the slope in the
model. For the intercept factor, all loadings were fixed to 1. For
the slope factor, the first and second loadings were fixed to 0
and 1, and the remaining loadings were freely estimated from
the data to test whether there was a linear or nonlinear growth
trajectory (eg, linear growth pattern: 0, 1, 2, 3; nonlinear growth
pattern: the third and fourth loadings significantly differ from
2 and 3, respectively).

Second, we developed 3 conditional LGCMs to examine the
effects of patient engagement on depressive symptoms based
on the 3 measures of patient engagement. The conditional model
was extended from the unconditional model to incorporate one
measure of patient engagement and related baseline
characteristics as covariates. Since no baseline characteristics
were found to significantly associate with the 3 measures of
patient engagement or the outcome of depressive symptoms in
this study, we included variables such as education, income,
and duration of HIV infection that were associated with
depressive symptoms among people living with HIV in the
literature as control variables in the conditional models [33-35].
Associations between patient engagement and depressive
symptoms were treated as time-varying effects, which were
specified by regressing depressive symptoms (eg, PHQ-9 at 1

month) on the corresponding patient engagement variable (eg,
completion rate at 1 month). Patient engagement, therefore,
could be considered as a time-specific predictor of depressive
symptoms after controlling for the influences of the underlying
growth trajectory of depressive symptoms and baseline
characteristics [32].

Model fit of LGCM was evaluated using chi-square tests and
indices including the standardized root mean of residual
(SRMR), confirmatory fit index (CFI), Tucker-Lewis index
(TLI), and root mean-squared error of approximation (RMSEA).
The criteria used to determine adequate model fit included:
CFI≥0.95, TLI≥0.95, SRMR≤0.08, and RMSEA≤0.08 [36-38].

Results

Baseline Characteristics
As shown in Table 1, the mean age of participants was 28.0
(SD 5.8) years and the average duration of HIV infection was
2.4 (SD 2.3) years. The participants were predominately male
(142/150, 94.7%), nonheterosexual (130/150, 86.7%),
well-educated (98/150, 65.3%, with at least some college
education), single (132/150, 88.0%), employed (123/150,
82.0%), and had adequate income to cover daily expenses
(129/150, 86.0%).

Table 1. Baseline characteristics of people living with HIV and elevated depressive symptoms in the intervention group (n=150).

ValueVariables

28.0 (5.8)Age in years, mean (SD)

Gender, n (%)

142 (94.7)Male

8 (5.3)Female

Sexual orientation, n (%)

20 (13.3)Heterosexual

130 (86.7)Homosexual, bisexual, uncertain

Education, n (%)

52 (34.7)Below or at high school level

98 (65.3)Above high school level

Marital status, n (%)

132 (88.0)Single, divorced, widowed

18 (12.0)Married

Employment status, n (%)

27 (18.0)Unemployed

123 (82.0)Employed

Income, n (%)

129 (86.0)Adequate to cover daily expenses

21 (14.0)Inadequate to cover daily expenses

2.4 (2.3)Duration of HIV infection in years, mean (SD)
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Change in Depressive Symptoms and Patient
Engagement Over Time
Of the participants, 87.3% (131/150), 76.0% (114/150), and
92.0% (138/150) completed the online questionnaire for
depressive symptoms at 1, 2, and 3 months, respectively, after
baseline. Compared with the depressive symptom score at
baseline (PHQ-9: mean 10.2 [SD 4.5]), all follow-up
assessments reported a decrease in depressive symptoms with
mean values of 7.7 (SD 4.8), 6.5 (SD 4.7), and 6.7 (SD 4.1) at
1, 2, and 3 months, respectively (Table 2).

Nearly all participants (149/150) read or listened to at least one
item during the 3-month intervention. A moderate level of

patient engagement was found during the intervention process.
The completion rate remained around 50.0% (33/65) during the
course of the intervention, with a mean of 50.6% (SD 31.8%),
51.5% (SD 32.2%), and 50.8% (SD 33.7%) at 1, 2, and 3
months, respectively. The mean frequency of items completed
was 18.0 (SD 14.6), 32.6 (SD 24.8), and 47.5 (SD 37.2) at 1,
2, and 3 months, respectively. The mean time spent on the
program was 32.7 (SD 66.7), 65.4 (SD 120.8), and 96.4 (SD
180.4) minutes at 1, 2, and 3 months, respectively. When
comparing the mean and median scores in Table 2, we found
that time spent on the program was positively skewed, with
means much larger than the medians at 1, 2, and 3 months.

Table 2. Change in depressive symptoms and patient engagement across the 3-month interventiona.

Variables

3 months2 months1 monthBaseline

Median (IQR)Mean (SD)Median (IQR)Mean (SD)Median (IQR)Mean (SD)Median (IQR)Mean (SD)

7.0 (3.0-9.0)6.7 (4.1)6.0 (3.0-9.0)6.5 (4.7)8.0 (4.0-11.0)7.7 (4.8)10.0 (7.0-13.0)10.2 (4.5)PHQ-9b

47.6 (16.9-85.3)50.8 (33.7)53.0 (20.6-81.7)51.5 (32.2)54.2 (16.7-81.8)50.6 (31.8)——cCompletion
rate (%)

41.0 (11.0-78.3)47.5 (37.2)29.5 (10.0-51.3)32.6 (24.8)17.0 (5.8-26.0)18.0 (14.6)——Frequency of
items com-
pleted

31.3 (6.7-117.2)96.4 (180.4)22.0 (5.3-80.3)65.4 (120.8)9.7 (2.5-42.1)32.7 (66.7)——Time spent
on program
(min)

aFor PHQ-9, the sample sizes were 150, 131, 114, and 138 at baseline, 1 month, 2 months, and 3 months, respectively. For patient engagement, the
sample size remained 150 across the 3-month intervention.
bPHQ-9: Patient Health Questionnaire.
cNot available.

Unconditional Latent Growth Curve Model
Results of the unconditional model indicated that depressive
symptoms decreased during the 3-month intervention, and the
largest reduction occurred at 1 month after baseline. This model
had good model fit (Figure 1). The mean intercept was 10.157
(P<.001), indicating a mean PHQ-9 score of 10.157 at baseline.
The mean slope was –2.336 (P<.001), and the factor loadings
on the slope were 0, 1, 1.565, and 1.425 at baseline, 1 month,
2 months, and 3 months, respectively. These results indicated

a nonlinear pattern of the reduction of depressive symptoms: a
rapid decrease of PHQ-9 score (2.336 points) occurred at the
first month, and then the magnitude of reduction flattened out.
Variances of the intercept and slope were 15.069 (P=.003) and
5.564 (P=.12), indicating significant individual differences in
depressive symptoms at baseline, but no individual differences
in the rates of change over time. Covariance between the
intercept and slope was –4.381 (P=.25), suggesting that the rate
of change in depressive symptoms was independent of its initial
levels (Table 3).
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Figure 1. Unconditional latent growth curve model for depressive symptoms (n=150). Model fit statistic: χ2=7.0, P=.07, degrees of freedom=3;
CFI=0.975, TLI=0.949, SRMR=0.039, RMSEA=0.094. Observed variables were indicated by boxes and latent variables were indicated by ovals.
Unidirectional arrows indicated the effect of one variable on another and bidirectional arrows indicated correlations. The nonsignificant path was
indicated by dotted line. 0: baseline; 1: 1 month after baseline; 2: 2 months after baseline; 3: 3 months after baseline; *P<.05, **P<.001.

Table 3. Parameter estimates for unconditional latent growth curve model for depressive symptoms (n=150).

P valueSEEstimateGrowth parameters

—b0.0000.000Slope0→PHQ-90
a

—0.0001.000Slope1→PHQ-91

<.0010.1961.565Slope2→PHQ-92

<.0010.2251.425Slope3→PHQ-93

<.0010.37010.157Mean intercept

<.0010.411–2.336Mean slope

.0035.10015.069Variance of intercept

.123.6145.564Variance of slope

.253.799–4.381Covariance of intercept and slope

aPHQ-9: Patient Health Questionnaire.
bNot available.

Conditional Latent Growth Curve Models
Three conditional LGCMs were constructed, each using one
measure of patient engagement as a time-varying variable.
Results of the conditional models indicated that higher
completion rate and greater frequency of items completed were

significantly associated with lower depressive symptoms at 3
months, but there was no significant relationship between time
spent on the program and depressive symptoms over the course
of the intervention. All conditional models reported good model
fit (Figures 2-4).
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Figure 2. Conditional latent growth curve model for depressive symptoms with completion rate as the measure of patient engagement (n=150). Model

fit statistic: χ2=13.0, P=.79, degrees of freedom=18; CFI=1.000; TLI=1.000; RMSEA<0.001; SRMR=0.030. Baseline characteristics included education,
income, and duration of HIV infection. Observed variables were indicated by boxes and latent variables were indicated by ovals. Unidirectional arrows
indicated the effect of one variable on another and bidirectional arrows indicated correlations. Nonsignificant paths were indicated by dotted lines. Rate:
completion rate; 0: baseline; 1: 1 month after baseline; 2: 2 months after baseline; 3: 3 months after baseline; *P<.05, **P<.001.

Figure 3. Conditional latent growth curve model for depressive symptoms with frequency of items completed as the measure of patient engagement

(n=150). Model fit statistic: χ2=14.0, P=.73, degrees of freedom=18; CFI=1.000; TLI=1.000; RMSEA<0.001; SRMR=0.028. Baseline characteristics
included education, income, and duration of HIV infection. Observed variables were indicated by boxes and latent variables were indicated by ovals.
Unidirectional arrows indicated the effect of one variable on another and bidirectional arrows indicated correlations. Nonsignificant paths were indicated
by dotted lines. Frequency: frequency of items completed; 0: baseline; 1: 1 month after baseline; 2: 2 months after baseline; 3: 3 months after baseline;
*P<.05, **P<.001.
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Figure 4. Conditional latent growth curve model for depressive symptoms with the time spent on the program as the measure of patient engagement

(n=150). Model fit statistic: χ2=19.6, P=.36, degrees of freedom=18; CFI=0.993; TLI=0.988; RMSEA=0.024; SRMR=0.025. Baseline characteristics
included education, income, and duration of HIV infection. Observed variables were indicated by boxes and latent variables were indicated by ovals.
Unidirectional arrows indicated the effect of one variable on another and bidirectional arrows indicated correlations. Nonsignificant paths were indicated
by dotted lines. Time: time spent on the program; 0: baseline; 1: 1 month after baseline; 2: 2 months after baseline; 3: 3 months after baseline; *P<.05,
**P<.001.

Based on the literature, baseline characteristics of education,
income to cover daily expenses, and duration of HIV infection
were included as control variables. As shown in Table 4,
education and duration of HIV infection did not have significant
effect either on the initial levels (intercept) or the rate of change
(slope) of depressive symptoms in all conditional models.
Income had a significant effect on the intercept in all conditional
models, suggesting that participants with adequate income to
cover daily expenses had a lower level of depressive symptoms
at baseline. The time-varying variable, patient engagement, had
a significant effect on depressive symptoms at 3 months after
baseline (completion rate: β3=–2.184, P=.048; frequency of
items completed: β3=–0.018, P=.04), whereas the effect of

patient engagement, regardless of the measurement, was not
significant on depressive symptoms at 1 or 2 months.
Specifically, participants who had higher completion rates or
greater frequency of items completed were more likely to report
fewer depressive symptoms at 3 months after controlling for
the underlying growth trajectory of depressive symptoms and
baseline characteristics. By contrast, the time spent on the
program was not significantly associated with depressive
symptoms throughout the intervention process (β1=0.004,
P=.29; β2=–0.001, P=.74; β3=–0.002, P=.16), suggesting that
the amount of time patients spent on the intervention program
was not related to the changes in depressive symptoms.
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Table 4. Parameter estimates for the three conditional latent growth curve models (n=150).

Time spent on program,
estimate (SE)

Frequency of items completed,
estimate (SE)

Completion rate,
estimate (SE)

Covariate parameters

Baseline characteristics

–0.909 (0.843)–0.914 (0.849)–0.893 (0.858)Education→intercept

–2.309b (1.169)–2.306b (1.175)–2.329b (1.179)Income→intercept

0.061 (0.156)0.058 (0.157)0.064 (0.165)Duration of HIV infection→intercept

–0.239 (0.628)–0.274 (0.632)–0.257 (0.650)Education→slope

1.399 (0.898)1.298 (0.899)1.382 (0.860)Income→slope

0.092 (0.139)0.116 (0.147)0.103 (0.155)Duration of HIV infection→slope

Measures of patient engagement

0.004 (0.004)–0.025 (0.019)–1.221 (0.881)Engagement1→PHQ-91
a

0.001 (0.002)–0.026 (0.014)–1.813 (1.158)Engagement2→PHQ-92

–0.002 (–0.082)–0.018b (0.009)–2.184b (0.945)Engagement3→PHQ-93

aPHQ-9: Patient Health Questionnaire.
bP<.05.

Discussion

Principal Findings
This study was among the first to explore dose-response
relationship between patient engagement and depressive
symptoms in a social media–based mHealth intervention among
people living with HIV using longitudinal data. Three measures
of patient engagement were used to assess different aspects of
the construct. By investigating the time-varying relationship
between patient engagement and health outcomes, our study
provided a better understanding of the dose-response relationship
in mHealth interventions and the time of occurrence of this
association. Results of LGCMs revealed that two measures of
patient engagement, completion rate and frequency of items
completed, were significantly associated with reduced depressive
symptoms, and these relationships occurred at 3 months of the
intervention but not at 1 or 2 months. However, time spent on
the program was not significantly related to depressive
symptoms throughout the intervention.

First and foremost, this study provides new evidence on the
dose-response relationship in mHealth interventions as the
literature in this regard was limited and inconclusive [39].
Potential reasons for the ambivalent relationship in previous
mHealth intervention studies could include inadequate research
design or implementation, inadequate intervention durations
for significant treatment effect, low levels of patient
engagement, high dropout rate, and/or inappropriate or
inadequate measurements of patient engagement or data analysis
methods [12,20,39]. This study, however, shows that an
evidence-based mHealth intervention with rigorous design and
implementation could produce significant treatment effects, in
particular, for participants with better engagement.

Our data suggests that the significant relationship of patient
engagement and health outcomes did not occur early (1 or 2
months) in the intervention, but only at 3 months. Few studies

have explored the dose-response relationship across the span
of an intervention, especially in mHealth programs. To our
knowledge, only one mHealth study intended to explore the
patient engagement–outcome relationship using multiple
measures of patient engagement [13]. However, the web-based
iCBT intervention conducted in a community setting in Dublin,
Ireland, in 2014 only measured pre- and postintervention
depressive symptoms [13]. The methodology of
repeated-measures analysis of variance used in the study could
only reveal that patients with significant improvement in
depressive symptoms had higher levels of patient engagement
during the 8-week intervention [13]. Although the study further
found that patients tended to engage in the online program more
in the first half of the program (1 to 4 weeks) than in the latter
half (5 to 8 weeks) [13], the design and findings of the study
could not identify when the linkage between patient engagement
and outcome occurred during the course of the intervention.

Compared with mHealth interventions, face-to-face studies have
focused more on the relationship between patient engagement
and health outcomes. One face-to-face intervention investigated
the dose-response relationship in the first 5 weeks of the
intervention using both weekly engagement measures and
depressive symptoms outcomes among people with major
depressive disorder [22]. However, the study used repeated
measures regression analysis that could only conclude that there
was a significant dose-response relationship during the 5-week
intervention but not in which week(s) the relationship started
to appear. Another face-to-face study conducted among patients
with diabetes in Netherlands investigated the dose-response
relationship between patient engagement and depressive
symptoms during an 8-week intervention [40]. Patient
engagement and depressive symptoms were repeatedly measured
at 2, 4, and 8 weeks [40]. Although the study used multilevel
analysis that was able to identify both the dose-response
relationship and timing of the occurrence of any relationship,
the study did not find a dose-response relationship in any of the
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time points [40]. One potential explanation for the nonsignificant
dose-response relationship might be that individuals with chronic
diseases and depressive symptoms need a longer time of
exposure to an intervention to obtain the beneficial outcomes.
Likewise, our study did not find a dose-response relationship
at 1 or 2 months of the intervention but only at 3 months of the
intervention among people living with HIV and depressive
symptoms. Such a relationship among individuals with chronic
diseases and psychological disorders needs to be further
explored in future studies. Although the nonsignificant
dose-response relationship at 1 or 2 months seemed to be
contradictory to the finding that most reduction of depressive
symptoms occurred at 1 month, reasons for the reduction of
depressive symptoms could be many. Besides patient
engagement, other factors such as social support might also
play a role in the reduction of depressive symptoms. For
example, several phone calls made by research staff to motivate
participants to continue the intervention at 1 week and 1 and 2
months after baseline may provide social support needed by
people living with HIV and elevated depressive symptoms.

Identifying the time point of effective dose-response relationship
between patient engagement and treatment outcomes is critical
for optimizing the design, pace, and duration of interventions.
Unnecessarily lengthy interventions waste resources and lead
to high dropout rates [41], whereas interventions with inadequate
duration may not generate intended outcomes [42]. Repeatedly
examining the relationship between patient engagement and
health outcomes allows us to identify the optimal time for
intervention. This study demonstrates such measurement in an
mHealth intervention.

In addition to identifying the timing of occurrence of the
dose-relationship in the intervention, this study also found the
differential relationships between different measures of patient
engagement and health outcomes. Compared with face-to-face
interventions, mHealth interventions have more measurement
tools to capture different aspects of patient engagement [12].
These different measurements may not have similar impacts on
patient outcomes and may explain the conflicting results
regarding the dose-response relationships in mHealth
interventions [12].

In this study, participants with higher completion rates reported
fewer depressive symptoms at 3 months. On average,
participants completed 50.8% (33/65) of the program items (ie,
short articles, audio recordings, and posters) at 3 months, which
was similar to the completion rates reported in other online
interventions for depressive symptoms [10,13]. A recent
meta-analysis found a significant association between higher
completion rates and reduced depressive symptoms in online
programs [43]. However, some more recent internet-based RCTs
did not find such a relationship [19,20]. One potential reason
for the nonsignificant relationship was low levels of patient
engagement in these mHealth interventions [10]. Therefore,
adherence to the program needs to be underscored in mHealth
interventions, especially considering that most of the existing
mHealth interventions have relatively low completion rates
[10,13].

Frequency of items completed was another patient engagement
measure we used in the study, and it was also positively
associated with patients’ outcomes. Such a measure of patient
engagement has rarely been reported in the existing mHealth
interventions. At 3 months of the intervention, participants had
read or listened to the items 47.5 times on average. As the
average number of items completed by participants was 33,
each item was repeatedly read or listened to for approximately
1.5 times (47.5/33). This measure captured an important aspect
of patient engagement as it reflected to what extent participants
were willing to repeatedly engage with the intervention items.
Based on this frequency data, we subsequently chose items that
had been most read or listened to and re-sent these items to the
patients in a booster session 3 months after the intervention [8].
In a separate study, we found a continued intervention effect
with further reductions of patients’ depressive symptoms at 3
and 6 months after the intervention [8].

In contrast, the third patient engagement measure, time spent
on the program, was found not to relate to the reduced
depressive symptoms, which was consistent with previous
studies [21,44]. Time spent on the program may not reflect the
actual levels of patient engagement as it is likely to be influenced
by a variety of factors such as reading speed, cognitive capacity,
and familiarity with the program [39]. Participants might keep
the program on without actively engaging. For example, patients
might fall asleep when listening to a relaxation audio recording;
yet time stayed on the page was still counted as time spent on
the program. In this study, there was a noticeable difference
(31.3 vs 96.7 minutes) between the median and mean time spent
on the platform at 3 months of the intervention, indicating a
positively skewed distribution of patients’ time spent online,
suggesting few patients spent extra-long time on the platform.
Future interventions should incorporate a time-out function to
better capture the actual patient engagement.

Limitations
Several limitations in this study should be noted. First, although
the sample was drawn from a large hospital designated for HIV
treatment in Guangzhou with more than 10,000 HIV seropositive
patients on treatment, participants were mostly from an urban
setting and the majority of them were nonheterosexual young
men. Thus, the generalizability of the findings to other people
living with HIV or other populations may be limited. Second,
although depressive symptoms are the major outcome in this
study, more types of outcome measures such as other
psychological indicators (eg, anxiety) and/or biomarkers (eg,
hair or salivary cortisol concentration) can be incorporated in
future studies to provide further evidence on dose-response
relationship between patient engagement and intervention
outcomes. Third, while measures of patient engagement were
collected objectively through the Run4Love platform, depressive
symptoms were self-reported and might suffer from social
desirability and recall bias. Fourth, there might be measurement
biases in assessing patient engagement. For example, when
clicked, a material was readily considered as completed.
Nevertheless, this definition of completion was widely used in
mHealth interventions, and the relevant patient engagement
measures served as reliable and efficient metrics to assess
dose-response relationship [12]. Additionally, time spent on the
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program might not capture the real patient engagement as it was
not able to differentiate between active and inactive engagement
and time on distraction or interruption could not be measured.
Finally, we did not differentiate patient engagement in different
formats of the intervention items (ie, short articles, audio
recordings, and posters) nor did we examine the relationship
between the content of the Run4Love intervention and patient
engagement in this study, as it goes beyond the purposes of this
study. We call for future research to further explore the
relationships between patient engagement and the content of
the intervention as well as the potential differences in patient
engagement by different types of multimedia items in mHealth
interventions.

Implications
This study indicated that higher completion rate or greater
frequency of accessing items in an mHealth intervention
contributed to reduced depressive symptoms among people
living with HIV and elevated depressive symptoms at 3 months
in the intervention. Given the observed positive impact of patient
engagement on intervention outcomes, adherence to mHealth
interventions should be evaluated and strengthened as a critical

and integral strategy to improve treatment effects. Approaches
for promoting patient engagement include enhancing patients’
initial motivation in program participation, education on the
importance of active participation, frequent and effective
reminders, financial and verbal incentives, and engaging patients
in goal setting (eg, physical activities) [45-47]. Future studies
with repeated assessments of patient engagement and outcomes
throughout the intervention process have the potential to analyze
the time-varying dose-response relationship. Such studies would
optimize the intervention duration and maximize intervention
outcomes through improving the design and implementation of
mHealth interventions.

Conclusion
In conclusion, this study revealed a positive association between
patient engagement and reduction in depressive symptoms at 3
months of an mHealth intervention using latent growth curve
models and repeated measure data from 4 time points. The
results underscore the importance of enhancing patient
engagement in mHealth interventions to improve health
outcomes of the participants.
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IQR: interquartile range
LGCM: latent growth curve model
mHealth: mobile Health
MLR: maximum likelihood estimation with robust standard error
PHQ-9: Patient Health Questionnaire
RCT: randomized controlled trial
RMSEA: root mean-squared error of approximation
SRMR: standardized root mean of residual
TLI: Tucker-Lewis index
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Abstract

Background: In Thailand, children born in government hospitals receive a maternal and child health handbook (MCHH).
However, when a new MCHH edition is released, those with the previous editions do not have access to the updated information.
A mobile app is an appealing platform to fill this gap. We developed a mobile app called “KhunLook” as an interactive electronic
MCHH intended to assist parents in child health supervision.

Objective: This study describes the user requirements and development of the KhunLook mobile app, validity of parents’growth
assessments, and parents’ evaluation of feasibility and acceptability of the app.

Methods: Phase 1 was a qualitative study using individual interviews. The interview data were used to revise the prototype. In
phase 2, parents were randomly assigned to assess their children’s growth with the app or the MCHH. The outcomes were
compared to those of the physician’s assessment, and congruence was determined. In phase 3, parents evaluated the feasibility
and acceptability of the app in comparison to the MCHH through a web-based survey.

Results: Four health care providers and 8 parents participated in phase 1. Two themes were identified: (1) the mobile app
potentially counters parents’ infrequent use of the MCHH with accuracy, attractiveness, convenience, and simplicity, and (2)
health supervision needs to be standard, up-to-date, and understandable. KhunLook was publicly launched with a family page
and 7 key features: growth and nutrition, development, immunizations, oral health, reminders for the next appointment, memories,
and health advice. In phase 2, 56 parents participated in the growth parameter assessments; 34 were in the App group and 22 in
the MCHH group. The outcomes of the growth parameter assessments between parents and physicians in both the App and MCHH
groups were not significantly different. The congruence proportions were higher in the App group for weight and head
circumference, but the differences were not statistically significant. In phase 3, 356 parents from all over Thailand participated
in a web-based survey. Parents rated the app feasibility as “very easy to easy” to use at higher proportions than the MCHH in all
health assessment domains (growth, development, and immunizations) and ease-of-use domains with statistical significance
(P<.001). The KhunLook app received a significantly higher mean score (8.59/10) than the MCHH (7.6/10) (P<.001). Most
parents (317/356, 89.0%) preferred the app over MCHH. Further, 93.5% (333/356) of the parents stated that they would continue
to use the app and 96.9% (345/356) would recommend others to use it.

Conclusions: KhunLook, a Thai mobile app for child health supervision, was developed, validated for growth assessments, and
was well accepted for ease-of-use by parents. Further studies should be conducted with a large scale of users, and the impact of
this app on health behaviors and health outcomes must be evaluated.

(JMIR Mhealth Uhealth 2020;8(10):e15116)   doi:10.2196/15116
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Introduction

Child health supervision is critical to the development of the
child, family, community, and the future of populations. Periodic
well-child visits foster strong relationships between the health
care provider and the child and family, enabling provisioning
of preventive measures such as appropriate surveillance,
screening, anticipatory guidance, counseling, and immunizations
[1,2]. For children, parents and primary caregivers are
fundamental for the early detection of abnormalities as well as
promotion of life-long practices that support their health.
“Parents” in this paper refer to all primary caregivers. In
Thailand, the maternal and child health handbook (MCHH) is
the medium to facilitate preventive health care communication
between parents and the child’s health care provider [3-5].

The MCHH was developed and provided to pregnant women
at antenatal visits and for children who were born in government
hospitals since 1985 [3]. It provides relevant information and
serves as the standard hard copy of personal prenatal, natal,
postnatal, and child health supervision record for children up
to 6 years of age [3]. Only a minority of the children will use a
similar book provided by hospitals in private sectors. However,
health records from different sectors (ie, government hospitals,
private hospitals, or clinics) are not integrated. Often, the MCHH
serves as the sole continuous health supervision record.

While the MCHH is widely used and well-accepted, several
studies have identified its shortcomings. The MCHH is revised
intermittently to include up-to-date growth curve standards,
relevant information, and changes in the country’s expanded
immunization program [3]. However, parents who received
previous editions do not have access to updated information,
which could potentially cause conflicting messages. The MCHH
has growth curves with instructions for parents to keep track of
their child’s growth. Although this is practical for monitoring
the health status, this part is seldomly used [3,6]. Health care
providers and parents have voiced the difficulty and confusion
in plotting growth curves [7-9]. Studies suggest the MCHH
could be improved by including more detailed and graphical
information and that it should be made from more durable
material [3,10]. Printed books also carry substantial publishing
and distribution costs. For the best care, parents must remember
to bring the MCHH to well-child visits. Lastly, the book can be
lost because of personal chaos or natural disasters. To this end,

mobile health (mHealth) technology can be used to overcome
the disadvantages of MCHH.

mHealth technology is defined as “medical and public health
practice supported by mobile devices,” which includes
delivering health care services and useful information to patients,
family members, and health care providers through the use of
mobile devices and communication [11]. Internet and mobile
phone usage have proliferated in Thailand. The use of
smartphones in Thailand increased from 26.4% in 2014 to 37.9%
in 2015 and 72.3% in 2017 [11-13]. Mobile apps are
conveniently distributed and downloadable to the smartphone.
Parents are active users of apps. Studies have shown that parents
find information on apps to support them on child health and
parenting issues [14].

A mobile app is an appealing platform for the development of
an interactive electronic MCHH because it addresses many of
the printed book’s disadvantages [15]. Growth parameters can
be automatically plotted, and percentiles can be computed and
initially interpreted. Developmental milestones and
immunization records can be tracked and assessed. Loss of
information can be prevented through data backups. Moreover,
updates in health supervision can be automatically incorporated
through the app.

In this study, we developed and evaluated an interactive
electronic MCHH mobile app called “KhunLook,” which
translates to “my dear child” to assist Thai parents and health
care providers with child health supervision. The validity of the
growth assessments and user acceptability were also examined.

Methods

Overview
This study was approved by the Khon Kaen University Ethics
Committee for Human Research. This study consisted of 3
phases: (1) phase 1, understanding user requirements and
development of the KhunLook mobile app, conducted during
2013-2015, (2) phase 2, validation of the growth assessment
study, conducted in 2015, and (3) phase 3, parent evaluation of
the feasibility and acceptability of the KhunLook app, conducted
during 2017 (Figure 1). Phases 1 and 2 were conducted at the
Faculty of Medicine, Khon Kaen University, Thailand, and
phase 3 was conducted through a web-based survey platform.
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Figure 1. An overview of the methodology of the study. MCHH: maternal and child health handbook.

Recruitment
Posters were used to publicize the study. Participation in the
study was voluntary. Confidentiality was assured and written
or electronic consent was obtained.

Phase 1: User Requirements and Development of the
KhunLook Mobile App

App Prototype
A mobile app wireframe prototype was developed based on the
major requirements from a brainstorm meeting with
pediatricians, dentists, and app developers (n=12). The app
prototype had sections pertinent to child health supervision,
including a family page, birth history, growth, development,

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e15116 | p.321http://mhealth.jmir.org/2020/10/e15116/
(page number not for citation purposes)

Areemit et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


immunizations, oral care, reminders for the next visit
appointment, memories, and health advice. A panel of experts
in pediatric subspecialties related to each content domain
selected evidence-based and culturally appropriate content that
is in accordance with the latest standards and written in a brief
and comprehensible manner. The content was cross-checked
for content appropriateness and understandability by 2 other
subspecialists who were nationally recognized in their field,
and adjustments were made until consensus was reached. The
content was then incorporated into the app.

User Requirements
The objective was to understand user requirements in order to
maximize the benefits and usage of the mobile app. The phase
1 study design was as follows. We used a qualitative design to
explore participants’perspectives by asking the question, “What
are your perspectives of using a mobile app in lieu of the hard
copy of MCHH?” The participants were then provided with the
prototype on a tablet. They were encouraged to use and explore
the prototype by themselves and then provide comments. The
interviews were conducted by a trained research assistant who
was not involved in the development of the app. An investigator
(KS) and 2 trained research assistants who were the mobile app
developers observed the process, took field notes, and assisted
the participants as requested. The participants were then asked
the next question, “What are your comments and additional
requirements for the app?”

Sampling
We used purposive sampling—a nonprobability selection of
participants—based on our criteria of interest for richness of
data. We targeted health care professionals who worked with
children and parents with children under the age of 6 years, who
use smartphones and an MCHH, to obtain a wide range of
perspectives [16].

Data Collection
We used individual in-depth interviews and field notes to collect
data. Interviews were audio-recorded and transcribed verbatim,
except for personal identifiers, which were removed [16]. The
average health care provider interview lasted for 37.5 minutes
and the average parent interview lasted for 38.8 minutes. In
total, we had 7.2 hours of interview data and field notes that
were analyzed.

Data Analysis
Data collection and analysis occurred concurrently. Researchers
RA and KS read the initial 3 transcripts to develop the codes
and coding categories. Codes and coding categories were
discussed, compared, and clarified for the development of the
initial coding schemes. After reaching consensus on the coding
scheme, further transcripts were analyzed individually, followed

by team discussions and consensus. Data collection continued
until further themes failed to emerge. The last interview did not
introduce new concepts, suggesting that theoretical saturation
was achieved. After the transcripts were coded, related codes
were grouped into categories and used to generate key themes.
Themes and their relationships were discussed and linked to
construct an understanding and address the research questions.
An updated version of the KhunLook mobile app based on phase
1 input was publicly launched and made available for users to
download without charge in January 2015.

Phase 2: Validity of the Growth Assessment Study
The objectives of the phase 2 of the study were as follows: (1)
to evaluate the congruence of the child growth assessments
between parents and physicians and (2) to compare the
proportion of congruence of parent and physician child growth
assessments between the App group and the MCHH group.

Study Design
Although KhunLook has many health assessment domains as
shown in Figure 2 and Figure 3, we used only the growth
assessment in our phase 2 study because growth assessment is
an objective, important, and practical way to monitor a child’s
health. We selectively focused on this parameter to investigate
whether parents could use and understand the outcomes of their
child’s growth assessment. Moreover, with correct usage of the
same growth curves, parent and physician growth assessments
should yield the same outcomes, but with typical use, outcomes
may differ. We investigated the effectiveness of the app in
assisting parents in the early detection of abnormalities in their
child’s growth parameters. In this quasi-experimental study
design, children’s growth parameters were measured by health
care providers in well-child clinics, and the parameters were
provided to parents. A convenient group of parents was recruited
and randomly assigned to 2 groups: the “App group” used the
KhunLook app and the “MCHH group” used the MCHH to
assess their child’s growth. The App group had no other
guidance other than assistance with loading the app. Parents
who own an MCHH are familiar with the handbook, and
theoretically, app users should intuitively be able to use an
engaging well-designed app without extra training [17]. The
KhunLook app version 1.6 for the iPhone operating system or
version 1.23 for the Android operating system, which had
equivalent functionality, were used. Physicians assessed the
child’s growth and provided standard child health supervision
care by using the same growth chart standards. Physicians were
blinded to each group. They did not use the app and they were
not part of the app development team. The inclusion criteria of
the parents of children under the age of 6 years were as follows:
(1) own an MCHH and (2) use a smartphone/tablet with the
iPhone or Android operating system.
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Figure 2. Demonstrative screenshots of the KhunLook app.

Data Collection
We used a questionnaire to collect the baseline characteristics
and outcomes of growth assessment by parents and physicians.
Growth parameters that were assessed included weight for age,
height for age, and head circumference.

Data Analysis
Growth parameters were categorized into 3 categories: below
normal, normal, and above normal. Growth parameters were
considered normal when they were between the 3rd and 97th
percentile for age and sex, which was the reference provided in
the app and MCHH [18]. Parents’ assessments that matched the
physician’s assessment were considered congruent. For
demographics, two-sided t test and chi-square test were used,
when appropriate. The Stuart-Maxwell test for homogeneity
was used to determine the agreement of the child growth
assessments between parents and physicians. The chi-square
test was used to determine the differences between the
proportions of parent-physician agreement of child growth
assessments between the App group and the MCHH group. The
STATA Statistical Software (Release 14. College Station, TX:
StataCorp LP) was used for the statistical calculations.

Phase 3: Parents’ Evaluation of the Feasibility and
Acceptability of the KhunLook App
The phase 3 objective was to assess parents’ evaluations of the
KhunLook app in terms of feasibility and acceptability.

Study Design
For a wider range of user evaluations, a web-based survey was
used to collect the parents’ evaluations of the KhunLook app
and the MCHH in comparable sections in terms of feasibility
and acceptability. The survey was launched in July 2017. The
inclusion criteria of the parents of children under the age of 6
years were as follows: (1) own an MCHH and (2) used the
KhunLook app within the past month.

Data Collection
We used a web-based questionnaire to collect information on
the baseline characteristics, feasibility, and acceptability of the
app and MCHH. For feasibility, parents rated the ease of using
the app compared to the MCHH on 5 health assessment domains
and 6 ease-of-use domains on a 4-rank rating scale (very easy,
easy, difficult, and very difficult). For acceptability, parents
were asked to provide an overall score from 0 to 10 (0=least
acceptable, 10=most acceptable) for the app and MCHH; they
were asked to choose the preferred method, if they would
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continue to use the app, and if they would advise others to use
the app.

Data Analysis
For feasibility, the first 2 ratings were grouped as “very easy to
easy” and the last 2 were grouped as “difficult to very difficult,”
and then, the proportions were calculated. We used McNemar
test for change to compare the feasibility ratings between the
mobile app and MCHH. For acceptability, a paired two-sided
t test was used to compare the scores between the KhunLook
app and MCHH. The STATA Statistical Software was used for
the statistical calculations.

Results

Phase 1: User Requirements and Development of the
KhunLook Mobile App

User Requirements
Four health care providers and 8 parents participated in this
phase. Half of the health care providers were women with a

mean (SD) age of 49 (19) years (range, 36-76 years) and 50%
(2/4) had practice experiences of more than 15 years. Three
providers were pediatricians and one was a dentist. All of the
parents were mothers with mean (SD) age of 32 (2.7) years
(range, 30-36 years), and regarding their levels of education,
75% (6/8) had a doctorate degree and 25% (2/8) had a bachelor’s
degree; 88% (7/8) of the mothers had a monthly income of more
than 15,000 Baht per month. Five mothers had 2 children, while
3 had 1 child. The mean (SD) age of their children was 3.6 (2.3)
years (range 0.9-6 years). Five mothers used iPhones and 3 used
Android smartphones. One mother had previously used mobile
apps to track her child’s health. From the qualitative data
analysis, we identified 2 major themes that were raised by the
participants and relevant to our research questions. These themes
are discussed in greater detail along with the representative
quotes below (Table 1).

Table 1. Themes and the illustrative quotes.

Illustrative quoteTheme

…I don't know how many parents even open the MCHH. Most of them don't. They tell me it's for
the doctor to read even when previous versions have included a section for parents to record.
The MCHH changes from year to year and parents sometime forget to bring it to health supervi-
sion visits. Some lose them in floods. An app could easily and accurately help them check if their
numbers (child’s growth parameters) are normal, and it should provide brief information for
further actions. [Quote 1, Health care provider 2]

…When I had my first child, I always read the MCHH and plotted his growth parameters. As
for my second child, I just used the MCHH to record vaccines. I rely on the doctors for immu-
nization appointments. I never recorded immunizations either; the doctor does that. I don’t really
record things in the MCHH book. I bring it along for health supervision visits, not sick visits. If
there were an app on my mobile, it would make things more convenient. [Quote 2, Parent 1]

…This is great! But does it need to be constantly connected to the internet? Because not many
people will pay for the charge, parents in remote areas won’t. [Quote 3, Parent 2]

The mobile app potentially counters parents’ infre-

quent use of the MCHHa with accuracy, attractive-
ness, convenience, and simplicity.

…For child health supervision, the app needs to have sections about growth, vaccination, devel-
opment, which are standard and up-to-date. Once guidelines or standards change, they should
be reflected in the app. The MCHH cannot do this. The parameters should be corrected for pre-
mature babies. [Quote 4, Health care provider 3]

I don’t think the parents understand what the Bacillus Calmette-Guérin vaccine is; it needs to
be explained in Thai briefly. I think all vaccinations should be presented by age; that makes it
easier for parents. [Quote 5, Health care provider 4]

…I would use it for growth and development assessment; it should tell the parent what to do if
their child has abnormal development, like go see the doctor or the kind of stimulation that is
needed, and it should use a corrected age for preterm babies. I’ve searched for apps that could
do this but have not yet found any that are free of charge. [Quote 6, Parent 3]

...This app is very complete, organized, and easy to use. I can automatically assess my child’s
growth, development, vaccines. The information comes from a reliable source and it even has a
journal where I can add pictures. I would definitely use this app. [Quote 7, Parent 4]

Health supervision needs to be standard, up-to-date,
and understandable.

aMCHH: maternal and child health handbook.

Theme 1: Health care providers and parents expressed that
mobile apps are potentially useful by countering the infrequent
usage of the MCHH and by helping caregivers to understand
their child’s health. The downside would be the need for internet
connectivity.

Theme 2: Health care providers and parents expressed the need
for standard and up-to-date information that is in Thai language.

KhunLook Mobile App
The updated version of the KhunLook mobile app based on
phase 1 input contains a family page and 7 key features: growth
and nutrition, development, immunizations, oral health,
reminders for the next visit appointment, memories, and health
advice. Demonstrative screenshots are shown in Figure 2 and
Figure 3. For assessments of growth, development and
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immunizations, parents are required to input data for the app to record and automatically calculate, interpret, and display.

Figure 3. Demonstrative screenshots of the KhunLook app.

Growth standards were based on the Thai national growth
reference [18], and growth parameters were assessed in relation
to sex and chronological age for term infants (born at gestational
age≥37 weeks) and in relation to corrected age (up to gestational
age of 40 weeks) until 2 years of age for preterm infants born
at gestational age <37 weeks. Assessment of development was
based on the Royal College of Pediatricians of Thailand’s child
developmental milestone reference [19]. Immunization status
was assessed based on the Ministry of Public Health and the
Pediatric Infectious Disease Society of Thailand’s immunization
schedule standard [20,21]. Health advice was based on the
Ministry of Public Health and the Royal College of Pediatricians
of Thailand child health supervision guidelines [22]. After
installation, the app fully functions without requiring internet
connectivity, as mobile broadband internet use was not prevalent
in Thailand when the app was first launched. Data inputted by
users were stored locally on the mobile phone to ensure user
privacy. The overall design of the app is colorful and playful
to appeal to the target user group. Internet connection is only
required for app updates and optional data backup.

Phase 2: Validity of the Growth Assessment Study
Of the 56 parents who participated, 34 were in the App group
and 22 were in the MCHH group. The baseline characteristics
of the parents are shown in Table 2. There were no statistically
significant differences between the parental characteristics in
both the groups. The differences in the children’s mean age was
significantly less, and there was a lower proportion of girls in
the App group. The distribution of the growth parameters was
similar in both the groups. Most of the children received an
MCHH version printed within 1 year of birth (36/56, 64%), and
some received versions printed within 1-2 years (12/56, 22%)
and >3 years (8/56, 14%) of birth. The congruence of the child
growth assessments between parents and physicians are shown
in Table 3. There were no statistically significant differences
between the outcomes of the growth parameter assessments
between parents and physicians in both the App and MCHH
groups. The proportions of congruence in the App group for
weight and head circumference were higher than those in the
MCHH group but the differences between each group were not
statistically significant (P=.65, P=.54, and P=.13 for weight for
age, height for age, and head circumference between the App
and MCHH group, respectively).
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Table 2. Baseline characteristics of the parents and the children by group.

P valueMCHHa group, n=22App group, n=34Demographics

Parents

.8517 (77)27 (79)Sex, female, n (%)

.81Age (years)

34.0 (5.8)33.7 (5.4)Mean (SD)

21-4420-45Range

.11Education, n (%)

5 (23)3 (9)Less than bachelor’s degree

11 (50)12 (35)Bachelor’s degree

6 (27)19 (56)Master’s or doctoral degree

.653 (14)3 (9)Monthly income <15000 Baht/monthb, n (%)

.12Type of phone, n (%)

11 (50)24 (71)iPhone

11 (50)10 (29)Android

.497 (3)8 (24)Parents who used other apps to assess child’s health
in the past, n (%)

Children

.048c13 (59)11 (32)Sex, female, n (%)

.002cAge (years)

3.8 (1.6)2.6 (1.3)Mean (SD)

0.1-60.3-4.9Range

Growth parameters, n (%)

.82Weight

1 (5)1 (3)Below normal

19 (86)31 (91)Normal

2 (9)2 (6)Above normal

.90Length/height

1 (5)1 (3)Below normal

20 (90)32 (94)Normal

1 (5)1 (3)Above normal

.75Head circumference

0 (0)0 (0)Below normal

21 (95)33 (97)Normal

1 (5)1 (3)Above normal

MCHH version

2007-20132005-2014Year (range)

aMCHH: maternal and child health handbook.
b1 USD=35.3 Baht.
cDifferences were statistically significant at P<.05.
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Table 3. Congruence of child growth assessments between parents and physicians by group.

P valueCongruence of

assessment outcome, n (%)

Physician, normal assess-
ment, n (%)

Parent, normal

assessment, n (%)

Group, growth parameter assessment

App group (n=34)

.1631 (91)31 (91)29 (85)Weight

.2231 (91)32 (94)29 (85)Length/height

.3233 (97)33 (97)32 (94)Head circumference

MCHHa group (n=22)

.3720 (91)19 (86)17 (77)Weight

.6121 (95)20 (91)20 (91)Length/height

.0819 (86)21 (95)18 (82)Head circumference

aMCHH: maternal and child health handbook.

Phase 3: Parents’ Evaluation of the KhunLook App
In this study, 356 parents from all regions of Thailand
participated in the web-based survey. The baseline
characteristics are shown in Table 4. Evaluation of the
KhunLook app compared to the MCHH for feasibility in terms

of health assessment and usage are shown in Table 5. Parents
rated the feasibility of the app as “very easy to easy” to use at
higher proportions than the MCHH in all domains with statistical
significance (P<.001, Table 5). The majority (354/356, 99.4%)
rated the installation of the KhunLook app as very easy to easy.
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Table 4. Baseline characteristics of the parents and children in the web-based survey (n=356).

ValuesDemographics

Parents, n=356

331 (93.0)Sex, female, n (%)

Age (years)

28.1 (6.1)Mean (SD)

18-45Range (years)

Region of Thailand, n (%)

50 (14.0)North

57 (16.0)Northeast

54 (15.2)East

147 (41.3)Central

25 (7.0)South

23 (6.5)West

Education, n (%)

31 (8.7)Less than bachelor’s degree

217 (61.0)Bachelor’s degree

108 (30.3)Master’s or doctoral degree

25 (7.0)Monthly income < 15,000 Baht/montha, n (%)

Number of children, n (%)

281 (78.9)1

59 (16.6)2

16 (4.5)>3

Phone operating system, n (%)

229 (64.3)iPhone

127 (35.7)Android

24 (6.7)Parents who used other apps to assess child’s health in the past, n (%)

Children, n=356

2.92 (2.9)Age (years), mean (SD)

131 (36.7)Sex, female, n (%)

a1 USD=33 Baht.
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Table 5. Parents’ ratings of feasibility: health assessment and convenience of use of mobile app versus maternal and child health handbook (n=356).

P valueMCHHaAppFeasibility

Health assessment (very easy to easy), n (%)

<.001268 (75.3)352 (98.9)Weight

<.001268 (75.3)350 (98.3)Length/height

<.001271 (76.1)350 (98.3)Head circumference

<.001279 (78.4)353 (99.2)Development

<.001284 (79.8)333 (93.5)Immunization

Convenience of use (easy to easy), n (%)

<.001287 (80.6)352 (98.9)Data input

<.001248 (69.7)340 (95.5)Access to desired segment

<.001290 (81.7)342 (96.1)Understandability of content

<.001282 (79.2)346 (97.2)Applicability of content

<.001261 (73.3)354 (99.4)Usefulness

<.001252 (70.8)354 (99.4)Overall convenience

aMCHH: maternal and child health handbook.

For acceptability, on a scale of 10, the KhunLook app received
a mean (SD) score of 8.59 (1.1) (range 3-10), which was
significantly higher than that of the MCHH (7.6 [1.8], range
0-10; P<.001). The KhunLook app received a higher score than
the MCHH from 199 (55.9%) parents, equal scores from 138
(38.7%) parents, and lower scores from 20 (5.6%) parents of
the total population of 356 parents. If parents had to choose a
between the app and MCHH, most (317/356, 89.0%) preferred
to use the app. In addition, 93.5%, (333/356) of parents stated
that they would continue to use the app and 96.9% (345/356)
stated that they would recommend others to use it.

Discussion

Principal Results
This is the first study to describe the development and evaluation
of a mobile app for child health supervision by comparing the
congruence of parent-physician growth assessments and parental
evaluation in Thailand. Our participants in phase 1 offered
insight into the requirements of an ideal app. Participants
suggested that the app could counter parents’ infrequent use of
the MCHH book. They also emphasized the importance of
standard, up-to-date, understandable content, and offline
functionality. Parents who used the app or the MCHH could
comparably assess their child’s growth status to that of a
physician’s assessment. Parents who used the app had higher
proportions of congruence to the physician’s assessment for
weight and head circumference than parents who used the
MCHH, but the differences were not statistically significant.
For acceptability, parents rated the app significantly more
feasible and acceptable in relation to the MCHH (P<.001).

mHealth technology interventions in maternal and child health
are increasing worldwide [23]. There is a call for improvement
in the content and quality of health care apps, including
evidence-based information consistent with guidelines,
supported and developed by health care providers with credible

and reliable resources [24-26]. A study in 2015 from Australia
found that only 40% of the apps involved health care
professionals and provided evidence-based content, while 30%
implemented user privacy security measures [24]. The
KhunLook app was developed by health care providers and app
developers in conjunction with parents since conception. It uses
evidence-based content and honors user data privacy. Both
themes from phase 1 support the development of a mobile app
to assist with child health supervision.

Mobile apps are used to support interventions for maternal and
child health care [27,28]. Studies have used mobile apps to
connect and send data between health care providers and patients
or use it for means of notifications, with positive outcomes
[26-34]. In Kenya, the IFA app was found to shift the
relationship between the caregiver and health care provider from
feeling harassed for data to being genuinely interested [33]. For
child health supervision in Thailand, mobile phones were
successfully used to connect with parents for child immunization
appointments via text messages, collect data via image capture,
and conduct hearing screenings [29,30,34]. Findings from phase
2 add to the benefit of using a mobile app to ease the process
of assessing growth parameters and instantly taking numbers
to a deeper meaning of growth status. We found that
91.2%-97.1% of the parents who used the app could correctly
assess their child’s growth parameters, whereas only
86.4%-95.5% of the parents who used the MCHH could do so.
Thus, our findings suggest that the KhunLook app yields the
benefits of mHealth services and can support parents in assessing
their child growth similar to the MCHH.

Successful benefits of mHealth services require acceptability
and engagement from the user [23,35]. A study found that use
of a mHealth intervention in patients with type 2 diabetes is
associated with its acceptability [35]. According to our findings,
KhunLook was well accepted. Results from a web-based survey
rated the app to be feasible for parents for initial assessments
and easier to use than the MCHH. Parents provided a higher
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mean score for the KhunLook app than the MCHH with
statistical significance (P<.001). Most of the parents (317/356,
89.0%) preferred to use the mobile app rather than the MCHH,
93.5% (333/356) stated that they would continue to use the app
and 96.9% (345/356) would recommend others to use the app.
Our findings support the KhunLook app as an acceptable mode
of delivery for child health supervision for parents.

We developed the KhunLook app based on the belief that
parental involvement would increase early detection and
adequate childcare. Initially, the goal was to develop the app to
compliment the MCHH. During the process, it has become
eminent that the maintenance of content update, feature
development, and user service is crucial. However, for the app
to reach its potential, implementation at a wide scale is
imperative. We started with a small team of health care
providers, app developers, and users. Later on, we involved
stakeholders on a wider scale. While drafting this paper (August
2020), the KhunLook app has been downloaded more than
320,000 times. It is endorsed by the Ministry of Public Health,

and a link to download the app is currently provided in the
MCHH.

Limitations
The results of this study are interpretations from a certain time
and do not reflect the current app. The development of
“KhunLook” in phase 1 and 2 involved a convenient sample of
parents at a university hospital. Most of the parents were well
educated and were willing to try new technology but the number
of participants was too small to draw generalized conclusions.

Conclusions
In this study, KhunLook, a Thai mobile app for child health
supervision, was developed, validated for growth assessments,
and was found to be well accepted for ease-of-use by parents.
The full potential of this mHealth app is yet to be defined.
Further studies on parental and clinical use should be conducted
such as a randomized study involving a wider scale of users or
studies to evaluate its impact on health behaviors and health
outcomes.
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Abstract

Background: Hearing impairment is the most frequent sensory deficit in humans, affecting more than 360 million people
worldwide. In fact, hearing impairment is not merely a health problem, but it also has a great impact on the educational performance,
economic income, and quality of life. Hearing impairment is therefore an important social concern.

Objective: We aimed to evaluate and compare the accuracy of self-perception, Hearing Handicap Inventory for the
Elderly-Screening (HHIE-S) questionnaire, free-field voice test, and smartphone-based audiometry as tests for screening moderate
hearing impairment in older adults in China.

Methods: In this study, 41 patients were recruited through a single otology practice. All patients were older than 65 years.
Patients with otorrhea and cognitive impairment were excluded. Moderate hearing impairment was defined as mean hearing
thresholds at 500, 1000, 2000, and 4000 Hz >40 dB hearing loss (pure-tone average > 40 dB hearing loss). All patients completed
5 hearing tests, namely, the self-perception test, HHIE-S questionnaire test, free-field voice test, smartphone-based audiometry
test, and standard pure-tone audiometry by the same audiologist. We compared the results of these tests to the standard audiogram
in the better-hearing ear.

Results: The sensitivity and the specificity of the self-perception test were 0.58 (95% CI 0.29-0.84) and 0.34 (95% CI 0.19-0.54),
respectively. The sensitivity and the specificity of the HHIE-S questionnaire test were 0.67 (95% CI 0.35-0.89) and 0.31 (95%
CI 0.316-0.51), respectively. The sensitivity and the specificity of the free-field voice test were 0.83 (95% CI 0.51-0.97) and 0.41
(95% CI 0.24-0.61), respectively. The sensitivity and the specificity of the smartphone-based audiometry test were 0.92 (95%
CI 0.60-0.99) and 0.76 (95% CI 0.56-0.89), respectively. Smartphone-based audiometry correctly diagnosed the presence of
hearing loss with high sensitivity and high specificity.

Conclusions: Smartphone-based audiometry may be a dependable screening test to rule out moderate hearing impairment in
the older population.
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Introduction

Sensory deficit is defined as a condition wherein any one of the
senses, that is, sight, hearing, touch, taste, or smell is no longer
functioning normally. Based on the available data, the 2 most
commonly encountered sensory impairments are blindness and
deafness [1]. Hearing impairment is one of the most frequent
sensory deficits in human beings, and it has a profound effect
on the life of the affected persons, their families, and the society
as a whole. Hearing impairment is actually not just a health
problem, because it affects the educational opportunities, the
economic situation, and the quality of life of individuals with
these impairments. Hearing impairment affects more than 5%
of the world’s population. In 2012, the World Health
Organization released new estimates on the magnitude of
disabling hearing loss [2]. The estimates are based on a review
of 42 population-based studies carried out up to 2010 [3]. Based
on these studies, the World Health Organization estimated that
there are 360 million persons in the world with disabling hearing
loss. Approximately 328 million of these are adults and 32
million of these are children. About one-third of the persons
older than 65 years are affected by hearing impairment [2]. The
prevalence of hearing impairment in adults over 65 years is the
highest in limited-income countries. However, over 50% of the
causes for hearing impairment are preventable [4].

A large number of cases of hearing loss are preventable and
many can be treated effectively and immediately. People with
hearing losses due to other causes that cannot be treated
effectively can be rehabilitated through various available
measures, and the integration of such people into the society
can be improved [1]. However, limited-income countries face
many problems in order to achieve the global aim of preventing
and rehabilitating hearing impairments in older adults [5]. The
first challenge in these limited-income countries is that medical
equipment are limited. Advanced diagnostic tools and standard
audiometry tests are quite limited. Due to the limited medical
supplies, primary health care professionals face difficult triage
decisions such as “Who gets to see an audiologist and undergo
standard audiometry tests and who will only see a nurse or a
community health educator and follow up?” The second
challenge in these limited-income countries is the high incidence
of conditions that cause hearing loss compared to that in
industrialized countries [6]. Chronic otitis media infections
constitute the major disease burden in low-income countries.
The third challenge is that human resources are also limited. In
these countries, it is common for only 1 physician to see to more
than 100,000 people. Besides, trained audiologists in these
countries are lacking compared to those in industrialized
countries.

The gold standard for diagnosing hearing impairment is the
standard audiogram. However, there can be financial or
geographic obstacles to receiving a timely audiogram test [5].
These problems may lead to delays in the diagnosis of hearing

impairment. Delay in the diagnosis of hearing impairment may
lead to delay in treatment, which is considered to be associated
with low rates of hearing recovery. Owing to the above
obstacles, we aimed to develop a simple, rapid, easily applicable,
and cost-effective hearing test for the assessment of hearing
conditions in low-income countries. With the development of
mobile health technology, smartphone-based hearing tests have
been developed as screening tools to identify patients with
hearing loss. In this study, we evaluated smartphone-based
audiometry as a test for screening moderate hearing impairment
in older adults and we aimed to validate this test against standard
pure-tone audiometry. This study also compared the usefulness
of self-perception, the Hearing Handicap Inventory for the
Elderly-Screening (HHIE-S) questionnaire, and free-field voice
test to screen for moderate hearing impairment in the older
adults in China. In this paper, we discuss the accuracy of the
hearing-loss screening methods in older adults, including
self-perception, HHIE-S questionnaire, free-field voice test, and
smartphone-based audiometry.

Methods

Patient Selection
In this study, 41 patients were recruited through a single otology
practice in the Kaohsiung Veterans General Hospital. All
included patients were older than 65 years. All patients were
fluent in Chinese and were able to read and write in Chinese.
Patients with active otorrhea, cognitive impairment, Parkinson
disease, clinically diagnosed dementia, and hand action tremor
were excluded. Patients were excluded if they used hearing aids
or received a standard pure-tone audiogram evaluation in the
prior 24 months or were unable to complete questionnaires.
Patients with conductive hearing loss based on standard
pure-tone audiometry hearing test were also excluded as it would
have made interpretation of an air-conduction smartphone-based
audiometry hearing test impossible. The 5 hearing tests were
performed for each patient in a randomized order during a single
visit. Free-field voice test, smartphone-based audiometry test,
and standard pure-tone audiometry were performed in the same
soundproof room with average ambient noise level varying
between 38 dBA and 39 dBA-weighted sound pressure level.
Informed consent was obtained from each of the patients in this
study.

Study Design
All patients completed 5 hearing evaluations, that is, the
self-perception test, HHIE-S questionnaire test, free-field voice
test, smartphone-based audiometry test, and a standard pure-tone
audiometry test. All the hearing tests were conducted by the
same audiologist. We compared the results of the self-perception
test, HHIE-S questionnaire test, free-field voice test, and
smartphone-based audiometry test to those of the standard
pure-tone audiogram.
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Screening Strategies

Self-Perception Hearing Screening Test
The self-perception hearing screening test was examined using
a single question. The question was “Do you have a hearing
problem now?” (您現在有聽力問題嗎?) This sentence was
used as the subjective criterion of hearing impairment [7]. A
yes or an equivalent response to this question was considered
as a positive screen for hearing impairment [7]. Participating
patients were asked to respond as yes or no. Patients with the
answer “yes” were considered to have screened positive for
moderate hearing loss [8].

HHIE-S Questionnaire
The HHIE-S questionnaire is a 10-item, self-administered
questionnaire developed to assess how an older patient perceives
the social and emotional effects of hearing impairment [9,10]
(Figure 1 and Multimedia Appendix 1). The HHIE-S
questionnaire was developed by the American
Speech-Language-Hearing Association (ASHA). Each question
was scored as yes (4 points), sometimes (2 points), or no (0
points). The possible scores ranged from 0 (no handicap) to 40
(maximum handicap). The higher the HHIE-S scores, the greater
was the handicapping effect of the hearing loss. The
questionnaire takes 5 minutes to complete. Patients with scores
of 10 or above were considered to have screened positive for
moderate hearing loss [9].

Figure 1. Hearing Handicap Inventory for the Elderly Screening Version.

Free-Field Voice Test
This test was performed using a sound level meter to ensure
that the whispered voice corresponded to a sound level of 30-45
dB, conversational voice to a sound level of 45-60 dB, and loud
voice to a sound level of 60-80 dB [6]. The examiner was asked
to practice her voice levels and compare it with the sound level
meter every day to ensure that her whispered voice level,
conversational voice level, and loud voice level were consistent.
In this test, the examiner stands 0.6 meter away from the seated
patient and whispers a combination of number and letters (eg,
2-R-9 ) and asks the patient to repeat the sequence [11] (Figure
2). If the patient repeats correctly, hearing is considered normal;
if the patient repeats incorrectly, the test is repeated using a
different number/letter combination. The patient is considered
to have passed the test if he/she repeated at least 3 out of the
possible 6 numbers or letters correctly. If the patient did not
pass the whispered voice test, the patient was considered to

have mild hearing impairment and the test was repeated with a
conversational voice. If the patient could not pass the
conversational voice test, the patient was considered to have
moderate hearing impairment and the test was repeated with a
loud voice. The patients were divided into 3 groups in the
free-field voice test; understanding the whispered voice equated
with normal hearing (25-dB threshold), understanding the
conversational voice level (25-40 dB threshold) was considered
as mild hearing impairment, and understanding loud voice levels
(41-60 dB threshold) was considered as moderate or severe
(61-80 dB threshold) hearing impairment. Patients with no
response to any of these voice levels (>80 dB threshold) were
considered to have profound hearing impairment [6,9,11-13].
Free-field voice test was performed by the same audiologist in
the same soundproof room. The patient was asked to mask
his/her nontest ear during the examination. We compared the
results of the free-field voice test to those of the standard
pure-tone audiometry in the better-hearing ear.
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Figure 2. Demonstration of the free-field voice hearing screening test.

Smartphone-Based Audiometry
An iPhone 4S (Apple Inc) was used in our study. In order to
avoid any possible effects of smartphone capabilities, Wi-Fi
and 3G connectivity were turned off during the test. A free
hearing app (uHear) was downloaded in the iPhone 4S from the
iTune app store. The software enables patients to test their
pure-tone air conduction hearing sensitivity. The software
employs a simple “10 dB down and 5 dB up” approach [5,14].
The uHear app has the ability to determines the air-conducted
sound at 250, 500, 1000, 2000, 4000, and 6000 Hz in both the
left and right ears. The lowest threshold with 2 positive
responses of 3 excursions was recorded as the hearing test. The
hearing test can be completed in 6 minutes. Completing the

hearing test required no learning curve [5,14]. At the end of the
test, hearing sensitivity was shown in a typical audiogram format
(Figure 3). The self-administered smartphone-based audiometry
test was done in a soundproof room with an average ambient
noise level of less than 35 dB hearing loss. Sennheiser HD201
headphones were used for all the patients. The patient was asked
to press a large button on the touch screen to indicate when a
sound was heard. Verbal instructions for the self-administered
smartphone-based audiometry were presented by the same
audiologist at the beginning of the test [5]. Smartphone-based
audiometry test was performed by the patient in the same
soundproof room. We compared the results of the
smartphone-based audiometry test and those of the standard
pure-tone audiometry in the better-hearing ear.

Figure 3. Smartphone-based audiometry hearing screening test. A: Smartphone-based audiometry device. B: Demonstration of smartphone-based
audiometry. C: Results of hearing sensitivity shown in a typical audiogram format.
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Standard Pure-Tone Audiometry
The Grason-Stadler GSI-61 Clinical Audiometer (AIC Medical
Audiometric Instruments Corporation) and the Telephonics
TDH-50P Audiometric Headphones were used to perform
standard pure-tone audiometry. All clinical audiometers and
accessory devices were calibrated as per ANSI S3.6, 1996 [15].
The standard pure-tone audiometry test was performed by the
same audiologist in the same soundproof room. The degree of
hearing loss was defined as the hearing thresholds in the better
ear of the patients.

Data Analysis
Moderate hearing impairment was defined as the mean of the
hearing thresholds at 500, 1000, 2000, and 4000 Hz >40 dB

hearing loss (pure-tone average [PTA]>40 dB hearing loss).
The results of the hearing tests were entered into 2 × 2 tables.
Sensitivity, specificity, negative likelihood ratio, and the positive
likelihood ratio were calculated.

Results

Demographic Data of the Patients
In our study, 41 patients were recruited, of which 27 were men
and 14 were women. The mean (SD) age of the patients was
72.32 (6.81) years. The mean (SD) hearing thresholds at 500,
1000, 2000, and 4000 Hz of standard pure-tone audiometry was
36.29 (15.57) dB. Table 1 summarizes the demographic
characteristics of the patients.

Table 1. Demographic data of the patients (N=41).

ValuesCharacteristics of the patients

Age (years)

22 (54)66-70, n (%)

7 (17)71-75, n (%)

6 (15)76-80, n (%)

3 (7)81-85, n (%)

3 (7)86-90, n (%)

72.32 (6.81)Mean (SD) age

Gender, n (%)

27 (66)Male

14 (34)Female

Better ear with pure-tone audiometry (dB)

12 (29)≤25, n (%)

17 (42)26-40, n (%)

6 (15)41-55, n (%)

2 (5)56-70, n (%)

3 (7)71-90, n (%)

1 (2)≥91, n (%)

36.29 (15.57)Standard pure-tone audiometry, mean (SD)

43.4 (15.75)Smartphone-based audiometry, mean (SD)

Self-Perception Hearing Screening Test Findings
Table 2 compares the results of the self-perception hearing
screening test and those of standard pure-tone audiometry. Of
the 12 patients with moderate hearing impairment in the better
ear (PTA>40 dB hearing loss) documented on standard
pure-tone audiometry, 7 had a PTA>40 dB in the self-perception
hearing screening test. This translates to a sensitivity of 0.58

(95% CI 0.29-0.84). Of the 29 patients without moderate hearing
impairment in the better ear (PTA≤40 dB hearing loss)
documented on standard pure-tone audiometry, 10 had a
PTA≤40 dB in the self-perception hearing screening test. This
translates to a specificity of 0.34 (95% CI 0.19-0.54). The
positive likelihood ratio was 0.89 (95% CI 0.52-1.54). The
negative likelihood ratio was 1.21 (95% CI 0.54-2.68).
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Table 2. Accuracy of self-perception as a screening test compared to the standard pure-tone audiometry (N=41).

Standard pure-tone audiometrySelf-perception test

Patients with PTA>40 dB (n)Patients with PTAa≤40 dB (n)

510Patients with PTA≤40 dB (n)

719Patients with PTA>40 dB (n)

aPTA: pure-tone average.

HHIE-S Questionnaire Results
Table 3 compares the results of the HHIE-S questionnaire
hearing screening test and those of standard pure-tone
audiometry. Of the 12 patients with moderate hearing
impairment in better ear (PTA>40 dB hearing loss) documented
on standard pure-tone audiometry, 8 had a PTA>40 dB in the
HHIE-S questionnaire hearing screening test. This translates to

a sensitivity of 0.67 (95% CI 0.35-0.89). Of the 29 patient
without moderate hearing impairment in the better ear (PTA≤40
dB hearing loss) documented on standard pure-tone audiometry,
9 had a PTA≤0 dB in the HHIE-S questionnaire hearing
screening test. This translates to a specificity of 0.31 (95% CI
0.316-0.51). The positive likelihood ratio was 0.97 (95% CI
0.60-1.54). The negative likelihood ratio was 1.07 (95% CI
0.42-2.78).

Table 3. Accuracy of the HHIE-S questionnaire as a screening test compared to the standard pure-tone audiometry (N=41).

Standard pure-tone audiometryHHIE-S questionnaire

Patients with PTA>40 dB (n)Patients with PTAa≤40 dB (n)

49Patients with PTA≤40 dB (n)

820Patients with PTA>40 dB (n)

aPTA: pure-tone average.

Free-Field Voice Test Findings
Table 4 compares the results of the free-field voice hearing
screening test and those of standard pure-tone audiometry. Of
the 12 patients with moderate hearing impairment in better ear
(PTA>40 dB hearing loss) documented on standard pure-tone
audiometry, 10 had a PTA>40 dB in the free-field voice hearing
screening test. This translates to a sensitivity of 0.83 (95% CI

0.51-0.97). Of the 29 patients without moderate hearing
impairment in better ear (PTA≤40 dB hearing loss) documented
on standard pure-tone audiometry, 12 had a PTA≤40 dB in the
free-field voice test hearing screening test. This translates to a
specificity of 0.41 (95% CI 0.24-0.61). The positive likelihood
ratio was 1.42 (95% CI 0.96-2.11). The negative likelihood ratio
was 0.40 (95% CI 0.10-1.57).

Table 4. Accuracy of free-field voice test as a screening test compared to the standard pure-tone audiometry (N=41).

Standard pure-tone audiometryFree-field voice test

Patients with PTA>40 dB (n)Patients with PTAa≤40 dB (n)

212Patients with PTA≤40 dB (n)

1017Patients with PTA>40 dB (n)

aPTA: pure-tone average.

Smartphone-Based Audiometry Findings
Table 5 compares the results of the smartphone-based
audiometry hearing screening test and those of standard
pure-tone audiometry. Of the 12 patients with moderate hearing
impairment in the better ear (PTA>40 dB hearing loss)
documented on standard pure-tone audiometry, 11 had a
PTA>40 dB in the smartphone-based audiometry hearing
screening test. This translates to a sensitivity of 0.92 (95% CI

0.60-0.99). Of the 29 patients without moderate hearing
impairment in the better ear (PTA≤40 dB hearing loss)
documented on standard pure-tone audiometry, 22 had a
PTA≤40 dB in the smartphone-based audiometry hearing
screening test. This translates to a specificity of 0.76 (95% CI
0.56-0.89). The positive likelihood ratio was 3.80 (95% CI
1.95-7.4). The negative likelihood ratio was 0.11 (95% CI
0.02-0.73).
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Table 5. Accuracy of smartphone-based audiometry as a screening test compared to the standard pure-tone audiometry (N=41).

Standard pure-tone audiometry (n)Smartphone-based audiometry

Patients with PTA>40 dB (n)Patients with PTAa≤40 dB (n)

122Patients with PTA≤40 dB (n)

117Patients with PTA>40 dB (n)

aPTA: pure-tone average.

Discussion

More than 50% of the world’s population live in low-income
countries. People with hearing impairments in low-income
countries account for 80% of the world’s associated population
[16]. Thus, most patients with hearing impairments live in the
low-income countries. However, audiology services are
overlooked in low-income countries, because these countries
are struggling to provide even the basic medical services in
order to avoid other life-threatening diseases. There is a surge
of need for audiology services in these limited-income countries,
because most people in these countries have neither access to
an audiologist nor any form of hearing health care. According
to Fagan [16], audiology services are nonexistent in most
African countries or there is only a single audiologist attending
to millions of people. It is estimated that there are 4 audiologists
for 100,000 people in the United States. The ratio is almost the
same in the United Kingdom. In Taiwan, the data from the
Mackay Medical College estimated that there is only 1
audiologist per 100,000 people. Thus, audiology services are
unequally distributed across the world.

In industrialized countries, well-established audiology
equipment is available for audiology practice. The huge gap in
the provision of audiology services between industrialized and
low-income countries can barely be filled by volunteer
audiologists or by developing new hearing screening methods.
Therefore, we aimed to develop some fast, easy-to-use, and
reliable methods for low-cost hearing screening tests. All the
different methods shown in our study for screening hearing
impairments have advantages and disadvantages.
Smartphone-based audiometry has higher sensitivity and higher
specificity than the other screening methods for detecting
moderate hearing impairment in the older adults.

The first screening method for hearing impairment in this study
was the self-perception hearing screening test. Self-reported
data to assess the presence of diseases or disorders have been
used frequently in large-scale epidemiologic survey studies in
the past [7]. Studies [17] have shown that patients have been
screened for hearing loss by using self-perception screening
questions, which involves asking the patient whether they feel
they have hearing loss, and these questions are used in the
measurements of global health. Several questions can be asked,
for example, “Do you have a hearing problem now?” or “Would
you say you have any difficulty hearing now?” In this paper,
we recommend using the question, “Do you have a hearing
problem now?” as a measure of the global health in the annual
medical history forms in geriatric practices [17]. A positive
response to this question is considered as a positive screening
for hearing loss. A total of 26 patients thought that they had

hearing loss, of which 7 were tested positive for moderate
hearing impairment. This single-question self-perception hearing
screening test had a sensitivity of 0.58 (95% CI 0.29-0.84) and
specificity of 0.34 (95% CI 0.19-0.54), with a positive likelihood
ratio of 0.89 (95% CI 0.52-1.54) and negative likelihood ratio
of 1.21 (95% CI 0.54-2.68). This result implied that an older
person’s self-perception of a hearing problem could not reliably
indicate the presence of a hearing impairment. Compared to the
results in our study, the results of Gates et al [17] had higher
sensitivity (0.71, 95% CI 0.63-0.78) and higher specificity (0.72,
95% CI 0.67-0.76). Cultural views of hearing impairment and
disability can affect the answer to the question “Do you have a
hearing problem now?” Attitudes to hearing impairment are
influenced by social behavior, economic situation, and education
levels, and these factors would affect the results of the
self-perception hearing screening test.

The second screening method for hearing impairment in this
study was the HHIE-S questionnaire hearing screening test. The
screening version of the HHIE-S questionnaire is the most
widely applied test that is validated. The HHIE-S questionnaire
is a 10-item, self-administered questionnaire that was developed
to measure the emotional and social handicap [7]. The
ASHA-suggested fail-criteria of 10 points or more equals to
moderate hearing impairment. A total of 28 patients scored
more than 10 points in the HHIE-S questionnaire, of which 8
tested positive for moderate hearing impairment. This HHIE-S
questionnaire hearing screening test had a sensitivity of 0.67
(95% CI 0.35-0.89) and specificity of 0.31 (95% CI 0.316-0.51),
with a positive likelihood ratio of 0.97 (95% CI 0.60-1.54) and
negative likelihood ratio of 1.07 (95% CI 0.42-2.78). Yueh et
al showed that the sensitivity of the HHIE-S questionnaire
hearing screening test ranges from 0.53 to 0.80 and the
specificity ranges from 0.67 to 0.75 [18]. The sensitivity of the
single-question self-perception hearing screening test was only
0.58 in our study. The 10-item HHIE-S questionnaire hearing
screening test, which is related to daily activities, includes only
a single question, which increases the sensitivity of the HHIE-S
questionnaire to 0.67. Both single-question self-perception and
the 10-item HHIE-S questionnaire hearing screening tests are
used for assessing the subjective hearing status. However, our
results suggest that these tests may be less effective in screening
early stages of hearing impairment.

The use of speech to determine hearing impairment level has
been used for a long time. The hearing impairment level can be
assessed by a primary health care doctor by using the free-field
voice hearing screening test. It is surprising that the free-field
voice hearing screening test is still performed nowadays. In an
industrialized country like United Kingdom, primary health
care doctors are obliged to screen the older adult population for
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hearing impairment, as listed in the 1990 National Health
Service contract [19]. The primary health doctor uses the
free-field voice hearing screening test as the first examination
for hearing impairment in the United Kingdom. We used a sound
level meter to calibrate the voice of the examiner. In order to
ensure that the whispered voice level, conversational voice level,
and loud voice level were consistent, the examiner was asked
to calibrate her voice levels every day. A total of 27 patients
were considered to have moderate hearing impairment in the
free-field voice hearing screening test, of which 10 were tested
positive for moderate hearing impairment. This free-field voice
hearing screening test had a sensitivity of 0.83 (95% CI
0.51-0.97) and specificity of 0.41 (95% CI 0.24-0.61), with a
positive likelihood ratio of 1.42 (95% CI 0.96-2.11) and negative
likelihood ratio of 0.40 (95% CI 0.10-1.57). McShefferty et al
[20] showed that the sensitivity of the free-field voice hearing
screening test was 0.56 and that the specificity was 0.65. The
results of our study showed higher sensitivity and lower
specificity. The potential reason for our findings could be
explained by the calibration of the sound level, which resulted
in higher sensitivity.

In recent years, there has been a rapid evolution in the
development of mobile health services. Smartphone-based
audiometry is considered as a fast, easy, and reliable technique
for cost-effective screening of hearing impairments. Free apps
can be downloaded from the Android market and installed in
any smartphone. Smartphones have the ability to control the
audio output and frequency. However, given that there are
difficulties with calibration, in terms of sound output levels and
timing uncertainty, the applicability of smartphones and standard
pure-tone audiometry is limited. A total of 18 patients were
considered to have moderate hearing impairment in the
smartphone-based audiometry hearing screening test, of which
11 tested positive for moderate hearing impairment. The

smartphone-based audiometry hearing screening test had a
sensitivity of 0.92 (95% CI 0.60-0.99) and specificity of 0.76
(95% CI 0.56-0.89), with a positive likelihood ratio of 3.80
(95% CI 1.95-7.4) and negative likelihood ratio of 0.11 (95%
CI 0.02-0.73). Szudek et al [5] showed that the sensitivity of
smartphone-based audiometry was 0.98 and the specificity was
0.82. The results of our study showed lower sensitivity and
specificity compared to those reported in previous studies
[21-27], probably because our study population consisted of
adults older than 65 years. Older populations may not be good
at operating a smartphone. Despite the above limitations, our
study shows that smartphone-based audiometry is a reasonable
hearing test for diagnosing moderate hearing impairment.
Smartphone-based audiometry could be the next trend for
screening hearing impairment in older adults, especially in
low-income countries. Our study specifically excluded people
with hearing aids or those who received standard pure-tone
audiogram evaluation in the prior 24 months, because the
purpose of this study was to detect older adults with
unrecognized moderate hearing impairment.

In conclusion, all the different methods mentioned in this study
are available for hearing screening but they all have advantages
and disadvantages. Smartphone-based audiometry has higher
sensitivity and higher specificity for detecting moderate hearing
impairment in older populations. Prospective randomized
clinical studies are still needed to test the application of
smartphone-based audiometry in the field of screening for
hearing impairment in older populations. Nevertheless, we
recommend that in low-income countries where specialized
audiological services and proven audiometric equipment are
not available, primary health care givers should be trained to
administer simple smartphone-based audiometry as an
acceptable alternative hearing assessment for older adults who
have complaints with regard to hearing impairment.
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Abstract

Background: Mobile health (mHealth) approaches offer potentially affordable ways to support the care of HIV-infected patients
in overstretched health care systems. However, only few studies have analyzed the costs associated with mHealth solutions for
HIV care.

Objective: The aim of this study was to estimate the total incremental costs and incremental cost per beneficiary of an interactive
SMS text messaging support intervention within a clinical trial.

Methods: The Mobile WAChX trial (NCT02400671) evaluates an interactive semiautomated SMS text messaging intervention
to improve adherence to antiretroviral therapy and retention in care among peripartum women infected with HIV in Kenya to
reduce the mother-to-child transmission of HIV. Women were randomized to receive one-way versus two-way SMS text messages.
Messages were sent weekly, and these messages included motivational and educational content and visit reminders; two-way
messaging enabled prompt consultation with the nurse as needed. Microcosting methods were used to collect resource-use data
related to implementing the Mobile WAChX SMS text messaging intervention. At 2 sites (Nairobi and Western Kenya), we
conducted semistructured interviews with health personnel to identify startup and recurrent activities by obtaining information
on the personnel, supplies, and equipment. Data on expenditures and prices from project expense reports, administrative records,
and published government salary data were included to estimate the total incremental costs. Using a public provider perspective,
we estimated incremental unit costs per beneficiary and per contact during 2017.

Results: The weighted average annual incremental costs for the two-way SMS text messaging group were US $3725 per facility,
US $62 per beneficiary, and US $0.85 per contact to reach 115 beneficiaries. For the one-way SMS text messaging group, the
weighted average annual incremental costs were US $2542 per facility, US $41 per beneficiary, and US $0.66 per contact to
reach 117 beneficiaries. The largest cost shares were for the personnel: 48.2% (US $1794/US $3725) in two-way and 32.4% (US
$825/US $2542) in one-way SMS text messaging groups. Costs associated with software development and communication
accounted for 29.9% (US $1872/US $6267) of the costs in both intervention arms (US $1042 vs US $830, respectively).

Conclusions: Cost information for budgeting and financial planning is relevant for implementing mHealth interventions in
national health plans. Given the proportion of costs related to systems development, it is likely that costs per beneficiary will
decline with the scale-up of the interventions.

(JMIR Mhealth Uhealth 2020;8(10):e18351)   doi:10.2196/18351
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Introduction

In 2017, an estimated 180,000 children became infected with
HIV [1]. The Joint United Nations Program on HIV and AIDS
has set the ambitious target of reducing mother-to-child
transmission (MTCT) to 20,000 cases by 2020. A critical factor
required to achieve this goal is sustained adherence to
antiretroviral therapy (ART) by pregnant and breastfeeding
women living with HIV. Suboptimal adherence and virologic
suppression in pregnant and postpartum women have been
documented in several contexts, and these factors have
significantly increased the risk of MTCT and poor maternal
outcomes. Thus, development of strategies to support ART
adherence and engagement in care has been identified as a
priority.

Use of SMS text messaging communication is a promising
approach for improving ART adherence in peripartum women.
Several studies and meta-analyses have shown that regularly
delivered SMS text messages can improve ART adherence and
retention in care outside of pregnancy [2-5] and that interactive,
two-way SMS text messaging between patients and health care
providers is more efficacious than one-way informational
messaging [6,7]. Based on these data, SMS text messaging has
been identified as a recommended intervention to promote ART
adherence by the World Health Organization [8]. In 2016, the
Ministry of Health (MOH) of Kenya rolled out a mobile health
(mHealth) service “Ushauri” in 105 facilities to manage
appointments and deliver standardized messages and reminders
to patients with HIV, which was shown to be a promising
strategy in improving viral suppression and retention in routine
HIV care [9].

While SMS text messaging interventions are supported by
policymakers to improve ART adherence, little is known about
the value for money of such technologies. In a global survey
conducted by the World Health Organization, lack of evidence
on economic evaluation was identified as a major barrier to
implementation of mHealth solutions in resource-constrained
settings [10]. One of the reasons was the limited availability of
data on the cost of implementing SMS text messaging
interventions [11,12]. Only 1 study has performed a cost analysis
of one-way SMS text messaging promoting the availability of
HIV self-testing kits in Kenyan clinics [13]. We found no cost
analysis data on implementing two-way SMS text messaging
interventions during our literature review. While the Kenyan
MOH is currently planning nationwide scale-up of mHealth
interventions to meet universal health coverage (UHC) goals
[9], it is essential to understand the costs for budgeting purposes
and for designing efficient and affordable programs that can be
scaled nationally [14]. We therefore conducted a cost analysis
of one-way and two-way SMS text messaging interventions (vs
control) in the Mobile WAChX study, which is a randomized
controlled trial of semiautomated SMS text messaging
interventions to improve ART adherence and retention in care
in peripartum women at 6 facilities in Nairobi and Western
Kenya [15]. The primary objective of this study was to estimate
the total incremental costs, incremental cost per beneficiary,
and cost per contact associated with the SMS text messaging
interventions. The secondary objective was to estimate the costs

of alternative implementation and usage scenarios for future
scale-up of the interventions.

Methods

Study Design
The Mobile WAChX trial (NCT02400671) evaluates one-way
versus two-way communication versions of a semiautomated
SMS text messaging intervention to improve ART adherence
and retention in care in peripartum women at 6 facilities in
Nairobi and Western Kenya. One-way SMS text messaging
consisted of weekly automated motivational and educational
SMS text messages and clinic visit reminders. Participants
randomized to the two-way SMS text messaging arm
additionally had the capability of communicating with a nurse
through the SMS text messaging system. Participants
randomized to the control arm received no SMS text messages
(standard of care).

The study procedures for the randomized controlled trial are
described in detail in a previous paper [15]. For costing analysis,
convenience sampling was used to collect the cost data from 2
of the 6 sites: an urban health center in Nairobi (facility A) and
a rural subcounty hospital in Western Kenya (facility B). We
used a provider perspective to analyze the incremental financial
and economic costs of implementing Mobile WAChX alongside
existing maternal and child health (MCH) services from January
2017 to December 2017, as well as the average incremental cost
per beneficiary and average incremental cost per contact.
Beneficiaries are service users who accessed Mobile WAChX
SMS text messaging communication, including automated
messages and personalized messaging with nurses, through the
Mobile WAChX system. The number of contacts is equal to
the number of total messages sent successfully to the
beneficiaries. Data on the number of beneficiaries and contacts
at each facility were extracted from ongoing project monitoring
and evaluation reports and electronic databases of SMS text
messages.

Data Collection Method
We used an activity-based ingredients approach to identify all
activities undertaken to deliver the Mobile WAChX project.
Activities included intervention planning, project partner
sensitization, staff training, system development, and delivery
of SMS text messages. After identifying all intervention-related
activities, we quantified the resources used and valued these by
using the best available data on salaries and commodity prices.
We used a combination of data collection methods to collect
primary resource-use and cost data, including obtaining prices
from project expense reports, administrative records, and
published government salaries, and conducting semistructured
interviews with facility-based health workers and project
administrators. Time-motion studies were conducted in both
facilities to record staff time spent on intervention activities (eg,
recruiting, screening, and registering participants, sending SMS
text messages to users). Data collection was conducted between
October 2017 and January 2018.
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Cost Categories
We organized cost data into one-time fixed costs and variable
costs (Table 1). Fixed costs were categorized according to the
following activities: intervention planning, preparation of
intervention sites, development of the Mobile WAChX SMS
text messaging management system, initial training, and
sensitization meetings with facility staff and Kenyan MOH
officials. All fixed costs were used for one-time start-up
activities, where we assumed a 5-year useful life. Variable costs
included recurrent costs, which were required to sustain the
intervention. They were divided into mutually exclusive input
categories for personnel, communication, equipment, and
overhead. Personnel costs included salaries, benefits, and
allowances of facility-based health workers as well as of staff
in charge of personnel supervision and coordination. A study
nurse and a retention officer delivered Mobile WAChX-related
activities. Shared facility costs included a study coordinator and
a data manager who were responsible for supervising all the 6
sites and some shared communications costs such as the costs

of developing a Mobile WAChX system and cost of the
system-hosting platform. We allocated these shared facility
costs based on the annual share of clients served at the facility,
as a percentage of the total annual number of clients served for
all 6 facilities. In addition to the cost of a system-hosting
platform, other communication costs included cost of internet
data bundles for using the internet-based Mobile WAChX
system, airtime cost for making patient follow-up phone calls,
costs of sending SMS text messages to users, and short code
toll-free numbers used by participants to deliver messages to
the nurse. Equipment costs (mobile phones, laptops, and
furniture) were annuitized over the useful life of 10 years by
using a discount rate of 3%. All costs in this evaluation were
expressed in USD, using the official exchange rate of 1 USD
to 103.25 Kenyan Shillings (2017 exchange rate). In addition,
research time and other research costs were removed from the
costing analysis. International staff time was also excluded to
better reflect the costs of the program when implemented and
scaled locally.

Table 1. Activity and input cost categories and description.

DescriptionCost categories, subcategories

Fixed costs

Planning activities for project implementation during the start-up pe-
riod.

Planning/microplanning

Resources and inputs to design the Mobile WAChX system and activ-
ities to collaborate with a local mobile technology company to obtain
SMS text messaging packages for participants.

System development

Expenses for conducting 2 training workshops during the start-up
period for all project staff, including development of relevant training
materials.

Initial training

Stakeholder workshops and activities at facility level.Sensitization

Variable costs

Value of personnel timePersonnel

Activities for delivering the Mobile WAChX intervention, such as
recruiting participants, screening and registering participants, and
sending SMS text messages to users.

Service delivery

Meetings to supervise staff and coordinate and monitor implementation
of activities at all sites.

Personnel supervision and coordination

Resources and inputs to deliver SMS text messages to participants,
including data bundles for internet, an online platform for hosting the
Mobile WAChX system, airtime cost for phone calls, and SMS text
messaging cost.

Communication

Investments that last longer than 1 year, including mobile phones,
laptops, and furniture.

Equipment

Clinic collaboration fee and indirect costs.Overhead

Data Analysis
We developed an Excel-based model (Microsoft Excel version
15.28, Redmond) to estimate total incremental costs and
incremental unit costs. The sum of all the activity cost categories
reflects all the resources required to deliver the Mobile WAChX
intervention. All activities were mutually exclusive, thereby
avoiding double counting. We used project output data on the
number of beneficiaries per month per facility and number of

messages sent by the system and nurses per month. These data
were collected as part of the Mobile WAChX monitoring and
evaluation strategy. We first estimated the total incremental
cost for each facility to deliver the Mobile WAChX intervention
and divided this by the number of women receiving the
intervention to determine the cost per beneficiary. We also
estimated the cost per contact, defined as the total cost divided
by the total number of messages sent to participants during
2017, for each facility. We analyzed the costs of one-way and
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two-way SMS text messaging interventions separately. We also
estimated the average weighted costs for both facilities by using
project output data on the number of beneficiaries per facility.

Scenario Analysis
In addition to estimating intervention costs, we estimated 3
scenarios. The first scenario was to estimate the cost when the
two-way Mobile WAChX intervention was implemented in all
6 facilities in this project. In this scenario, the same intervention
and personnel were applied to every facility where they shared
most start-up costs from system development, cost of
system-hosting platform, as well as personnel supervision and
coordination costs. The number of participants was the total
number of participants receiving intervention in all 6 sites. The
second scenario was to estimate a more typical scenario where
the MOH of Kenya supports these activities after the pilot phase.
We applied the MOH salary scale to service delivery health
workers in the current project. Finally, we calculated the
incremental cost effectiveness ratios (ICERs) of comparing
two-way SMS text messages to no intervention in the 2 facilities.
Due to unavailable efficacy data in the Mobile WAChX trial,
we used clinical outcome results from a similar randomized
controlled trial, which assessed whether two-way SMS text
messaging interventions improved plasma HIV-1 viral RNA
load suppression at 12 months in 3 clinics in Kenya [7]. The

efficacy of mobile SMS text messaging intervention for
medication adherence was obtained from a meta-analysis study
[16]. Other inputs were using project output data and our
analyses.

Results

Project Output
Among the 152 HIV-infected women in facility A who received
the Mobile WAChX intervention, 76 (50.0%) were randomized
to the two-way SMS text messaging group and the other 76
(50.0%) were randomized to the one-way SMS text messaging
group. A total of 80 women participated in facility B, of whom
39 were randomized to the two-way SMS text messaging
intervention group and 41 were randomized to the one-way
SMS text messaging intervention group (Table 2). The
beneficiaries in these 2 facilities accounted for 27.7% (152/548)
and 14.6% (80/548) of the total number of project beneficiaries
at the time of data collection in facilities A and B, respectively.
The total number of automated SMS text messages from the
system sent to beneficiaries in the 2 facilities in 2017 was 6924
in the two-way SMS text messaging intervention group and
7318 in the one-way SMS text messaging intervention group.
The nurses in the 2 facilities sent 1386 personalized messages
in response to two-way participant messages during 2017.

Table 2. Summary of the beneficiaries and the total points of contact by health facility in 2017.

One-way SMS text messaging interventionTwo-way SMS text messaging interventionHealth facility

Total nurse SMS
text messages,
n=0, n (%)

Total automated
SMS text mes-
sages, n=7318, n
(%)

Beneficiaries, n=117,
n (%)

Total nurse SMS
text messages,
n=1386, n (%)

Total automated
SMS text mes-
sages, n=6924, n
(%)

Beneficiaries, n=115, n
(%)

0 (0)4604 (62.9)76 (65.0)993 (71.6)4425 (63.9)76 (66.1)Facility A (Ur-
ban health cen-
ter)

0 (0)2714 (37.1)41 (35.0)393 (28.4)2499 (36.1)39 (33.9)Facility B (Ru-
ral subcounty
hospital)

Total Costs and Unit Costs
Table 3 summarizes the weighted average total annual
incremental costs and incremental unit costs for beneficiaries
in 2017. The weighted average total cost of the Mobile WAChX
intervention was estimated at US $3725 for the two-way SMS
text messaging group and US $2542 for the one-way SMS text
messaging group. Fixed costs were US $2936 for two-way SMS
text messaging and US $1757 for one-way SMS text messaging
intervention groups (Figure 1), while variable costs were similar
across the 2 groups (US $789 and US $785, respectively). The

weighted average cost per beneficiary for the two-way group
was higher than that for the one-way SMS text messaging
intervention group (US $62 and US $41, respectively) (Figure
2). In addition, the weighted average cost per contact was
estimated at US $0.85 for the two-way and US $0.66 for the
one-way SMS text messaging intervention group (Figure 3).
The detailed annual incremental costs and cost per beneficiary
by input categories for each facility and the weighted average
estimates are presented in Multimedia Appendix 1, Multimedia
Appendix 2, and Multimedia Appendix 3.

Table 3. Weighted average total annual incremental costs and unit costs for beneficiaries.

Total costs and unit costs (USD)Intervention group

Cost per contactCost per beneficiaryTotal annual cost

$0.85$62$3725Two-way SMS text messaging

$0.66$41$2542One-way SMS text messaging
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Figure 1. Total annual incremental costs by fixed and variable costs.

Figure 2. Cost per beneficiary by fixed and variable costs.
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Figure 3. Cost per contact by fixed and variable costs.

Cost Profiles
Figure 4 presents the cost shares by activity and input cost
categories. Personnel cost accounted for the largest share of the
total costs. The personnel cost in the one-way SMS text
messaging group (US $825/US $2542, 32.4%) was lower than
that of the two-way SMS text messaging group (US $1794/US
$3725, 48.2%), as one-way messaging required no personnel
time responding to messages. The second largest share of the
total costs was related to software development of the SMS text
messaging management system (two-way: US $573/US $3725,
15.4% vs one-way: US $569/US $2542, 22.4%) and
communication (two-way: US $470/US $3725, 12.6% vs
one-way: US $261/US $2542, 10.3%) such as flat rate fees for
internet usage and mobile phone minutes. In the two-way SMS
text messaging group, an estimated 10.2% (US $381/US $3725)
of the total costs was used for purchasing equipment and mobile
devices to set up the intervention site in the facility and to
implement the Mobile WAChX intervention. Overhead costs
accounted for 7.8% (US $291/US $3725) of the total costs in

the two-way SMS text messaging group, in the form of a clinic
collaboration fee to use a clinic room for study activities (US
$48 per month). Two trainings were conducted at the beginning
of the project to teach nurses and retention officers how to use
the Mobile WAChX system and orient them to implement the
intervention, which costs US $98 per facility (3% of the total
costs). The remaining budget was allocated to sensitization (US
$64) and microplanning (US $54), which accounted for 3.2%
(US $118/US $3725) of the total costs. The main cost drivers
were similar in both two-way and one-way SMS text messaging
intervention groups. The variable cost shares by input categories
are shown in Figure 5. The majority of the total costs were
related to personnel in both two-way and one-way SMS text
messaging intervention groups (US $1794/US $2936, 61.1%
vs US $825/US $1757, 46.9%, respectively), followed by
communication (US $470/US $2936, 16.0% vs US $261/US
$1757, 14.9%, respectively), equipment (US $381/US $2936,
13.0% vs US $381/US $1757, 21.7%, respectively), and
overhead (US $291/US $2936, 9.9% vs US $291/US $1757,
16.5%, respectively).
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Figure 4. Cost shares by input categories for all costs.

Figure 5. Cost shares for variable input categories only.

Sensitivity and Scenario Analysis
Cost estimates in the 2 scenarios compared to the baseline
scenario estimates reflected in Table 3 are presented in
Multimedia Appendix 4. Expanding the two-way SMS text
messaging intervention to all 6 facilities would have the effect
of decreasing the estimated cost per beneficiary by 31% (from
US $62 to US $43; US $19/US $62) and cost per contact by
26% (from US $0.85 to US $0.63; US $0.22/US $0.85). When
building on scenario 1 and replacing research project health

worker salaries with the more typical salaries for MOH staff,
the cost per beneficiary decreased by 50% (from US $62 to US
$31, US $31/US $62) and the cost per contact decreased by
46% (from US $0.85 to US $0.46, US $0.39/US $0.85).

The ICERs of comparing two-way SMS text messaging versus
no intervention in the 2 facilities and the input parameters are
summarized in Multimedia Appendix 5 and Multimedia
Appendix 6, respectively. According to published RCT and
meta-analysis estimates, implementing two-way SMS text
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messaging intervention was estimated to have suppressed viral
load in 11 patients and achieved medication adherence among
15 patients, with total annual incremental costs of US $7084
[7,16]. Thus, the ICERs were US $644 per viral load suppression
and US $472 per medication adherence.

Discussion

This is the first study to estimate the costs of an mHealth
intervention to promote prevention of MTCT (PMTCT)-ART
adherence among peripartum women. Previous studies have
shown that SMS text messaging interventions have a positive
impact on ART adherence and maternal and neonatal health
outcomes in low-and-middle income settings [4,17-20].
However, data regarding the programmatic costs of
implementing these mHealth interventions are scant [4,18,21].
We estimate the average total incremental costs for 1 year of
project implementation to be US $3725 per facility, US $62 per
beneficiary, and US $0.85 per contact for the two-way SMS
text messaging intervention. For the one-way SMS text
messaging intervention, the average total incremental costs are
US $2542 per facility, US $41 per beneficiary, and US $0.66
per contact. The higher costs for the two-way SMS text
messaging group is due to the personnel time spent responding
to SMS text messages, which is not provided in the one-way
SMS text messaging group.

Only a few studies have provided the cost estimates of mHealth
interventions, including SMS text messaging interventions, in
low-income countries. The MAMA program was initiated in
2012 in South Africa to enhance the utilization of MCH services
among pregnant and postpartum women by sending registered
users SMS text messages twice per week. The estimated
program costs over 5 years was US $1.2 million, 17% of which
was incurred by costs on program development and 31% on
SMS text message delivery costs [22]. The Chipatala cha pa
foni (CCPF) project consisted of a toll-free hotline and a mobile
phone–based tips and reminders service seeking to improve
maternal and neonatal health in Balaka District, Malawi [11].
The tips and reminders service was a one-way messaging
system, wherein community health workers sent weekly text or
voice messages to participants. Service users could call the
hotline as well. The costs during a 2-year period (2011-2012)
were estimated to be US $29.33 per user and US $4.33 per
successful contact. The ReMiND (Reducing Maternal and
Newborn Deaths) Project was designed to improve the quality
of counseling of community health workers in India [12]. The
mHealth app was implemented through 259 accredited social
health activist workers. The total program costs over 3 years
(2012-2015) were estimated at US $191,894, with US $20.50
per registered woman. Labor costs accounted for 57% of the
total costs, followed by mobile phone purchases and
data/internet charges (6%). The annual number of beneficiaries
were 9798 and 9390 in CCPF and ReMiND projects,
respectively. Both CCPF and ReMiND studies had lower cost
per user compared to our study because of the higher number
of beneficiaries. Moreover, the ReMiND project did not involve
any SMS text message exchange between patients and health
workers, which decreases data usage and airtime-related costs.
In addition, we found that the higher costs for the two-way SMS

text messaging intervention largely resulted from higher
personnel costs. As previous studies have demonstrated that
two-way SMS text messaging interventions are likely to be
more efficacious than one-way SMS text messaging
interventions, the higher cost may contribute to health service
utilization and better health outcomes. Compared with the cost
estimates in the CCPF project, our estimated costs per contact
were much lower, both in the two-way and one-way SMS text
messaging interventions (US $0.85 and US $0.66, respectively),
thereby suggesting overall higher utilization of messaging
interventions in our study.

Personnel costs accounted for the largest share of the total costs
in our project (US $1794/US $3725, 48.2% in two-way and US
$825/US $2542, 32.4% in one-way SMS text messaging
intervention groups), followed by software development of the
SMS text messaging management system and communication
costs. Our results are consistent with findings from previous
studies that labor costs for delivering other SMS text messaging
interventions were the main drivers of the total program costs,
followed by SMS text messaging program development
[11,12,22]. How could we potentially reduce system
development and communication-related costs as well as
personnel costs? Our scenario analysis results suggest that the
costs would be reduced significantly by expanding the two-way
intervention to more beneficiaries (>500), with cost per
beneficiary decreasing from US $62 to US $43 and cost per
contact from US $0.85 to US $0.63. Although recurrent
communication costs such as airtime and cost of SMS text
messages would increase due to increased number of
beneficiaries and messages exchanged, the total unit cost would
eventually go down because the fixed start-up costs associated
with system development and the system-hosting platform would
be shared across a larger number of beneficiaries. In addition,
the shared program costs for personnel supervision and
coordination costs (>60% of total costs) would be allocated
across a higher number of beneficiaries. In the second scenario
analysis, we explored what a more typical
government-sponsored program might cost. Keeping the
activities the same, if we replaced health worker salaries in our
project with the more typical salaries for MOH staff, the unit
costs would go down further to US $31 per beneficiary and US
$0.46 per contact. This means moving from a research-focused
project to part of a routine government-supported program will
result in much lower cost per beneficiary through greater
economies of scale and through a more typical mode of service
delivery and supervision.

Our findings provide important costing information for
budgeting and financial planning for implementing mHealth
interventions to achieve UHC in Kenya. mHealth interventions,
as a part of the broader eHealth interventions, may become
transformational strategies in addressing public health challenges
and striving toward UHC in Kenya. This need has also been
reaffirmed by the Kenya’s Health Policy (2014-2030), National
eHealth Policy (2016-2030), Information Technology Master
Plan, and the Health Bill [7-10]. While the Kenyan MOH is
currently planning for nationwide scale-up of mHealth systems,
affordability cannot be ignored. Assuming 80% mobile phone
penetration and that 59,000 women were offered PMTCT
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services in Kenya [23,24], we could estimate that scaling
two-way SMS text messaging intervention to increase adherence
would result in total spending of US $1.46 million with the
average cost per beneficiary of US $31. This is likely to be
affordable as it only comprises 3% of the 2015-2016 PMTCT
budget of US $46 million. In addition, our estimated ICERs per
patient with viral load suppressed (US $644) and per patient
achieving medication adherence (US $472) were both much
lower than the 2017 gross domestic product per capita in Kenya
(US $1568). Our study showed that, with expanded coverage,
the total unit cost will decrease significantly due to shared fixed
start-up costs associated with system development and the
system-hosting platform. In the future, market forces and private
sector could also be harnessed to achieve affordability and
sustainability [11]. With the increasingly active participation
of the private sector in public health in Kenya, public-private
partnership could be explored to leverage the infrastructure and
resources of private sectors to help Kenya achieve UHC. For
example, there are innovative ways to lower the costs of
communication such as by obtaining discounted SMS text
messaging packages from local or foreign telecommunication
companies.

To our knowledge, this is the first study to estimate the costs
of an mHealth intervention targeting PMTCT and MCH in
Kenya. Our study has limitations. First, we did not include the
labor costs of international collaborators who contributed to the

program design and installation and other start-up activities
such as work planning meetings. Second, we had to make
assumptions about the allocation of communication costs to
research and implementation activities, which may influence
the total implementation costs. Third, we did not allocate
equipment costs to research activities, which may lead to
overestimation of the total implementation costs. Equipment
such as laptops and phones were mainly used for service
delivery, and we do not have detailed information on how much
equipment was used to support the research-related activities.
Therefore, the evidence should be used with the consideration
that after taking into account the equipment costs allocated to
research activities, the total incremental cost of implementing
SMS text messaging interventions would be lower than the
estimates in this study.

In conclusion, this study fills the knowledge gap on the costs
of mHealth approaches for improving PMTCT-ART adherence
among pregnant women in Kenya. When operating at scale,
there may be opportunities to reduce the costs per beneficiary.
As the Mobile WAChX intervention is scaled up, further
research is needed to understand the economic impact from
different perspectives, including cost-utility analyses to assess
the value for money compared with alternative approaches to
improve women’s clinical outcomes and adherence to HIV
treatment as part of PMTCT services.
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Abstract

Background: Pediatric cardiac arrest (PCA), although rare, is associated with high mortality. Deviations from international
management guidelines are frequent and associated with poorer outcomes. Different strategies/devices have been developed to
improve the management of cardiac arrest, including cognitive aids. However, there is very limited experience on the usefulness
of interactive cognitive aids in the format of an app in PCA. No app has so far been tested for its usability and effectiveness in
guiding the management of PCA.

Objective: To develop a new audiovisual interactive app for tablets, named PediAppRREST, to support the management of
PCA and to test its usability in a high-fidelity simulation-based setting.

Methods: A research team at the University of Padova (Italy) and human–machine interface designers, as well as app developers,
from an Italian company (RE:Lab S.r.l.) developed the app between March and October 2019, by applying an iterative design
approach (ie, design–prototyping–evaluation iterative loops). In October–November 2019, a single-center nonrandomized
controlled simulation–based pilot study was conducted including 48 pediatric residents divided into teams of 3. The same
nonshockable PCA scenario was managed by 11 teams with and 5 without the app. The app user’s experience and interaction
patterns were documented through video recording of scenarios, debriefing sessions, and questionnaires. App usability was
evaluated with the User Experience Questionnaire (UEQ) (scores range from –3 to +3 for each scale) and open-ended questions,
whereas participants’ workload was measured using the NASA Raw-Task Load Index (NASA RTLX).

Results: Users’ difficulties in interacting with the app during the simulations were identified using a structured framework. The
app usability, in terms of mean UEQ scores, was as follows: attractiveness 1.71 (SD 1.43), perspicuity 1.75 (SD 0.88), efficiency
1.93 (SD 0.93), dependability 1.57 (SD 1.10), stimulation 1.60 (SD 1.33), and novelty 2.21 (SD 0.74). Team leaders’ perceived
workload was comparable (P=.57) between the 2 groups; median NASA RTLX score was 67.5 (interquartile range [IQR] 65.0-81.7)
for the control group and 66.7 (IQR 54.2-76.7) for the intervention group. A preliminary evaluation of the effectiveness of the
app in reducing deviations from guidelines showed that median time to epinephrine administration was significantly longer in
the group that used the app compared with the control group (254 seconds versus 165 seconds; P=.015).

Conclusions: The PediAppRREST app received a good usability evaluation and did not appear to increase team leaders’
workload. Based on the feedback collected from the participants and the preliminary results of the evaluation of its effects on the
management of the simulated scenario, the app has been further refined. The effectiveness of the new version of the app in
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reducing deviations from guidelines recommendations in the management of PCA and its impact on time to critical actions will
be evaluated in an upcoming multicenter simulation-based randomized controlled trial.

(JMIR Mhealth Uhealth 2020;8(10):e19070)   doi:10.2196/19070

KEYWORDS

cardiac arrest; resuscitation; mobile app; high-fidelity simulation training; cognitive aid; pediatrics; emergency medicine

Introduction

Pediatric cardiac arrest (PCA), although rare, is an important
public health issue due to its high mortality and morbidity, its
complex time-dependent management and emotional burden,
its social and economic costs, and differences with adult cardiac
arrest (CA) [1-5].

International guidelines by relevant societies are periodically
updated to help health professionals provide the best
evidence-based basic and advanced care to improve the
management and outcome of PCA [6-10]. Nevertheless,
deviations from guideline recommendations occur frequently
in the management of CA [11-19] and are associated with poorer
clinical outcomes [20,21].

Different cognitive support tools have been developed and tested
in order to improve adherence to guideline-recommended
management of both adult CA and PCA, with variable results.
Most of these tools are devices that provide real-time audiovisual
feedback on the quality of chest compressions. Such tools have
shown to be effective in improving the quality of compressions
[22-25]. Several tools have been conceived to guide bystanders’
management of out-of-hospital CA (OHCA) through audio/video
support by means of mobile phones [26]. Augmented reality
glasses have also been studied to communicate with a remote
intensivist to support the management of in-hospital PCA [27]
or to display Pediatric Advanced Life Support (PALS)
guidelines to the team leader during a PCA scenario [28] with
partial benefit in improving resuscitation performance. In
addition, numerous apps have been created to support the
management of CA, mainly for OHCA. However, a recent
systematic review outlined how the majority of these apps are
not tested for content, usability, and effectiveness, even though
many have already been released and are available on app stores
[29].

Research on apps developed and tested to guide the management
of in-hospital PCA is very limited [30], and to the best of our
knowledge, no app has so far been tested for both its usability
and its effectiveness in guiding the management of PCA.

Based on the deviations from guidelines recorded on a prior
study conducted by our research team in PCA simulation
scenarios [31], we set out to design, develop, and test a new
interactive multimodal (audio–visual) cognitive aid in the format
of a tablet app.

The primary aim of this pilot study was to refine the app and
to test its usability and impact on team leader’s workload using
high-fidelity simulation. As a secondary aim, we explored the
trend in the occurrence of deviations from guidelines.

Methods

App Development
We designed and developed an app for tablet that we named
PediAppRREST, which is the result of the collaboration between
a pediatric research team, including physicians and researchers
from the Pediatric Emergency Department and the Pediatric
Intensive Care Unit of the University Hospital of Padova (Italy),
and human–machine interface designers, human factor experts,
and app/software developers of RE:Lab S.r.l., an Interaction
Engineering company (Reggio Emilia, Italy).

The app was designed to guide the team leader to perform
resuscitation interventions in the sequence/timing and modality
reported by the American Heart Association (AHA) PALS 2015
guidelines [6-8]. In the design process we took into account the
results of a prior study conducted by our research team [31],
which assessed deviations from guidelines in PCA simulation
scenarios managed by pediatric residents without the use of any
cognitive aid.

We developed the app between March and October 2019. As a
first step, the research team defined the actions to be displayed
in separate screens, the flow/pathways, and the additional
features that were deemed helpful to guide resuscitation and
achieve a high-quality cardiopulmonary resuscitation (CPR),
based on recommended PALS guidelines/algorithms. We then
progressively refined and validated the cognitive aid following
an iterative prototyping development approach [32]. In the
development phase, serial testing of the app by research staff
revealed bugs and highlighted the need for refinements
concerning the information layout and organization, the user
interface navigation flow, and the naming conventions. Bugs
and re-design suggestions were implemented by the Interaction
Engineering company.

App Description
Directions on recommended interventions, following the order
reported in the PALS algorithms, are sequentially displayed in
the app which has been designed as a checklist app. Indeed,
progression to the next screen is allowed once the recommended
actions are tapped by the user, to indicate they have been read
and likely performed.

The main criteria applied in the user experience design phase
of the app have been (1) timely information (each screen gathers
only the necessary information for each phase of the PALS
algorithm, communicating it both visually and acoustically,
with the aim of reducing the load on the team leader’s working
memory and relying on a multichannel communication); (2)
priority (actions [ie, epinephrine administration] triggered by
timers have priority on other actions displayed on the screen);
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and (3) sequential versus alternative choices (decisions that
team leaders must take into consideration concern actions and
choices to be performed sequentially or alternatively). Hence,
sequential actions are displayed with rectangular buttons, aligned
vertically on the page, whereas alternative choices are organized
with square buttons, aligned horizontally on the screen (Figure

1). The app is currently in Italian, but a multilingual version is
under development (an English translation of the screen content
is herein provided to ease the understanding of this article).

Each screen is structured into 3 zones (Figure 2): zone 1 (top
bar), zone 2 (main area), and zone 3 (bottom bar).

Figure 1. Sequential versus alternative choices. CPR: cardiopulmonary resuscitation; ROSC: return of spontaneous circulation.

Figure 2. User interface main areas. CPR: cardiopulmonary resuscitation; ROSC: return of spontaneous circulation; VF: ventricular fibrillation; VT:
ventricular tachycardia.

The main area presents the actions to be performed (with buttons
of the same shape and color) or a question with different choices
(buttons with different colors). Once the user taps on a button,
the flow of prompts will progress following the user’s choices.
On the top bar a menu-log button, a 2-minute countdown clock
for repeat rhythm check button, a button with countdown for
medications, a metronome button, and a total counter are
displayed. The metronome button can be activated by a tap: this

is a sound guide to perform compressions at the recommended
rate (100-120/minute). On the bottom bar, CPR and Return of
Spontaneous Circulation (ROSC) buttons are available at any
time: the CPR button opens up a recap of the characteristics of
a high-quality CPR, whereas the “ROSC” button summarizes
the recommended management when ROSC is achieved (Figure
3).
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Figure 3. Cardiopulmonary resuscitation (CPR) and return of spontaneous circulation (ROSC) information. EKG: electrocardiogram; EtCO2: end-tidal
CO2; FiO2: fraction of inspired oxygen; SaO2: oxygen saturation measured with pulse oximetry.

The flow of actions that pops up in the app main area follows
2 different pathways based on the identified cardiac rhythm on
the monitor (shockable versus nonshockable rhythms), as per
PALS algorithms.

The app provides assistance with shock delivery, in case of a
shockable rhythm, and the preparation/administration of
medications, prompting the correct doses (automatically
calculated on patients’ weight) and time intervals of
administration (Figure 4).

Figure 4. Epinephrine administration screens. CPR: cardiopulmonary resuscitation; ROSC: return of spontaneous circulation.

Every 2 minutes the app acoustically and visually reminds the
user to check the rhythm and, in case of a shockable rhythm, to
deliver a shock.

Finally, the app prompts to search/treat reversible causes of CA
and to correctly manage the airway (Figure 5).

The app also gives audio prompts, suggesting the user to perform
the actions shown on the main area of the screen. The user can

navigate the app only using touch gestures. Voice interaction
has not been integrated due to the characteristics of the
resuscitation environment, which would impede accurate
recognition of vocal commands.

All actions done by the user are sequentially saved on the device
in the log function to store information that can be retrieved for
any documentation purpose.
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Figure 5. Reversible causes and airway management screens. CPR: cardiopulmonary resuscitation; ROSC: return of spontaneous circulation.

Pilot Study
We conducted a single-center simulation-based pilot
nonrandomized controlled study in October–November 2019
at the University Hospital of Padova, Italy. Although our study
is not a randomized controlled trial (RCT), we followed the
guidelines for reporting simulation-based studies as far as
applicable [33]. All the teams of the intervention group had to
manage a standard simulated PCA scenario with the use of the
same version of the PediAppRREST app, while the teams of
the control group managed the same scenario without the app,
following usual practice. We chose a case of nonshockable PCA
because asystole/pulseless electrical activity are the most
frequent initial CA rhythms in children [4]. Participants were
pediatric residents in their third/fourth/fifth year of their
pediatric residency program who had AHA-PALS provider
certification. To obtain this certification providers have to
undertake a standardized resuscitation course with theorical and
simulation-based education [34]. Residents unable to attend the
simulations because of maternity/sick/personal leave or training
abroad were excluded from the study.

Further details regarding the study methodology and procedures
are described in Multimedia Appendix 1.

Written informed consent for participation was obtained from
all the participants. The study was approved by the Hospital
Ethics Committee as an educational project.

Outcomes
The primary outcomes of our study were the usability of the
app and the team leader’s workload. They were measured by 2
validated questionnaires, the User Experience Questionnaire
(UEQ) [35-38] and the National Aeronautics and Space
Administration Raw-Task Load Index (NASA RTLX)
questionnaire [39,40], respectively.

Secondary outcomes were qualitative feedback on the app
provided by participants, preliminary data on deviations in
management from PALS guidelines recommendations, time to
epinephrine administration, and resuscitation performance of
the teams evaluated with the validated Clinical Performance
Tool (CPT) [41,42].

Research Measures

The User Experience Questionnaire
The UEQ is a validated questionnaire which comprises 26 items.
Each item is represented by 2 terms with opposite meanings
that the user evaluates on a 7-point Likert-type scale (from –3
to +3). The 26 items are grouped into 6 scales that cover both
classical usability aspects (efficiency, perspicuity, dependability)
and user experience aspects (attractiveness, stimulation,
novelty). The range of each scale is also between –3 and +3.
The standard interpretation of the scale is that values between
–0.8 and 0.8 represent a neutral evaluation of the corresponding
scale, values over 0.8 represent a positive evaluation, and values
less than –0.8 a negative evaluation [35-38].

The NASA Raw-Task Load Index
The NASA RTLX is a simplified version of the NASA-Task
Load Index which is a subjective multidimensional tool designed
to assess workload. Six subscales represent different domains
of the perceived workload: mental demand, physical demand,
temporal demand, frustration, effort, and performance. Each
domain is clearly defined and rated by participants through a 0
to 100 scale with 5-point steps. The ratings of the 6 subscales
are simply averaged to create an estimate of overall workload,
defined as low (<40), moderate (between 40 and 60), and high
(>60) [39,40].

Qualitative Feedback
The qualitative feedback on user app interaction was collected
through open-ended questions in the postscenario questionnaire
(“What are the main difficulties you have encountered in the
use of the app and/or tablet?”, “Do you have any suggestions
to improve the app or its use?”) and through the postscenario
debriefing. Feedback from participants was categorized by
common themes.

Deviations From PALS Guidelines
Deviations from PALS guidelines recommendations were
defined as delays and errors according to a novel checklist
adapted to our intervention and scenario. We derived this new
measure from the checklist, denominated c-DEV, published by
Wolfe et al [20] and we integrated it with evidence-based
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guidelines [6-8], previously reported scoring tools [41-44], and
checklists [45,46]; we named our new modified checklist
c-DEVplus (Multimedia Appendix 2). It includes 16 items which
represent correct critical actions for pediatric resuscitation. Each
item is associated with a score as follows: 0 (action correctly
and timely performed, as described in the item) or 1 point (action
not undertaken or undertaken incorrectly or with wrong timing).
The points of each action were summed and expressed as a total
score ranging from 0 to 16. A higher c-DEVplus total score
corresponds to more deviations from the guidelines. Time to
epinephrine administration was measured in seconds from the
recognition of CA to the moment epinephrine was administered.

The Clinical Performance Tool
The CPT is a performance assessment tool and a validated
scoring system designed based on PALS algorithms comprising
different tasks. Each task is scored as follows: not performed
(0 points), performed partially, incorrectly, or late (1 point);
and performed completely, correctly, and timely (2 points).
Thus, the tool assesses sequence, timing, and quality of specific
actions during different simulated scenarios [41,42]. In our
study we used the section related to asystole and the reviewer
assigned a score from 0 to 13 to each scenario.

Statistical Analysis
The characteristics of the study participants, stratified by group
allocation (control vs intervention), and the outcome variables,
were summarized using descriptive statistics, and compared
between the 2 groups using Mann–Whitney U tests for
continuous variables, and chi-squared tests or Fisher exact tests
for categorical variables. Data were entered into an Excel

database (Microsoft) and were analyzed using Stata (version
13; StataCorp). P-values were two-sided, and differences were
considered significant if P was <.05. The statistical analysis on
the app usability, obtained through the UEQ, was conducted
using the UEQ dedicated software, which provides descriptive
statistics, and Cronbach α coefficients for each subscale,
indexing their internal consistency [38].

Results

Characteristics of Participants
During the study period, 63 pediatric residents were assessed
for eligibility, of whom 48 (16 for each one of the 3 years of
residency program involved in the study) were included in the
study and divided into teams of 3. Five teams managed the case
following usual care (control group), whereas 11 teams
(intervention group) conducted the scenario using the support
of the PediAppRREST app (Multimedia Appendix 3).

Participants’ demographic characteristics, as well as training
and clinical experience of resuscitation, were comparable
between the 2 groups (Multimedia Appendix 4).

Primary Outcomes
The PediAppRREST app attractiveness, perspicuity, efficiency,
dependability, stimulation, and novelty were on average
evaluated positively; mean UEQ scale scores were substantially
above the 0.8 cutoff. UEQ scales internal consistency varied
from poor (perspicuity) to acceptable (efficiency and
dependability), good (novelty), and excellent (attractiveness
and stimulation); see Table 1.

Table 1. PediAppRREST app usability.

Cronbach α coefficient95% CIMean (SD)UEQa scale

.980.865-2.5591.712 (1.434)Attractiveness

.551.230-2.2701.750 (0.880)Perspicuity

.721.383-2.4811.932 (0.929)Efficiency

.760.917-2.2191.568 (1.102)Dependability

.910.811-2.3861.598 (1.333)Stimulation

.861.767-2.6422.205 (0.740)Novelty

aUEQ: User Experience Questionnaire.

Team leaders’ perceived workload was comparable between
the 2 groups; median NASA RTLX score was 67.5 (IQR
65.0-81.7) for the control group and 66.7 (IQR 54.2-76.7) for
the intervention group (P=.57).

Secondary Outcomes
Based on the qualitative feedback provided by participants, the
most frequently highlighted difficulties were (1) interacting
with the screens flow because information delivery was unclear
about recommendation on performance of an action versus
suggestion to perform an action based on the team skillset, that
is, advanced airway management (n=8 team leaders); (2)
information overload in the reversible causes screen, which was
perceived as too dense (n=5); (3) understanding whether the
selection of an icon for a recommended action had to occur at

the beginning of the action or after the action was completed
(ie, users did not understand whether to select the epinephrine
icon at the time of preparation or administration; n=5); and (4)
interacting with the app while leading the teamwork (n=4). A
less frequently reported difficulty was the lack of a traditional
PALS algorithm embedded within the app (n=2). Lastly, it also
emerged that longer training and familiarization with the app
before the simulated scenario would have been beneficial to
interact more efficiently and effectively with the app.

With respect to deviations from the guidelines, the frequency
of (1) incorrect compressions-to-ventilations ratio during CPR,
(2) prescription of incorrect doses/dilutions of epinephrine, and
(3) lack of search/treatment of reversible causes of CA (ie,
hypovolemia) were higher in the control group in comparison
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to the intervention group; however, these differences did not
reach statistical significance (Table 2). Furthermore, although
the median number of deviations (c-DEVplus score) from PALS
guidelines recommendations was similar between the 2 groups,
a statistically significant delay (P=.015) in epinephrine

administration was observed for the intervention group
compared with the control group (Table 2). Nevertheless, the
overall clinical performance of the teams, evaluated through
the validated CPT, was comparable between the 2 groups (Table
2).

Table 2. Resuscitation performance of the teams.

P-valueIntervention group (N=11)Control group (N=5)Performance

.310 (0)1 (20)Incorrect compressions-to-ventilation ratio, n (%)

.310 (0)1 (20)Incorrect dose or dilution of epinephrine, n (%)

.552 (18)2 (40)Lack of search and treatment of reversible causes of cardiac arrest,
n (%)

.276 (4-7)6 (6-7)c-DEVplus score, median (IQR)

.015254 (204-290)165 (139-173)Time (seconds) to first epinephrine administration, median (IQR)

.779 (9-10)9 (8-10)CPTa scores, median (IQR)

aCPT: Clinical Performance Tool.

Discussion

Principal Results
We developed a novel cognitive aid, an app for tablet, which
aims to optimize the management of PCA by facilitating
increased adherence to guideline recommendations. In our pilot
study, the app showed a good usability profile and its use was
not associated with increased team leaders’ workload. These
findings are encouraging and in contrast to data on previously
developed cognitive support tools which are shown to increase
users’ workload [47]. Our results lay the ground to further test
in an RCT the effectiveness of the PediAppRREST app which
has now been refined. In fact, based on the feedback provided
by participants in this pilot study, we have modified the app to
improve the app–user interaction, and integrate better the use
of the tool within the scenario management flow, by minimizing
possible distractions related to its use, as well as possible related
interference in team communication. Participants’ feedback has
also guided us in better organizing the presentation of
information/prompts (wording, content per screen, definition
of single management steps, type of prompts) and the flow of
information in the app. We have also reduced information load
per screen and endeavored to facilitate the user’s understanding
of the prompts presented by the app. Lastly, participants
expressed the need for a longer training and testing of the app
to better familiarize with the tool. This will be taken into account
for the design of the RCT protocol.

Our preliminary results, although based on a very limited sample
size, highlighted the potential benefits, as well as the drawbacks,
of using the app to guide resuscitation. Nevertheless, we are
confident that the refined version of the app based on the
feedback received in this pilot study and a better familiarization
with it prior to its use have the potential to significantly reduce
deviations from guidelines, which correlate with clinical
outcomes [20], while limiting drawbacks, such as the delay in
epinephrine administration. Our pilot study showed a median
time to epinephrine administration approximately 90 seconds
longer in the group using the app in comparison to the control
group. This would be an unacceptable side effect as a recent
study showed how survival decreased by 5% for every minute
delay in administration of epinephrine [48]. For this reason, we
have re-designed the information flow and presentation of
information for the delivery of epinephrine with the aim to better
reflect the management flow. Thus, we have separated the
information on the preparation of epinephrine from the
information on its administration (Figure 6).

We also measured team performance by means of the validated
CPT score [41,42] and found similar results for the control and
intervention groups. However, although this tool has been
widely used in simulation research, its score has not shown to
be associated with change in clinical outcomes. In addition, its
items are limited and only partially reflect the potential of the
app in reducing deviations from guidelines. Nevertheless, our
findings are an important starting point for the design and
development of an RCT to test the effectiveness of the app.
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Figure 6. Epinephrine preparation and administration screens. CPR: cardiopulmonary resuscitation; ROSC: return of spontaneous circulation.

Limitations
The results of our pilot study are preliminary and are the first
step of a larger project that aims at testing the effectiveness of
the PediAppRREST app. As such, they cannot be considered
definitive, as the sample size is very limited. However, this pilot
experience was essential to refine the newly developed tool and
to verify there were the premises for a larger comparative study.

Participants of our study were exclusively pediatric residents.
Although this may limit the generalizability of study findings
to other clinicians, trainees are in a unique process of learning
and are more used to incorporate digital assistive tools in their
clinical practice. While in our setting it is easier to get trainees
involved in simulation projects, than experienced clinicians,
the app could be seen as a training tool in itself and future
studies will be designed to test its effectiveness in knowledge
and skill retention.

Our resuscitation team composition differs from other settings,
where a co-team leader, a respiratory therapist, or a CPR coach
is often part of the team, which includes a higher number of
members. We chose a team composition that reflects the actual
management at our institution during night shifts, where trainees
are in the front line in the management of the first few minutes
of pediatric emergencies. We felt it was important to test the
device in this highly stressful and staff-limited scenario where
the app could be most useful.

The intervention and control groups were unbalanced with
respect to the intervention group as we needed to test the device
in the first place, and a few control teams were necessary to test
the overall procedures for the RCT. Similarly, although we
randomly allocated residents to each team and randomly selected
the teams who were performing the scenario without the app,
the timing of app availability was the main determinant of our

pilot study procedure and a proper randomization process will
be performed for the future RCT.

A single trained reviewer rated the videos as the preliminary
evaluation of team performance and deviations from guidelines
were a secondary aim of this study. Two independent and trained
reviewers will be ensured for the RCT, and interrater reliability
will be reported and monitored. Blinding of participants and
research staff was not possible because of the nature of
simulation-based study. Blinding of video reviewer was not
applied as video recording of the team leader using the app and
the tablet was necessary to detect possible difficulties with its
use. Blinding of the statistician performing data analysis will
be ensured for the RCT.

The high-fidelity simulation setting during the last decades has
established itself as a way to investigate rare but high-risk
medical conditions. Although it does not provide data on actual
patient outcomes, it is the best available way to reproduce and
study rare high-stake emergencies and test novel devices
developed to improve their management without compromising
patients’ safety.

Comparison With Prior Work
Several researchers have tried to create and test software
products and apps to improve the quality of resuscitation.
Different products have been conceived, mostly dealing with
OHCA and in-hospital CA (IHCA) in adults. For instance, to
help lay rescuers to manage adult cases of OHCA, different
tools have been developed, such as the M-AID (an app for
mobile phones [49]); a handheld personal computer software
(personal digital assistant) [50]; and a voice activated decision
support system, which is installed on a smartphone [51].
Conversely, other products have been developed and tested to
aid professionals in training or qualified health professionals in
the management of adult IHCA. These instruments comprise
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mobile apps, such as the iResus app developed by the
Resuscitation Council UK [52] and the Medical Assistance
eXpert (MAX) smartphone app [53,54], as well as an iPod
Touch software (decision support) [55]. Very variable results
were obtained when these tools were tested in simulation-based
RCTs with only partial benefit observed in those studies that
achieved positive results [50-52,54,55].

With regard to PCA, a mobile app was developed to help
adolescent lay bystanders to manage an infant OHCA scenario,
but an RCT showed that the participants who used the app only
partially improved their performance [56]. Siebert et al [28]
adapted PALS guidelines to augmented reality glasses and tested
the novel cognitive aid through a simulation-based RCT on a
case of shockable pediatric IHCA. The trial did not show a
significant difference in time to defibrillation when using the
augmented reality glasses compared with the PALS pocket
reference card. However, the intervention group showed a
reduction in the number of errors in defibrillation doses.

An app to help nurses prepare and administer drugs for infusion
during in-hospital pediatric resuscitation has been recently
developed and tested in a simulation-based RCT. The app was
effective in reducing errors and time to preparation/delivery of

medications compared with conventional methods [57]. Another
simulation-based RCT, from the same research group, has shown
a reduction in the time to critical actions and in the deviations
from guidelines recommendations in the management of a
shockable PCA in the group guided by an app for tablet
compared with the group that used the PALS pocket reference
card [30]. However, the app had not been previously tested for
its usability and the sample size was limited (13 residents per
group playing the team leader role, whereas the other team
members were part of the research staff) [30].

To our knowledge, no app similar to the PediAppRREST has
been tested in a pilot study to be refined, and to evaluate its
usability and related workload before being tested in an
adequately powered RCT.

Conclusion
We developed and refined a novel interactive tablet app
(PediAppRREST) for the management of PCA that has potential
to reduce deviations from guidelines recommendations. The
app showed a good usability profile and was not associated with
higher team leaders’ workload. After this pilot testing its
effectiveness will be evaluated in an adequately powered
simulation-based RCT.
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Abstract

Background: Prescription drug misuse and abuse is an established public health challenge, and young adults are particularly
affected. There is a striking lack of real-time, naturalistic data collection assessing intentions to misuse and other precipitating
factors at the time of actual misuse, leaving the conditions under which individuals are most likely to misuse prescription
medications unknown. Ecological momentary assessment (EMA) apps and protocols designed to capture this information would
accelerate and expand the knowledge base and could directly contribute to prevention and treatment efforts.

Objective: The objectives of this study are to describe the development and administration of a mobile app and the EMA
protocol designed to collect real-time factors associated with college students’ prescription drug misuse intentions and behaviors
in daily life; present completion rates, compliance, acceptability, and reactivity associated with the EMA protocol for participants
who endorsed recent prescription drug misuse at screening (ie, risk group; n=300) and those who did not (ie, nonrisk group;
n=55); and establish initial construct validity by linking the reports of misuse behaviors in daily life collected via the EMA app
to prescription drug misuse reported on a standard survey.

Methods: An EMA data collection app and protocol were designed specifically to capture hypothesized contextual factors along
with prescription drug misuse intentions and behaviors in daily life. Using this protocol, young adult college students (N=352)
completed signal- and event-contingent reports over a 28-day period. When the intention to misuse a prescription drug was
endorsed, a brief follow-up prompt was sent 15 min later to collect participants’ indications of whether or not misuse had occurred.

Results: Risk-group participants were significantly more likely than nonrisk counterparts to endorse any prescription drug
misuse intentions in daily life (P<.001), to complete one or more follow-up reports (P<.001), and to endorse any prescription
drug misuse behavior in daily life on the follow-ups (P<.001). Overall, participants demonstrated consistent engagement with
the EMA procedures and returned an average of 74.5 (SD 23.82; range 10-122) reports. Participants in the risk and nonrisk groups
did not differ in the number of reports they completed (P=.12), the number of their reporting days (P=.32), or their average
completion rates (P=.14). The results indicated some evidence of reactivity to the momentary reporting procedure. Participants
reported uniformly positive experiences and remained highly engaged throughout the reporting protocol and broader study.

Conclusions: The novel EMA app and protocol provide an effective way to assess real-time factors associated with prescription
drug misuse intentions and behaviors in daily life. The resulting investigations offer the potential to provide highly translatable
information for research and prevention efforts.

(JMIR Mhealth Uhealth 2020;8(10):e21676)   doi:10.2196/21676
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Introduction

Background
Prescription drug misuse is an established public health concern
in the United States and beyond [1,2]. Although available
evidence, based on epidemiological studies of group averages,
documents harmful correlates [3], there is a striking absence of
identified antecedents related to the occurrence of prescription
drug misuse in daily life by individuals with elevated risk of
engaging in the behavior. This gap is surprising in light of the
successful application of rigorous momentary assessment
protocols to other legal and illegal substances, including alcohol,
tobacco, heroin, cocaine, and cannabis [4-6]. Nonetheless, on
the basis of several fundamental differences between
prescription drugs and other abusable substances [7], explicit
investigation of prescription medication misuse is highly
justified. First, prescription medications are precisely designed
for other purposes and have obvious health benefits, leading to
a potential false sense of safety among people considering their
misuse [8]. Moreover, prescription drugs can be taken
throughout the day in nearly any setting, often without raising
concerns, and their outward effects on the individual may be
less noticeable. In addition, medications are frequently misused
simultaneously with other substances [9], and misuse of
prescriptions is identified as a major risk factor for other
substance abuse [10]. Therefore, a necessary next step in this
area of research is to develop a sound method to investigate the
factors that contribute to prescription drug misuse in populations
with elevated risks of engaging in such behavior in natural
environments in daily life.

Prescription Drug Misuse Among Young Adults:
Background Research and Preliminary Study
Prescription drug misuse itself is potentially harmful and poses
additional costs to individuals and society for its established
links with illicit drug use, alcohol abuse, mental health problems,
risky sexual behaviors, and overdose-related deaths [11-14].
College students comprise a particularly high-risk group for
this behavior, with prevalence rates ranging from 5% to 43%
[15,16]. College students are more likely than young adult peers
to misuse stimulant medications [17] and to routinely be in
situations, such as final exam periods, which involve known
motivators for misuse (eg, improving study habits and grades)
[18-20]. Notably, the college years during young adulthood
reflect a vulnerable point in the life course for experiencing
substance problems [21], and health-related functioning in this
period has a unique and lasting impact on the quality of adult
development [22]. Identifying the situational characteristics that
predict the occurrence of prescription drug misuse would offer
translatable scientific knowledge for improving young adult
health.

The status quo in the literature on college students’ serious
medication practices has been largely cross-sectional and based
on retrospective surveys of prescription drug misuse over an
extended time frame. For example, the available research

predominantly involves participants indicating whether they
have misused any prescription drugs over the past 12 months
or their lifetime [23-26]. This global approach has offered
extensive evidence on who is most likely to misuse prescription
drugs and the concurrent risks associated with the misuse.
However, there is a striking lack of real-time misuse data
collected in natural environments on precipitating factors at the
time of the misuse. This type of information allows researchers
to assess the conditions under which individuals are most likely
to misuse prescription medication. Findings would be critical
to accelerating and expanding the knowledge base and could
directly contribute to prevention and treatment efforts.

Preliminary findings have demonstrated the utility of collecting
young adults’ momentary prescription drug misuse reports in
real-world settings. We obtained data from 49 mixed-sex dating
couples reporting 3 times per day for 10 days [27]. The approach
captured misuse instances that occurred since the last report
was submitted, along with participant ratings of their emotions,
sexual experiences, and alcohol and other drug use. Multilevel
modeling of dyadic data found that females’prescription misuse
was more likely to occur concurrently with their
higher-than-average negative affect and sexual regret, whereas
males’misuse was not reliably associated with these momentary
experiences. Males and females with relatively greater
prescription misuse across the reporting period were more likely
to engage in heavy drinking in daily life, and females with
greater misuse further showed lower levels of sexual enjoyment
and higher risk of unprotected sex. Thus, documenting within-
and between-person correlates of young adults’ prescription
drug misuse in daily life supported the present efforts to develop
a more temporally precise ecological momentary assessment
(EMA) design to identify real-time triggers of misuse at the
time of the substance behavior and to examine initial evidence
for construct validity in studies using this method.

Objectives
Building on our preliminary work, the objectives in this study
are to (1) describe the development and administration of a
mobile app that was designed to collect real-time factors
associated with college students’ prescription drug misuse in
daily life; (2) present completion rates, compliance,
acceptability, and reactivity associated with the EMA method
for both risk group (n=300; endorsed recent prescription drug
misuse of one or more medications in the past 3 months) and
nonrisk group (n=55; did not endorse recent prescription drug
misuse) participants; and (3) establish initial construct validity
by linking the reports of misuse behaviors in daily life collected
via the EMA app to prescription drug misuse reported on a
standard survey.

Methods

Overview
Participants attended two laboratory sessions that were
scheduled an average of 35 days apart, with the EMA protocol
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implemented in between these laboratory sessions. Before this
study, university institutional review board approval and the
National Institutes of Health Certificate of Confidentiality were
obtained. Participants completed questionnaires in each
laboratory session, including an EMA feedback form to describe
their reporting experiences.

Participants and Procedures
Between September 2017 and September 2019, participants at
a large university in the Midwestern United States were
continuously enrolled into an ongoing longitudinal study on
daily behaviors and health in college life. This study is drawn
from the baseline phase of a broader study [28]. Participants
were recruited via flyers and announcements (eg, newspaper
advertisements, emails to enrolled students) that stated, “We
are particularly interested in how people use prescription
medications.” Prospective participants completed a web-based
screening, and a telephone call was scheduled to confirm their
eligibility. Inclusion criteria for all participants were (1) being
enrolled as first- and second-year college students (verified
against the campus Registrar database) and (2) being 18-21
years of age; eligibility for the risk subsample also required (3)
endorsing recent prescription drug misuse of one or more
medications.

The web-based screening obtained prospective participants’
indications that they were in a private location and agreed to
complete the screening questions, which asked about potentially
sensitive day-to-day behaviors. Participants were instructed to
think back over the past 3 months and indicate whether they
used the medications listed in any way a doctor did not intend,
such as use without a prescription, increased amounts, more
often, or longer than directed. The screener presented 4
prescription medication classes adapted from the 2015 National
Survey on Drug Use and Health (NSDUH) [29]: pain relievers,
tranquilizers, stimulants, and sedatives or barbiturates, and
common examples were provided. Prospective participants
responded to each medication question (0=no; 1=yes), and
multiple classes could be endorsed.

Given the main objective of capturing prescription drug misuse
in daily life during this study, we oversampled for participants
who endorsed recent prescription drug misuse (ie, risk group).
This study included 300 participants from the risk group and
55 participants who did not endorse recent prescription drug
misuse in the screener (ie, the nonrisk comparison group). To
minimize any differences in recruitment between groups, the
nonrisk participants were enrolled simultaneously with the risk
participants throughout the recruitment period. Participants
completed informed consent procedures at the start of their first
laboratory session. The typical EMA reporting period was
scheduled for 28 days following the first laboratory session.
The length of the reporting period was adjusted for some
participants due to scheduling conflicts (eg, campus recess
periods) or device issues. During the second laboratory session,
participants returned their devices and completed additional
measures. Participants received their choice of electronic or
check payments; compensation included US $75 for session 1,
US $84 for reporting in daily life (prorated for partial

completion), US $55 for session 2, and a US $36 bonus for
maintaining compliance across the planned reporting period.

App Development and Implementation
The app was developed in collaboration with the university’s
technology division and was installed on an Apple
sixth-generation iPod Touch device. Before the initiation of this
study, the research team met with developers several times to
provide feedback on the app features and interface design. The
survey was administered through an app presented across
multiple screens, with question completion automatically
advancing the participant to the next screen. The questions
allowed for different user inputs (eg, drop-down, radio button,
and checkbox). Throughout the course of this study, the
developers provided technical assistance related to software
updates and other questions that arose. Developers also provided
training to the research team on how to program the app and
device for individual participants.

Given the sensitive nature of the data, security was a primary
concern. We maximized the security of the data in several ways.
First, the app was installed locally on laboratory-owned devices,
which were provided to all participants for the duration of their
reporting periods. Second, the data collected from the app were
stored directly on the devices; the resulting data files were
downloaded directly from the device to a secure server when
participants returned to the laboratory (ie, never transmitted via
the internet). Third, all data were recorded using a study
identifier that contained no personally identifying information.
Fourth, devices were also placed in restricted mode, which
prevented participants from accessing a completed report or
using other device functions. In addition, wireless transfer of
data to and from the device was prevented. Finally, responses
were all numeric and stored on the device with nondescript
variable names. The list of variables was kept separate and
accessible only by laboratory members. In the unlikely event
someone gained access to the completed surveys, there would
be no indication of what the data represented.

Consistent with numerous EMA protocols on addictions [30-33],
both signal- and event-contingent assessments were administered
[34]. Signal-contingent reporting involved a device prompt (ie,
a notification) 4 times a day, once during each of the following
periods: 8:00 AM to 11:30 AM, 11:30 AM to 3:00 PM, 3:00
PM to 7:00 PM, and 7:00 PM to 11:00 PM. The signal times
within each window varied daily. Participants were also trained
to self-initiate a report any time they intended to take a
medication listed in any way a doctor did not direct them to use
it (described under Measures). Signal- and event-based EMA
report items were identical. Reports took approximately 2 min
to complete. To reduce participant burden, a signal-contingent
prompt was not sent within 2 h after a report had been
completed. These EMA reports included items about intentions
to misuse prescription drugs. If misuse intention of one or more
of the medication classes was endorsed, participants were then
sent a brief follow-up report 15 min later to assess misuse
behaviors that might have occurred since the completion of the
associated report; previous EMA protocols [35] have captured
behaviors and contextual factors within this time frame.
Acknowledging that participants might need to wait for a more
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convenient or private time to respond, they were instructed to
complete the follow-up within 15 min. The app automatically
recorded the date and time of the start and completion of all
reports and follow-ups.

During the first session, participants were thoroughly trained
to complete the app reporting procedures. A comprehensive
definition of the focal behavior was provided (ie, using a
medication without a prescription of your own; using it in
greater amounts, more often, or longer than you were told to
take it, or using it in any other way a doctor did not direct you
to use it); the term prescription drug misuse was not used.
Participants were trained to provide both signal- and
event-contingent reports and the follow-up reports. They were
also instructed to contact the laboratory staff if they experienced
any problems with the device. Participants completed a practice
report during their laboratory session and were instructed to
carry the device at all times.

Measures

Sociodemographics
During the first laboratory session, participants reported on their
gender, race, and ethnicity. In addition, the participants reported
fraternity or sorority affiliation and medication prescriptions
they had received in their lifetime.

EMA and Follow-Up Reports
EMA reports captured prescription drug misuse intentions.
Participants were asked “Are you about to take a medication
listed here in any way a doctor did not direct you to use it?”
(0=no; 1=yes). Four medication classes and examples were
provided (pain relievers, tranquilizers, stimulants, and sedatives
or barbiturates; 0=no; 1=yes). Reports also collected contextual
information about the current location of participants and who
they were with as well as hypothesized predictors of prescription
drug misuse, including other substance use, mood, pain, fatigue,
and stressful events. To strengthen the predictive design, reports
assessed current feelings and situations; substance use covered
behaviors in the past 15 min. Items were selected from brief,
validated scales used in previous research with college-based
populations when possible. The number of items on each report
could vary because questions used conditional answer choices
(eg, skip logic) whenever possible. Follow-up reports presented
the following question for each of the 4 medication classes:
“Have you recently taken a medication listed here, in any way
a doctor did not direct you to use it?” (0=no; 1=yes). Additional
questions about current mood states and recent physical
activities were included in the follow-up reports.

Participant Feedback on the EMA Protocol
(Acceptability)
During their second laboratory session, participants reported
on their experiences with the app and device procedures.

Participants rated the extent to which “the reporting occurred
during a period that reflects my typical daily life” (0=not typical;
3=very typical) and the extent to which “the iPod touch device
was user-friendly” (0=not friendly; 3=very friendly). Participants
rated their broader study experiences with the following: “If I
contacted the lab, my questions were addressed in a helpful and
timely manner” (0=not helpful; 3=very helpful) and “Would
you recommend this research opportunity to your friends?”
(0=no; 1=yes).

Past-Year Misuse of Prescription Drugs
During the baseline visit, participants completed a series of
questions about the use of prescription medications following
the 2015 NSDUH [29]. For this study’s 4 focal prescription
medications, participants first indicated whether or not they had
used any of the medications in the past 12 months. Following
these initial questions, participants received a follow-up question
for each endorsed medication asking if the use occurred in any
way not directed by a doctor. Responses (0=no; 1=yes) were
scored to reflect whether the participant engaged in any
prescription drug misuse in the past year as well as any misuse
of each of the 4 focal medication classes.

Analysis Plan
We employed independent samples t tests and chi-square
analyses to compare demographic information, completion rates,
and acceptability indicators of participants in the risk and
nonrisk groups. Throughout this study, we report Fisher exact
test when any single cell was based on <5 participants.
Reactivity was tested by correlating indicators of time and length
(ie, the number of days of reporting and the number of reports
completed) with the outcomes of interest (ie, reports of
prescription drug misuse intentions and behavior). Initial
construct validity was examined by relating past-year survey
reports of prescription drug misuse assessed during the study
baseline to misuse behavior on the EMA. Given that signal-
and event-based EMA report items were identical (and thus
were indistinguishable in the resultant data files), both types of
reports were included in the completion rates and construct
validity results.

Results

Sample Characteristics
Participants in the risk and nonrisk groups did not differ with
respect to the demographic characteristics of age or class
standing (Table 1). The risk-group sample included
proportionally more participants who self-identified as female;
non-Hispanic, White (compared with other racial or ethnic
backgrounds); and affiliated with a fraternity or sorority. Risk
participants were also more likely to have a lifetime history of
prescriptions (of any medication class) and of pain relievers,
tranquilizers, and stimulant medications.
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Table 1. Sample characteristics at baseline and tests of risk (n=300) and nonrisk (n=55) group differences.

P valueStatistical comparisonNonrisk participantsRisk participantsCharacteristics

Chi-square (df)t test (df)

.17N/Aa1.38 (353)19.36 (0.68)19.5 (0.71)Age (years), mean (SD)

.311.0 (1)N/A35 (64)169 (56.3)Class standing (freshman), n %

.044.4 (1)N/A30 (55)207 (69)Sex (female), n %

<.00112.7 (1)N/A32 (58)240 (80.3)Race and ethnicity (non-Hispanic, White), n %b

<.00113.1 (1)N/A6 (11)107 (35.7)Fraternity/sorority member (affiliated), n %

<.00117.1 (1)N/A22 (40)207 (69)Lifetime prescription history (endorsed any), n %

.025.8 (1)N/A18 (33)151 (50.3)Pain reliever (endorsed)

.034.8 (1)N/A5 (9)66 (22)Tranquilizer (endorsed)

.007cN/AN/A2 (4)53 (17.7)Stimulant (endorsed)

.15cN/AN/A1 (2)23 (7.7)Sedative or barbiturate (endorsed)

aN/A: not applicable.
bResponse missing for 1 risk participant.
cFisher exact test.

Data Selection and Descriptive Statistics
A total of 28,701 EMA reports were completed by 352 of the
355 participants; data were not available from 3 risk-group
participants (2 did not return their data collection device and
data from 1 participant’s device was not retrievable due to a
password error). An important feature of the EMA protocol was
collecting self-initiated reports; therefore, the app did not restrict
time between reporting and allowed participants to complete
several surveys within a short time frame. Upon examination
of the collected data, the study team deemed it reasonable for
2 reports to be completed within 5 min of each other. Any
reports beyond the second that were completed within 5 min
(ie, the third or greater report) were removed. This resulted in
the removal of 1.1% (329/28,701) of the obtained reports that
we did not plan to include in any analysis stemming from the
broader project.

Some report submissions did not adhere to the EMA protocol.
Given our goal of documenting the utility of the protocol, we
focus only on the reports that were obtained during the
scheduled reporting periods and only the follow-ups that were
completed within the instructed time frame. Although the typical
reporting period was scheduled for the 28 days following the
first laboratory session, some participants continued reporting
until they returned for the second laboratory session. We
removed a total of 2147 reports that were completed outside of
the participants’designated reporting days. The resulting 91.4%
(26,225/28,701) of obtained reports were associated with 439

completed follow-ups; 64.0% (281/439) of the follow-ups were
completed within 15 min of being sent (following the associated
report) and were retained in this analysis.

In line with our sampling strategy, risk-group participants
(143/297, 48.1%) were significantly more likely than the nonrisk
counterparts (4/55, 7%) to endorse any prescription drug misuse
intentions in daily life across the four medication classes (Fisher
exact P<.001). Risk participants (108/297, 36.4%) were also
significantly more likely than nonrisk participants (0/55, 0%)
to complete one or more follow-up reports according to the
study protocol (Fisher exact P<.001). In addition, risk
participants (91/297, 30.6%) were more likely than nonrisk
participants (0/55, 0%) to endorse any prescription drug misuse
behavior in daily life on the follow-ups (Fisher exact P<.001).

Compliance
Overall, participants demonstrated consistent engagement with
the EMA procedures and returned an average of 74.5 reports
(SD 23.82; range 10-122). Table 2 shows report completion by
group status. Notably, participants in the risk and nonrisk groups
did not vary in the number of reports they completed or in the
number of their reporting days. We also calculated the
completion rate for each person, which was based on the number
of their completed reports relative to the expected number of
reports (assigned number of reporting days × 4 reports per day);
participants in risk and nonrisk groups did not differ in their
average completion rates (Table 2).
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Table 2. Ecological momentary assessment completion by risk (n=297) and nonrisk (n=55) group status.

P valueStatistical comparison, t test (df)Nonrisk participantsRisk participantsVariables

.12–1.57 (350)79.11 (22.01)73.65 (24.07)Reports, mean (SD)

.32–0.99 (350)27.07 (3.05)26.50 (4.05)Reporting days, mean (SD)

.14–1.48 (350)0.73 (0.18)0.69 (0.19)Completion ratea

aCalculated as the number of completed reports divided by the expected number of reports based on assigned reporting days.

Acceptability
Participants in the risk versus nonrisk groups reported similar
experiences with procedures and uniformly positive experiences.
As shown in Table 3, there were no reliable differences across
groups in terms of evaluations of whether the reporting period
was typical of their daily life or whether the device was user
friendly. There was no difference in the likelihood of

participants from the different groups contacting the research
team for assistance; furthermore, the staff contacts that occurred
were evaluated as equally helpful by participants across the
groups. Nearly all participants who attended the second
laboratory session (352/353, 99.7%) endorsed that they would
recommend the research opportunity to their friends; 1
participant from the risk group left his or her response to this
question blank.

Table 3. Ecological momentary assessment experiences by risk (n=298) and nonrisk (n=55) group status.

P valueStatistical comparison, t test (df)Nonrisk participantsRisk participantsVariables

.07–1.83 (351)2.33 (0.70)2.13 (0.74)Reflecting typical daily lifea, mean (SD)

.540.61 (351)2.84 (0.37)2.87 (0.37)User-friendly devicea, mean (SD)

.122.5 (1)b28 (51)118 (39.6)Contacted the research team, n (%)

.251.16 (34.76)2.86 (0.36)2.94 (0.27)Helpful contacta, mean (SD)

aRated on scales from 0 to 3.
bThis result is from χ2, not a t test.

Reactivity
We examined reactivity by testing whether prescription drug
misuse intentions and behavior were more or less likely to be
endorsed by participants over time, in terms of their reporting
length (the number of days) and reporting amount (the number
of reports). Specifically, reactivity was documented with
prescription drug misuse intentions decreasing as a function of
the number of reporting days (r=–0.01; P=.04) and number of
reports completed (r=–0.03; P<.001). In contrast, when
prescription drug misuse behavior occurred in daily life,
reactivity in the opposite direction was found, with misuse
behavior endorsed on the follow-up increasing as a function of
reporting day (r=0.15; P=.01) and report number (r=0.18;
P=.003), that is, we found evidence that prescription drug misuse
intentions decreased over time (or were less likely to be endorsed
as participants completed more days of reporting and more
reports), whereas actual prescription misuse behavior increased
over time (or was more likely to be endorsed as participants
completed more reporting days and more reports). It should be
noted that the magnitude of reactivity effect sizes for intentions
was negligible and that for behavior was small [36].

Initial Construct Validity
There was a robust association between participants engaging
in prescription drug misuse in the past year at the baseline
assessment and during the daily life procedure: Reporting misuse
behavior (of one or more medication classes) in daily life on
the EMA follow-up was significantly more likely among
participants who had indicated any past-year prescription drug

misuse (90/255, 35.3%) than among those who did not (1/97,
1%; Fisher exact P<.001). Examination by medication class
further revealed reliable consistency in participants reporting
prescription misuse behavior across the methods. Specifically,
the results indicated that the proportion of participants who
endorsed misuse of a medication class in daily life according
to the study protocol was significantly higher among those who
had reported past-year misuse of that medication class than
among those who did not for all 4 medication classes: pain
medication (6/23, 26% vs 2/85, 2%; Fisher exact P=.001),

tranquilizers (9/29, 31% vs 6/79, 8%; χ2
1=9.8; P=.002),

stimulants (76/95, 80% vs 1/13, 8%; Fisher exact P<.001), and
sedatives or barbiturates (2/7, 29% vs 1/101, 1%; Fisher exact
P=.01).

Discussion

Principal Findings
This study presented the development and implementation of
an app installed on study-owned devices to collect participants’
momentary experiences at the time of their prescription drug
misuse intentions and behaviors. This study documented
participants’ EMA completion rates and provided evidence for
compliance and acceptability among participants in both risk
and nonrisk sampling groups. Low levels of reactivity have
been reported (described later). In addition, we presented the
initial construct validity of our EMA approach by linking reports
of misuse behavior in daily life to prescription drug misuse
reported on a standard survey. Together, the results of this study
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provide early support for the feasibility and value of collecting
young adults’ reports of prescription drug misuse intentions and
behavior in daily life.

Although EMA still relies on self-report, this method offers
improvement over more traditional assessments by minimizing
reliance on memory and collecting situational factors at the time
of the behavior of interest. Accordingly, these designs can
provide specific momentary information to identify more
particular risk and protective factors associated with behaviors
that hold important consequences for health and adjustment.
This protocol is indeed highly novel for collecting hypothesized
predictors and prescription drug misuse intentions before the
follow-up reports of the behavior. The resulting responses can
allow many contextually based and temporally precise
investigations across levels (ie, broader calendar-based timing
as well as characteristics of the individual or the moment) to
identify direct and interactive situations that increase college
students’ likelihood of endorsing prescription drug misuse in
daily life. Findings from our investigations, therefore, can
provide highly translatable information for modifiable
prevention and treatment targets.

Our sample was highly committed to the overall study and was
particularly engaged with reporting in daily life. From the start
of recruitment, interest in the research was high. We maintained
continual interest from potential participants. Positive
engagement was further reflected by nearly all participants
returning to the second laboratory session with their device and
saying they would recommend the experience to others. We
obtained average completion rates that were similar to a pooled
compliance rate on the basis of many EMA protocols that
examined different substances [37]. We intentionally recruited
and enrolled nonrisk participants into the study at proportionally
the same rate that we enrolled the risk-group participants;
therefore, academic rhythm and calendar timing were similar
and broader societal and campus events that occurred were the
same across these two groups. Notably, this study showed that
participants from risk and nonrisk groups also had similar
experiences with the reporting in daily life. Therefore, when
testing hypothesized predictors of the focal substance use
outcomes, we will be more confident in the findings.

The results indicated some evidence of reactivity to the
momentary reporting procedure, as has been found in reporting
other substances using EMA approaches (eg, alcohol) [32]. It
is possible that participants were more attentive to the procedure
at the beginning of their reporting periods and, therefore, were
more likely to endorse misuse intentions in daily life earlier on
during reporting. At the same time, it could be that reporting
over time raised participants’ likelihood of engaging in the
behavior or that participants became less concerned about
endorsing sensitive behaviors as they become more accustomed
to the reporting procedures. We are not able to determine
whether reactivity varied across signal-based versus event-based
reports; however, collecting such information in future studies
would shed light on participants’ preferences for one type of
reporting over the other. It is worth reiterating that the low
magnitude of the reactivity documented for both misuse
intentions and behavior suggests that the outcomes did not

practically change over time as a function of having to report
on behavior in real time.

In testing adherence to the method here, we conservatively
focused on reports that matched protocol training time frames.
The reports we plan to include in future studies with this data
set will be preregistered on the Open Science Framework and
will depend on particular research questions. When we
investigate momentary experiences as predictors of prescription
misuse behaviors in daily life, we plan to restrict analysis of the
focal misuse behavior outcomes to those that were reported on
follow-ups completed within 15 min of being sent (consistent
with protocol training). Alternatively, studies that are designed
to test background factors, or other person-level characteristics,
associated with risk of engaging in prescription drug misuse in
daily life would not need to be bound by these temporal
restrictions. Indeed, for certain research aims, having more
instances of the behavior available would result in more
representative findings and more powerful statistical tests. These
trade-offs should be considered and justified by the purpose of
this study.

We note that our EMA reports were identical regardless of
whether participants were responding to a prompt or
self-initiating a report. Thus, we could not determine the
completion rates for signal-based versus event-based reporting.
We were also unable to establish how many participants
completed event-based assessments (or the associated
follow-ups). Another protocol development decision was that
we did not have participants indicate retrospectively whether
prescription drug misuse had occurred since their last report,
that is, a coverage strategy [38]. There is a possibility that
participants who become aware of the backward-looking option
would be less likely to report the focal behavior in real time.
This decision was particularly important for our protocol
because the primary goal of the broader study was to collect
momentary factors that predict real-time prescription drug
misuse; any motivations or characteristics reported after the
behavior occurred would no longer represent contextual triggers
of misuse. Instead, we focused on thoroughly training
participants to respond to the prompts and self-initiate as
described in the protocol. Studies focused on other research
questions and aims should consider whether the addition of
retrospective endorsement of the behavior would bolster their
design. Consistent with the development of any rigorous study,
careful planning of an EMA design that matches the research
question is critical.

Limitations
Our sample was representative of the college campus from
which it was drawn but is not necessarily reflective of students
at other types of higher education institutions or of nontraditional
students. Additional work will be needed to understand the
applicability of this method to individuals across different
contexts and locations. A practical limitation of using a separate
device for EMA data collection is that the approach may be
more burdensome for participants and requires greater
investment in study materials. We expect that these
considerations were offset by the anonymity and protection of
the participant data provided by a separate device. Although
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reported behavior instances might be lower if the device was
not readily available to the participant, the responses obtained
may be more forthright due to security and privacy assurances.
Nevertheless, in light of the recent successful apps on young
adults’own smartphones to assess drinking in daily life [32,39],
this study provides a foundation for the next steps in adapting
the study of prescription drug misuse in daily life to different
designs. Future work could examine such possibilities.

Conclusions
Establishing real-time mood states, pain symptoms, stressors,
and other substance behaviors as predictors of college students’

prescription drug misuse is critical for obtaining a more precise
understanding of the behavior in daily life situations. In line
with the social ecological perspective [8,40], our models will
include various triggers to identify the most robust hypothesized
factor. This study provided initial evidence that using an EMA
design to obtain reports of prescription drug misuse intentions
and behavior (along with contextual antecedents) in daily life
is feasible and acceptable. Additional research will provide
direct insights into educational and intervention prospects for
reducing hazardous prescription drug behaviors during an
important age period.
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Abstract

Background: The burgeoning area of mobile health (mHealth) has experienced rapid growth in mobile apps designed to address
mental health issues. Although abundant apps offer strategies for managing symptoms of anxiety and stress, information regarding
their efficacy is scarce.

Objective: This study aimed to assess the effect of an mHealth app on user self-ratings of psychological distress in a sample
of 270,461 app users. The Tapping Solution App guides users through the therapeutic protocols of Clinical Emotional Freedom
Techniques (EFT), an evidence-based psychophysiological intervention that combines acupressure with elements of cognitive
and exposure therapies.

Methods: App users provided self-ratings of emotional intensity before and after app sessions (termed “tapping meditations”)
using an 11-point Subjective Units of Distress scale. App user data for 23 tapping meditations, which addressed psychological
symptoms of anxiety and stress, were gathered between October 2018 and October 2019, totaling 380,034 completed app sessions.

Results: Across 12 anxiety-tapping meditations, the difference in emotional intensity ratings from presession (mean 6.66, SD
0.25) to postsession (mean 3.75, SD 0.30) was statistically significant (P<.001; 95% CI −2.92 to −2.91). Across 11 stress-tapping
meditations, a statistically significant difference was also found from presession (mean 6.91, SD 0.48) to postsession (mean 3.83,
SD 0.54; P<.001; 95% CI −3.08 to −3.07). The results are consistent with the literature on the efficacy of Clinical EFT for anxiety
and stress when offered in conventional therapeutic formats.

Conclusions: The findings provide preliminary support for the effectiveness of the mHealth app in the immediate reduction of
self-rated psychological distress. As an adjunct to professional mental health care, the app promises accessible and convenient
therapeutic benefits.

(JMIR Mhealth Uhealth 2020;8(10):e18545)   doi:10.2196/18545
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anxiety; stress; meditation; mobile health; Emotional Freedom Techniques (EFT); mobile phone

Introduction

Background
Symptoms of anxiety and psychological distress are highly
prevalent in the adult population worldwide. Anxiety disorders
are among the most common mental health disorders [1], with

an estimated one-third of the global population affected by an
anxiety disorder during their lifetime [2,3]. Furthermore,
subclinical symptoms of anxiety are reported globally, which
can significantly impair functioning and reduce quality of life
[4]. Psychological stress is also a commonly reported mental
health issue. More than 75% of American adults perceive
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themselves as significantly stressed, with 42% expressing a
desire to manage their stress [5].

Chronic exposure to stress is associated with enduring changes
in the body’s emotional, physiological, and behavioral responses
[6]. These changes present an increased risk for mental health
disorders and diseases such as depression, cardiovascular
disease, autoimmune dysfunction, and cancer [7]. Several
pathways link psychological distress to disease. Maladaptive
behavioral changes in response to stress (eg, inadequate sleep,
poor diet) and biological changes in the endocrine response
system (eg, hypothalamic-pituitary-adrenocortical axis,
sympathetic-adrenal-medullary) can increase individuals’ risk
of disease [8,9]. As a result, adverse psychological health
imposes a substantial economic burden at individual and societal
levels [10,11]. The very high levels of anxiety and psychological
stress reported globally highlight the need for accessible
psychological treatments with demonstrated efficacy to help
reduce the behavioral and biological outcomes associated with
poor mental health [7].

Mobile Health
Mobile technology innovation has significantly transformed
aspects of everyday life. This technological platform has altered
the way we consume entertainment, educate ourselves, and
communicate with each other [12] by broadening access to
services and increasing resource availability. Mobile
technologies in the field of mental health have the potential to
revolutionize traditional health care [13]. Mobile health
(mHealth) is an emerging field in psychological health practice
that uses wireless technologies supported by smartphones and
mobile devices [14]. mHealth apps are considered as a new
taxonomy of techniques that help to manage psychological
distress [15] and enable users to work independently on aspects
of self-improvement. As an adjunct to psychotherapy, mHealth
apps offer increased access and availability than face-to-face
health care [16].

The burgeoning growth in mental health apps has been largely
attributed to rapid technological development, together with its
convenience and ease of use [17,18]. Although mHealth apps
(eg, medical, health, and fitness categories) currently account
for 3.4% of the 3 million plus apps available via the Apple Store,
an estimated 60% of smartphone users in the United States have
at least one mHealth app installed on their smartphones [19].
There is an abundance of commercial apps offering users
strategies and techniques for managing anxiety and stress.
However, little information on the efficacy of these apps is
available beyond self-rated reviews and star ratings [20]. The
proliferation of mobile apps to address mental health calls for
timely evaluation of their psychological benefits for app users.

Apps Designed for Anxiety
Several recent meta-analyses have comprehensively appraised
the field of mHealth apps with particular focus on apps designed
to manage symptoms of anxiety. Sucala et al [21] analyzed 52
apps available through European app stores (iTunes and Google
Play), which targeted anxiety in general, worry, and/or panic
attacks. In 63.5% of the apps analyzed, no information was
given to users about the therapeutic method that informed its

design. Of the apps that identified a therapeutic method, 26.9%
were aligned with cognitive behavioral therapy, while 7.7%
reported a combination of therapies (eg, meditation,
mindfulness, neuro-linguistic programming). The majority of
apps failed to disclose details regarding professional licensure
and developer training. Of the 52 anxiety-based apps reviewed,
Sucala et al [21] identified only two studies that presented
feasibility and efficacy data [22,23], both of which suggested
that the apps effectively reduced symptoms of anxiety. However,
both the respective studies had notable limitations regarding
their research design (eg, lack of empirically validated measures
or high participant attrition). Accordingly, Sucala et al [21]
recommended that the anxiety app design be grounded in
psychotherapeutic techniques with demonstrated efficacy in
face-to-face clinical settings. Furthermore, they cautioned that
apps not grounded in empirical approaches can result in
iatrogenic effects, thereby increasing symptoms of anxiety in
app users.

The efficacy of anxiety-based smartphone-supported apps was
also examined in a meta-analysis of 9 randomized controlled
trials (RCTs) that met specific systematic review criteria [24].
Collectively, a significant reduction in anxiety symptoms was
found in the anxiety app intervention groups compared with
controls (N=1837), with the greatest benefits observed in the
trials that compared smartphone interventions with wait list
control conditions. Although significantly smaller effects were
observed in studies that controlled for attention or user
engagement, Firth et al [24] concluded that smartphone
interventions appeared to reduce anxiety symptoms significantly
more than controls. However, there was substantial variance in
anxiety levels between and within study participants, indicating
the need for research to identify specific user groups who may
benefit most from anxiety interventions delivered via mobile
device platforms.

Apps Designed for Stress
Apps designed to help users manage psychological stress have
also been the subject of meta-analytic review. In 2016, Coulon
et al [25] provided the first meta-analysis of evidence-based
stress management apps. A total of 902 apps available on the
Apple iOS platform were subject to a multilevel selection
process, of which 32 apps met 3 specific criteria: domains
related to evidence-based content, transparency of app developer
details, and functional app interface. The most common
therapeutic techniques among the apps were mindfulness,
meditation, and diaphragmatic breathing. Several apps purported
to deliver efficacious stress management techniques (eg,
breathing techniques), despite providing inadequate guidance
for users (eg, lack of instruction regarding the use of diaphragm
muscles during breathing exercises). Therefore, Coulon et al
[25] cautioned that apps delivering evidence-based methods
require adequate behavioral skill instruction to avoid iatrogenic
effects on app users.

Coulon et al [25] were the first to apply an established taxonomy
of behavior change techniques [26] in the review of stress
management apps. In extending the research of Coulon et al
[25], Christmann et al [15] proposed an additional taxonomy
of emotion-focused stress management strategies in their review
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of free stress management apps available on Google Play. Of
the 62 apps that met their inclusion criteria, 26 apps comprised
behavioral change–based strategies and 15 apps presented
emotion-focused stress management techniques. One app was
common to both the analyses by Christmann et al [15] and
Coulon et al [25]. In contrast with the review by Coulon et al
[25], in which 48% of stress management apps drew on
mindfulness or meditation techniques, only one-third (34%) of
apps reviewed by Christmann et al [15] used empirically
demonstrated approaches (eg, meditation, mindfulness,
breathing, acupressure or EFT). The standardized taxonomy
proposed by Christmann et al [15] was designed to enable
greater comparability between different intervention types in
stress management apps. Interestingly, although some apps
reviewed by Christmann et al [15] offered users the opportunity
to self-rate symptoms and stress levels, none used that
information to address the pattern of self-rated symptoms within
app content. They considered this as an important area for future
health app design. This self-rating functional aspect of app
design is addressed in this study.

Meta-analytic findings provide direction for future mHealth
app assessment and development. Collectively, this body of
work reinforces a crucial principle: mHealth apps must
demonstrate positive outcomes for app users [27]. However,
few studies have examined the effectiveness of mHealth apps
in reducing symptoms of psychological distress [12]. The
mHealth platform offers the potential for a range of
self-management strategies to assist psychological symptoms
of anxiety and stress, particularly for individuals who require
psychological support but have limited access to regular health
care [24,28]. As the mHealth app modality offers benefits such
as increased flexibility, accessibility, convenience, and reduced
cost [12,29], studies that examine the effectiveness of
evidence-based apps are paramount to help inform and protect
the growing population of app users.

The Tapping Solution App
The Tapping Solution App, developed by The Tapping Solution,
LLC, is an Energy Psychology–based meditation app for use
on smartphones and mobile devices. The app was designed to
improve users’ symptoms of psychological distress (eg, anxiety,
stress, worry) and promote overall well-being using Emotional
Freedom Techniques (EFT). EFT is a therapeutic approach in
the field of Energy Psychology, which combines elements of
exposure and cognitive therapy together with somatic
stimulation. In the EFT therapeutic protocol, the individual taps
with the fingertips on specific acupoints on the body
(acupressure) while focusing on cognitions that produce
emotional distress [30]. This focus on emotionally charged
memories and beliefs draws from the field of exposure therapy.
When paired with acupoint tapping, the emotional intensity of
these memories is usually quickly reduced [31]. Since its
inception in the 1990s, EFT has been a manualized therapy,
leading to uniformity of application in research and training.
The manualized form of the method is called Clinical EFT.

The EFT procedure begins with clients identifying an issue and
rating their degree of distress. The EFT uses an 11-point Likert
scale ranging from 0 (no emotional intensity) to 10 (maximum
emotional intensity). This scale is called the Subjective Units
of Distress (SUD) scale and originates in the work of Wolpe
[32]. Clients provide a phrase that encapsulates their issue, such
as “the car crash” or “the explosion.” This “reminder phrase”
is repeated throughout treatment to maintain and reinforce
exposure to the issue while the acupoints are stimulated. A long
form of EFT includes eye movements similar to those used in
eye movement desensitization and reprocessing [33] and
stimulates 14 acupoints. An abbreviated version stimulates 9
points (8 points are displayed in Figure 1 [34], excluding the
side of the hand acupoint). The EFT short form is completed in
less than 30 seconds and is referred to as a “round” of tapping.
The procedure is repeated until the SUD levels drop, which may
require several rounds.

The psychological benefits of EFT intervention include
improvements in symptoms of anxiety, posttraumatic stress
disorder (PTSD), self-esteem, and pain [31,35-39]. Other studies
have reported rapid improvements for a variety of additional
psychological challenges such as performance blocks, social
anxiety, excessive food cravings, and stress management
[31,37,38,40-43]. A web-based research bibliography listing
more than 100 clinical trials is publicly available [44].

In the 1990s, Division 12 (Clinical Psychology) of the American
Psychological Association published standards for “empirically
validated therapies” [45,46]. For the next two decades, the
principles guided the design and reporting of EFT research [31].
Several studies have examined symptom levels before and after
a single session of EFT (≤60 min in duration). These studies
showed that EFT is effective for fear of public speaking
[39,40,47], sports performance [48,49], anxiety and depression
[50], phobic fear [51-53], and traumatic stress [54,55].

Although this study is the first app-based EFT study, it is
important to note that several other studies have examined EFT
delivered remotely. Hartung and Stein [56] compared the
telephone delivery of EFT with in-person therapy. Although
face-to-face delivery of EFT was significantly more efficacious
than the telephone (91% vs 67% recovery rate), remote
telephone sessions nonetheless remediated PTSD symptoms in
67% of the veterans treated. In a web-based EFT intervention
of patients with fibromyalgia, Brattberg [57] found significant
improvements in pain and other symptoms. Fibromyalgia was
resolved in approximately one-third of the participants and
another third reported partial pain relief. In addition, Church
and Clond [58] compared participants in a web-based
relationship class with a similarly sized sample taking the same
class in-person. Although the relationship satisfaction outcomes
were similar for both groups, they differed significantly on
baseline measures of anxiety, depression, and relationship
satisfaction. The authors suggested that the demographic and
mental health characteristics of those seeking web-based
treatment may differ substantially from those seeking in-person
treatment.
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Figure 1. Eight tapping points utilized in Emotional Freedom Techniques practice. The Tapping Solution App includes a point on the side of the hand.
Copyright 2019 by Peta Stapleton. Reprinted with permission.

Support for the long-term efficacy of web-based EFT treatment
has recently emerged in a 2-year follow-up of a web-based trial
for food cravings [59]. The treatment group participants
completed a self-paced web-based EFT treatment program
comprising 7 modules throughout the 8-week intervention
period, and a wait list group also completed the EFT web-based
intervention following the end of the intervention period. From
preintervention to immediately postintervention and 2-year

follow-up, scores significantly improved for food cravings
(−28.2%), power of food (−26.7%), restraint (+13.4%),
depression (−12.3%), anxiety (−23.3%), and somatic symptoms
(−10.6%). Significant improvements were also seen in
carbohydrates and fast food cravings between 6 months and 2
years. Findings suggest that ongoing treatment for cravings for
desirable food was not required following the 8-week web-based
EFT intervention.
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The physiological mechanisms of action underlying EFT have
been elucidated in several studies. A triple blind RCT compared
a single hour-long session of EFT with both talk therapy and
rest [50]. Measures included psychological symptoms of anxiety
and depression and biological assessment of cortisol, the stress
hormone. The study found that psychological distress dropped
by more than twice as much in the EFT group as it did in the
other two groups. Cortisol levels declined significantly more
in the EFT group. Another study examined both cortisol and
immunoglobulin levels in participants receiving EFT over the
course of a weeklong workshop [60]. A reduction was found in
baseline cortisol of 37% and increased synthesis of
immunoglobulins by 113% as well as improvements in a range
of other physiological markers of general health. A study of
pregnant women also found significant decreases in cortisol
and increases in immunoglobulins after EFT treatment [61]. In
addition, an RCT of veterans with clinical levels of PTSD found
a significant reduction of 53% in symptoms such as flashbacks,
nightmares, and hypervigilance. Participants received 10 EFT
sessions, and their gene expression was measured before and
after treatment. Significant upregulation was found in 6 genes
related primarily to immunity and suppression of inflammation
[62]. A similar study found regulated expression of 2
microRNAs associated with depression [63].

A criticism of EFT is that because it borrows elements from
established therapies such as exposure and cognitive therapy,
its acupressure component may be no more than placebo. A
total of 6 dismantling or component studies rigorously tested
this hypothesis and all found that acupoint tapping did indeed
enhance treatment results. A review of these studies reported
the same effect [64].

This Study
The Tapping Solution App recorded one million user sessions
12 months following its launch. The Tapping Solution App
offers a suite of more than 220 guided tapping meditations, with
category titles such as “Emotional Freedom,” “Fears and
Phobias,” and “Sleep Support.” Each audio track (≤10 min in
duration) guides users through a tapping sequence targeting a
particular problem. The content was designed and recorded by
a practitioner certified in Clinical EFT by EFT Universe, one
of the largest EFT training organizations in the world. The
scientific advisory committee for the app included researchers
who had collectively published over 40 clinical trials,
meta-analyses, and systematic reviews of EFT. The app is free
to download from iOS (Apple) and Android (Google Play)
platforms, with a paid version available that contains additional
content and a lifetime subscription to updates. App features
include a personalized dashboard with motivational quotes and
a progress tracker, SUD self-assessments at the beginning and
end of each tapping meditation, and a download option for
offline activity. A visual acupoint graphic (Figure 2) is also
presented in each session that highlights the acupoints on the
face and body (as previously displayed in Figure 1).

This study sought to evaluate the impact of The Tapping
Solution App on intensity self-ratings of anxiety and stress in
a large sample of app users. Since studies have found large
initial gains from Clinical EFT interventions as symptoms drop
rapidly [31], it was hypothesized that a significant reduction in
app users’ emotional intensity ratings would be found across
app meditations.
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Figure 2. Acupoints are highlighted on 9 acupoints on the face and body. The side of the hand is highlighted in this image.

Methods

Participants and Procedure
This study is a cross-sectional analysis of app user self-ratings.
The sample comprised 270,461 app users aged between 18 and
65 years and above who had self-selected and downloaded The
Tapping Solution App for use on a mobile device across 12
months from October 2018. The sample consisted of 81.9%

(221,508/270,461) women and 18.1% (48,953/270,461) men.
Demographics by age and sex are shown in Table 1.
Approximately half the app users (135,771/270,461, 50.20%)
were located in the United States, followed by the United
Kingdom (36,512/270,461, 13.50%), Canada (34,078/270,461,
12.60%), and Australia (27,857/270,461, 10.30%). In terms of
device use, 85.50% (324,929/380,034) of app sessions were
completed on a smartphone and 14.50% (55,105/380,034) on
a tablet device. Participants provided informed consent when
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agreeing to a statement in the terms and conditions of The
Tapping Solution App, which stated that their anonymized data
would be used for research purposes. This study was not

approved by an institutional review board or ethics committee
because the data set that was analyzed consisted of existing
third-party data that were deidentified [65].

Table 1. Demographics of app users by age and gender (N=270,461).

Men, n (%)Women, n (%)Demographics

Age (years)

3786 (1.40)9737 (3.60)18-24

7843 (2.90)28,669 (10.60)25-34

9737 (3.60)45,708 (16.90)35-44

10,548 (3.90)55,174 (20.40)45-54

8655 (3.20)49,765 (18.40)55-64

8384 (3.10)32,726 (12.10)≥65

48,953 (18.10)221,508 (81.90)Total

Before each session, app users were advised to consult a doctor
regarding any issue relating to a psychological or physiological
symptom that required medical attention. Furthermore, the terms
and conditions of app use stated that the content provided in
the app did not substitute for advice, diagnosis, or treatment
from a qualified health care professional. Participants received
weekly email updates from one of the app developers who
encouraged the use of various app session categories.

Anxiety App Sessions
The word search function was used within The Tapping Solution
App to identify app meditations related to anxiety. In line with
criteria from the anxiety app meta-review by Sucala et al [21],
app meditation titles containing the words “anxiety,” “worry,”
“panic attack,” “social anxiety,” and “fear” (ie, symptoms of
generalized anxiety disorder) were used in the analyses. A total
of 12 app meditations were identified, which included
“Releasing Anxiety,” “Turn Your Day Around—Tapping for
Anxiety, Tap and Breathe,” and “Releasing Anxiety in the
Breath.”

Stress App Sessions
The word search function within the app was used to identify
app meditations designed to target psychological stress
symptoms. A total of 11 app meditation titles that referenced
stress were identified, including “I’m Stressed About the
World,” “Nervous Tension & Stress Release,” and “Releasing
Evening Stress.”

Emotional Intensity Indicator
The SUD scale [32] provided a measure of emotional intensity.
Psychological symptoms of anxiety and stress were self-rated
by app users on a scale of 0 to 10 (0=no distress at all to
10=worst distress imaginable) before and after app sessions.
This rating was represented on the app using a built-in Visual
Analog Scale [66], in which users slid a dot along a visual scale
to indicate their symptom intensity rating. Users provided 2
SUD scores: one at the start of the session and another on
completion of the tapping meditation. The average time between
pre– and post–app session ratings was approximately 10 min.

Wolpe [67] developed the SUD scale for use with World War
II veterans to measure the emotional impact of traumatic events.
Increased SUD scores are associated with heightened arousal
of the sympathetic nervous system [68]. SUD ratings are
correlated with heart rate, respiratory rate, and galvanic skin
response [69]. When interventions lower SUD levels,
physiological signs of stress are reversed [70].

The App Intervention
An example of the app interface during a session is shown in
Figure 2. Upon opening the app, users were provided with a
short topic summary overview. For example, the Releasing
Anxiety session description states the session purpose:

Anxiety is not just felt in our minds but with our whole
body, which is why using a technique like tapping
that uses the mind and body is so powerful. Anxiety
often appears when we are worried about the future
and feel disconnected from the present moment. Use
this tapping meditation to begin to rewire your brain
to release anxiety and stress and allow things to be
easy.

Session progress (time display in minutes and seconds) was
visible for app users throughout each session (Figure 2).

Results

A total of 23 meditations available on The Tapping Solution
App between October 2018 and October 2019 were identified.
App session intensity reports for the 23 meditations, comprising
380,034 completed session plays, were uploaded from Google
Analytics and imported to SPSS version 26 for analyses. The
completed plays for 12 anxiety meditations ranged from 1025
for “Releasing Anxiety in the Mind” to 174,433 for “Releasing
Anxiety.” Completed plays for 11 stress app meditations ranged
from 2306 for “I’m Stressed About My Weight” to 10,659 for
“Nervous Tension & Stress Release.” Figures 3 and 4 display
the 12 anxiety meditations and 11 stress meditations by volume
of completed plays and change in the net intensity rating.
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Figure 3. Anxiety app meditation by title and total completed plays (n=316,323).

Figure 4. Stress app meditation by title and total completed plays (n=63,711).

Weighted means and SDs for user self-ratings across the anxiety
and stress app meditations based on completed plays are
displayed in Table 2. Across the 12 anxiety meditations, the
difference in emotional intensity ratings from presession (mean
6.66, SD 0.25) to postsession (mean 3.75, SD 0.30) was
statistically significant, t316,322=−6009.64, P<.001, two-tailed,
and this was a very large effect size (d=3.71). On average,
emotional intensity ratings improved by −2.91 (95% CI −2.92

to −2.91) following app use. Across the 11 stress meditations,
the difference in emotional intensity ratings for presession (mean
6.91, SD 0.48) and postsession (mean 3.83, SD 0.54) was
statistically significant, t63,710=−4455.81, P<.001, two-tailed,
and a very large effect size (d=6.02). On average, emotional
intensity ratings improved by −3.08 (95% CI −3.08 to −3.07)
following app use.
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Table 2. User self-ratings results for anxiety and stress app meditations based on completed app session plays (N=380,034).

P valueChange (%)Maximum scoreMinimum scoreMean (SD)Total plays, nApp meditation

316,323Anxiety (n=12)

N/AN/Aa7.485.736.66 (0.25)Presession

N/AN/A4.543.103.75 (0.30)Postsession

<.001−29.133.352.472.91 (0.27)Net intensity change

63,711Stress (n=11)

N/AN/A7.806.196.91 (0.48)Presession

N/AN/A4.602.943.83 (0.54)Postsession

<.001−30.803.372.873.08 (0.17)Net intensity change

aN/A: not applicable.

Discussion

Principal Findings
Given the staggering volume of mHealth apps available for
download on smartphones or mobile devices, research
examining the effectiveness of intervention-based mHealth apps
is critical. This study aimed to provide a preliminary review of
the impact of The Tapping Solution App on psychological
distress ratings in a sample of 270,461 app users. Changes in
emotional intensity ratings were assessed across 23 anxiety and
stress-based app meditations using data from 380,034 completed
app plays collated over 12 months. As hypothesized, a
significant reduction in app users’ emotional intensity ratings
was found across app meditations. Presession to postsession
results indicated that emotional intensity ratings dropped an
average of 29.13% (P<.001) for the anxiety meditations and
30.80% (P<.001) for the stress meditations. The current results
offer preliminary evidence to support the immediate and large
effect of The Tapping Solution App in improving ratings of
psychological distress in app users.

The results of this study are consistent with a large body of
work that has found EFT to be efficacious in the reduction of
symptoms of anxiety and psychological distress [35,47,71]. In
the RCT of Church et al [50], statistically significant
improvements in subjective reports of anxiety (−58.34%) were
found following a brief 50-min EFT session. In this study, mean
emotional intensity ratings improved between 29.1% and 30.8%
following brief app-delivered tapping sessions. Although levels
of psychological distress were measured using self-reported
user ratings in this study, the results suggest evidence of
statistically significant differences between presession and
postsession for self-ratings of psychological distress following
app use. The results are in line with electroencephalogram
studies of EFT that have measured extensive changes in the
activation of neural networks after treatment. These include the
suppression of the brain-wave frequencies of anxiety and distress
and expansion of those associated with healing and flow states
[72-74]. Our findings also support previous research that has
reported large initial gains from Clinical EFT intervention as
symptoms of psychological distress drop rapidly and within
highly compressed time frames [31].

Studies that assess brief single-session EFT interventions are
more relevant to the study of an app than EFT delivered as
traditional psychotherapy. Traditional ongoing psychotherapy
has positive effects that may be attributed in part to therapy
duration and other factors (eg, the supportive environment,
face-to-face demand characteristics) [75]. However, brief
single-session administration of EFT closely matches the short
app session duration and the single-session use evident in the
current user sample. In this study, 270,461 app users completed
380,034 app sessions across a 12-month period. This equates
to an average of 1.4 completed plays per app user, which poses
a significant question regarding app session repeat usage. It
may be that the regular email update provided by the app
developer led users’ attention to alternative app sessions within
their growing app session repertoire. However, this user aspect
was outside the scope of the present preliminary review.
Notwithstanding, the results of this study provide strong
evidence that emotional intensity ratings immediately improved
following a single time, or at least brief, EFT meditation app
session of 10 min (or less) in duration.

Other potential issues should be considered in the evaluation
of mHealth apps. Individuals who choose app intervention in
place of professional health care may find their symptoms of
anxiety and/or psychological stress intensify [76]. As a result,
some app users may not seek additional therapeutic support,
especially if they consider the app treatment to be ineffective
[77]. mHealth apps as a therapeutic resource can also present
challenges for treatment adherence. In the case of
meditation-style techniques, the self-administration aspect of
therapy may present difficulties for individuals with minimal
meditation experience [12]. However, in the case of The Tapping
Solution App, the verbal and visual guidance provided during
each session adheres to the principles of Clinical EFT, which
can assist even novice meditators. It is therefore recommended
that mHealth app development be viewed as an adjunct to
professional psychological services. Furthermore, although
there is little evidence to suggest negative effects of
meditation-based techniques [78], some studies have identified
antisocial behavior, reduced emotional stability following
meditation, and depersonalization following meditation therapy
[79-81]. Emotional responses of fear, dread, and terror have
also been reported following personal meditation practice [75].
Although adverse emotional responses to meditation-based apps
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are unlikely, this research reinforces the importance of high-level
examinations of mHealth app efficacy.

Methodological Issues
As with many web-based surveys, the current large convenience
sample comprising app users was determined by self-selection
rather than probability sampling, which can lead to biased
estimates [82]. Current findings, therefore, remain specific to
the self-selected users of The Tapping Solution App.
Accordingly, it is important to note that participants may have
presented higher levels of motivation than the general population
and had previous meditation experience, which could have
influenced the observed improvements. In addition, limited app
user demographic variables were measured in this study. Future
assessment of a range of demographic characteristics, such as
socioeconomic factors and previous meditation experience, will
help to delineate mHealth app user samples. In line with the
recommendations by Firth et al [24], there is a need for research
to examine specific populations (eg, anxiety disorders) to help
delineate which user groups benefit the most from app-delivered
interventions.

Furthermore, the assessment of psychological distress was based
on self-reported emotional intensity ratings rather than empirical
or clinician-rated psychological measures. Without diagnostic
pretreatment and posttreatment assessments, it was not possible
to determine the proportion of current users with clinical levels
of anxiety disorders. This in turn has limited the generalizability
of the findings to a nonclinical population. Finally, the current
research did not control for user expectancy effects, the
nonspecific effect of any treatment [50], or other potential
treatment effects such as environment and frequency of app
use. It is important to note that although some investigators
were certified and proponents of the EFT method, the statistician
and other investigators were not.

Future Directions
Since global levels of psychological stress are on the rise [1,3],
an efficacious and convenient source of unlimited anxiety and
stress management resources is needed. The burgeoning field
of mHealth offers a dynamic platform for mental health
management opportunities. mHealth apps can help facilitate the
use of consumer personal data for academic research purposes.
This is particularly important because novel data donation is
largely supported by individuals when data collection is for
research purposes that can benefit individual health [83].

Although the current results suggest that The Tapping Solution
App reduced app users’ self-rated emotional intensity relating
to anxiety and stress, these findings are preliminary. Further
examination of the app as an intervention tool using controls is
required, including feasibility, efficacy, and longitudinal
research data on app efficacy. In particular, future empirical
assessment could align with the proposed frameworks to help
investigate technology in health care. For example, Mohr et al
[20] proposed the Continuous Evaluation of Evolving Behavioral
Intervention Technologies framework as a timely and efficient
alternative to RCTs. Their statistical evaluation of app efficacy
can be implemented throughout clinical testing and can
accommodate changing app versions [21].

As with any mental health intervention, mHealth apps may be
more effective for some individuals. It is possible that the mental
health characteristics of those seeking web-based treatment may
differ substantially from those seeking in-person treatment [58].
Therefore, studies that focus on defining patient groups that
benefit most from smartphone apps (ie, treatment for issues
such as elevated anxiety) will contribute much needed insight
into the field of mHealth app development. Future research
could investigate the reasons for user attrition within app
interventions. Such insight would help inform more engaging
and effective app design in the future [24]. From a clinical
perspective, the American Psychiatric Association has an App
Evaluation Model available to members [84]. This resource
provides a hierarchical rating system and rubric designed to
assist the evaluation of mental health apps and guide app
recommendations for clinical patients.

The assessment of physiological arousal is another promising
area for mHealth technology. Smartphone technology offers
the potential to combine stress reduction app interventions with
biofeedback in mHealth psychological care [13,85]. Affective
states can be assessed together with physiological measures,
such as heart rate variability (HRV) and cortisol levels. Such
technological assessment would help to define the benefits of
EFT-based app intervention and extend previous research that
has identified the effect of EFT on measures of heart rate and
cortisol [50,60].

Future research could also explore the functional aspects of
mHealth app design that increase user engagement and therefore
app efficacy in treating psychological distress [24]. Several
features of the mHealth platform are thought to increase
engagement with therapeutic protocols, including the provision
of visual aids and interactive rating functions [85,86]. The
Tapping Solution App provided both functions, together with
strong auditory features. In each app session, a female or male
voice provided guided instruction to the sounds of waterfalls
and rhythmic background music. Studies in meditation research
have hypothesized that the therapeutic effect is a result of feeling
relaxed, which decreases physiological arousal [87,88].
Therefore, efficacy studies examining app sensory features may
help guide future app development with benefits for app user
engagement.

Apps provide researchers with an opportunity to gather data
quickly from large populations. This has the potential to shorten
the translational gap between discovery and the availability of
effective therapies to patients, estimated by several studies to
an average of 17 years [89]. Apps also increase the pool of
available subjects exponentially; most efficacy studies of
psychotherapy rely on trials with fewer than 30 participants per
group [46].

Finally, the role of mHealth apps to support
clinician-administered evaluations and validated assessments
(eg, Beck Anxiety Inventory [90]) is another important future
area of study. Although apps could be recommended as part of
an overall treatment plan, it is important to recognize that it
may be unsafe for patients with severe psychopathology to use
apps outside of the clinical setting because of the risk of
unsupervised abreactions.
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Abstract

Background: In the United States, a disproportionate number of unintended pregnancies occur among African Americans,
particularly those in their later teenage years and early 20s. Mobile technology is becoming more ubiquitous as a method for
health promotion; however, relatively little research has been done with this population to determine their perspectives about
unintended pregnancy, the potential of successfully using mobile technology to prevent unintended pregnancy, and the content
of such programs.

Objective: The purpose of this study was to obtain the perspectives of African American emerging adults about unintended
pregnancy and the use of mobile technology to reduce unintended pregnancy rates.

Methods: Focus groups and interviews were conducted with 83 African Americans, aged 18-21 years. Data were analyzed
using an open coding process. Emergent codes were then added as needed, and themes and subthemes were identified.

Results: Participants cited the social environment and lack of education as primary reasons for disproportionate rates of unintended
pregnancy. They noted that unintended pregnancy is an important issue and that they desire more sexual health information. They
enthusiastically supported mobile technology as a means to communicate unintended pregnancy prevention programming and
offered many suggestions for program content, look, and feel.

Conclusions: Young and emerging adult African Americans want and need sexual health resources, and a mobile-based platform
could be widely accepted and address needs to lower disproportionate rates of unintended pregnancy. An essential next step is
to use these findings to inform the development of a mobile-based unintended pregnancy prevention and sexual health program
prototype to determine feasibility.

(JMIR Mhealth Uhealth 2020;8(10):e21454)   doi:10.2196/21454
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unintended pregnancy; emerging adult; African American; mobile technology; pregnancy; teenage years; health promotion;
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Introduction

In the United States, unintended pregnancy is common. In 2011,
the rate of unintended pregnancies was 45% [1,2]. Most notably,
unintended pregnancy rates are highest among older teens and
women in their early 20s [3,4]. Among these, a disproportionate
number occurs among racial and ethnic minorities. Of all
unintended pregnancies in the United States in 2011, 38% were
among Whites, 50% were among Hispanics, and 64% were
among African Americans [1]. Although unintended pregnancy
rates have been on a steady decline nationally, the disparity
among racial and ethnic minorities warrants further attention.

Unintended pregnancy, particularly among youth, can have
health consequences for the mother and child, educational
consequences such as reduced probability of obtaining a college
degree, and economic consequences such as reduced lifetime
earnings and taxpayer burden [5]. Other social consequences,
such as shame and disconnection from friends and family, are
prevalent among this population [6]. The reasons for these
disproportionately high rates are varied and include structural
inequalities, negative attitudes about contraception, limited
partner communication, and inadequate knowledge about the
effectiveness of different contraceptive options or about how
to use specific methods [2,7-13].

When examining rates by region of the United States, racial
disparities in unintended pregnancy rates are even more
pronounced in the South. In particular, young adult African
American women have some of the highest rates of unintended
pregnancy in South Carolina [14]. South Carolina’s birth rate
is 21.7 births per 1000 among women aged 15-19 years [14].
The 2013 birthrate for 18–19-year-old African American women
in South Carolina was 70.4 per 1000, whereas the rate among
their white counterparts was 52.3 per 1000 [15]. These data
reveal the significant need to address unintended pregnancy in
South Carolina and among African American young adults in
particular.

Young African Americans are just as likely to use the internet
as young whites, and nearly all African Americans between the
ages of 18 and 29 years have been found to use at least one
social media app [16]. With the majority of the population
having access to a smartphone, the use of mobile technology
can play a significant role in promoting sexual health and
ultimately reducing unintended pregnancies. In 2016, Mangone
et al [17] published their research with analysis of over 6800
mobile apps related to pregnancy prevention. Overall, the
investigators found that, while there were some innovative,
creative, and educational apps in the market, very few used
evidence-based practices, had information about modern
contraception methods, and were tailored to a particular race or
ethnicity. Moving forward, if mobile technology is to be a
method of addressing unintended pregnancy, the products should
be enhanced so that the most accurate and effective information
is made available to the audiences that could greatly benefit
from access to unintended pregnancy prevention and sexual
health promotion information. To address this gap in the
literature, we conducted a qualitative study of African
Americans, aged 18-21 years, to obtain their perspectives about

using mobile technology to prevent unintended pregnancy
among young adults.

Methods

Study Participants
This study used focus group and interview methodology to
determine perspectives on using mobile technology to reduce
unintended pregnancy among young adult African Americans.
Study participants consisted of African American young adults,
aged 18-21 years. Additionally, efforts were made to recruit
both parenting (those who were pregnant or had a child) and
nonparenting young adults (those who were not pregnant and
never had a child). Recruitment flyers were developed that
incorporated images representative of the intended audience
(eg, African American young adults, pregnant African American
women with a male partner, teachers, health care professionals),
a description of the study purpose, eligibility criteria, and staff
contact information including a land line phone number,
text-enabled phone number, and email address. Purposive
sampling was employed whereby participants were recruited
using a variety of methods, maximizing the locations where
potential study participants were likely to be found. For example,
flyers were posted in high-traffic areas for African American
young adults and circulated among networks such as college
professors and college student organizations (at both
predominantly white institutions and historically Black colleges
and universities), health educators, community groups, churches,
public libraries, family planning clinics, social media websites
(Facebook and twitter), and word of mouth. Community events
where intended audience members congregate, such as sports
tournaments and a local step show, were also venues for
recruitment. Potential participants were screened for eligibility
and asked their availability to attend a 90-minute focus group.
We also employed the strategy of tentatively scheduling focus
group meetings as we found that several potential participants
were more amenable to having a scheduled “appointment” rather
than having to be contacted later to determine their ability to
attend a group on some future date. Additionally, spontaneous
interviews were conducted in the event that the recruiter and
eligible participant had availability at the time of the initial
meeting. Eligibility criteria for the participants were: African
American race, age 18-21 years, ability to attend a 90-minute
focus group meeting, and English as the primary language.
Potential participants were sent study reminders (via phone
conversation, voice mail, email, or text message) at least 1 week,
3 days, and the day prior to, as well as the day of, the scheduled
focus groups to help facilitate their attendance. Participants
were enrolled January 2016 through June 2016. All study
procedures were reviewed and approved by the University of
South Carolina institutional review board.

Instrumentation
A brief, self-administered, demographic and sexual health
questionnaire was developed by the lead researcher to obtain a
profile of the study participants. Demographic measures
included age, sex, race, ethnicity, marital status, educational
level, employment status, and sexual orientation. Sexual health
information included a range of questions to help describe
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participants’ sexual background as well as sexual health history.
For example, questions were included about age of sexual debut,
whether or not participants had children, as well as when or if
they ever received formal sexual health instruction, the content
of that instruction, and their perception of where most African
American youth receive sexual health and teen pregnancy
prevention information.

A focus group guide was developed to standardize the conduct
of focus group sessions. Open-ended questions were developed
by the first author based on the research aims of the study. The
questions were guided by a review of extant literature in
unintended pregnancy prevention, sexual health promotion, and
mobile technology. Based on this, the focus group questions
were organized into 4 categories: importance of teen pregnancy
prevention, technology as a method to promote teen pregnancy
prevention, content of a technology-based program to promote
teen pregnancy prevention, and design and format of a
technology-based program to promote teen pregnancy
prevention. The lead author is a public health researcher and
professor who has had over 20 years’ experience in the
development, implementation, and analysis of focus groups and
qualitative instruments. Focus group questions were pretested
with members of the intended audience to ensure content
validity. Based on the feedback received during the pretest, the
focus group questions were refined and finalized.

Procedures
Participants were invited to attend a focus group to share their
thoughts about how young adult African Americans use mobile
technology for sexual health information. The researcher and a
research assistant obtained training about policies for the
protection of human subjects in research, and at least one of the
staff members was available at each focus group meeting to
obtain informed consent. Additionally, the researcher trained
the research assistant in best practices for conducting and
moderating successful focus groups including information about
note taking, encouraging participation, and navigating
roadblocks. Participants were asked to review a copy of the
informed consent document as a staff member reviewed it with
them. Participants were encouraged to ask questions during and
after the document review, were then asked to sign the consent
form indicating their approval, and were given a copy of the
consent document for their records. Once participants were
enrolled into the study, they were asked to complete an
anonymous self-administered paper-and-pencil survey. In order
to limit feelings of anxiety regarding responses to sensitive
questions, after the staff member provided participants their
surveys, participants completed them, were asked not to attach
their name to the survey, and were then asked to place the
completed survey in a sealed envelope that would not be opened
until the end of the recruitment day. All participants received
a US $15 cash incentive for their participation. Focus groups
were scheduled for days and times that were convenient to study
participants and ranged from mid-day to late evening, any day
of the week. In the event that the staff member and eligible
participant had availability at the time of the initial meeting,
spontaneous interviews were conducted. Meetings or interviews
were conducted by a member of the research team who had

been trained to moderate focus group discussions and conduct
interviews.

Data Analysis
Focus group meetings were digitally audio-recorded. Audio
recordings were reviewed and analyzed using the memoing
technique [18], which focused on identifying repeated responses
that emerged from participants as well as those that emerged
and represented new ideas and notions. Memos allowed for
coding and categorizing data as well as allowing the researchers
to scrutinize the data to explore hypotheses, relationships
between concepts, and explanations that emerged from the data.
A draft of the codebook to categorize participant responses was
established using an open coding process [19] using the
discussion guide as a framework. Emergent codes were then
added as needed. The data were triangulated using transcripts,
field notes, and memos and analyzed by two independent
researchers using inductive, semantic thematic analysis. Any
discrepancies were resolved by consensus. Survey data were
analyzed using SPSS version 23, and descriptive statistics were
performed.

Results

Demographic Characteristics and Sexual Health
Information
A total of 83 young adults participated in the study, and 13 focus
groups and 7 interviews were conducted. Participants ranged
in age from 18 to 21 years (mean age 19.5 years) and were
primarily African American (82/83, 99%) and of non-Hispanic
ethnicity (79/83, 95%). One participant identified as multiracial.
Of the participants, 98% (81/83) reported never being married,
and 52% (43/83) had some high school education or had earned
at least a high school diploma. Of the participants, 93% (77/83)
identified as heterosexual, with 7% (6/83) identifying as gay,
lesbian, or bisexual.

Regarding sexual behaviors, 83% (69/83) of participants had
ever had consensual sex, with 16 years as the average age of
first sexual experience. Among those who were sexually
experienced, 15% (11/83) had ever been or ever gotten someone
pregnant. As it relates to formal sex education, the majority of
participants (80/83, 96%) had received some form of sex
education before age 18, with 75% (62/83) having their first
instruction before entering high school. As part of their sex
education, participants identified having learned about
abstinence until marriage, birth control, condoms, and sexually
transmitted infections (STIs), with the overwhelming majority
having received information about condoms (76/83, 95%) and
STIs (76/83, 95%). When asked about where they think most
African American youth receive information about teen
pregnancy prevention, over half of the sample identified family
members (47/83, 57%) and school (45/83, 54%) as the most
popular sources. The next most popular sources of information
were friends and social media at 45% (37/83) and 41% (34/83)
of participants, respectively. The sources identified least often
were music (8/83, 10%), flyers/pamphlets (7/83, 8%), movies
(5/83, 6%), newspapers/magazines (3/83, 4%), and church (1/83,
1%). When asked about whether they think that African
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American youth receive enough accurate information about teen
pregnancy prevention, most participants (60/83, 73%) responded

“no” or “not sure” (see Table 1).
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Table 1. Demographic and sexual health characteristics (N=83).

ResultsCharacteristics

19.5 (18-21)Age (years), mean (range)

Sex, n (%)

34 (41)Male

49 (59)Female

Race, n (%)

82 (99)African American

1 (1)Multiracial

Ethnicity, n (%)

79 (99)Non-Hispanic

1 (1)Hispanic

Marital status, n (%)

81 (98)Single/never married

0 (0)Married

0 (0)Divorced

2 (2)Other

Highest level of education, n (%)

8 (10)Some high school

35 (42)High school diploma

37 (45)Some college

1 (1)Associate’s degree

2 (2)Bachelor’s degree

0 (0)Some graduate school

0 (0)Graduate degree

Sexual orientation, n (%)

77 (93)Heterosexual

5 (6)Gay or lesbian

1 (1)Bisexual

Sexual initiation, n (%)

69 (83)Yes

14 (17)No

16 (12-18)Age of sexual initiation (years), mean (range)

Ever been pregnant/gotten someone pregnant, n (%)

11 (15)Yes

60 (83)No

1 (7)Not sure

Formal sex education, n (%)

80 (96)Yes

3 (4)No

Grade of earliest sex education, n (%)

19 (23)Elementary school (1st-5th grades)

43 (52)Middle school (6th-8th grades)

17 (21)High school (9th-12th grades)
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ResultsCharacteristics

1 (1)College

Content of sex education, n (%)

58 (73)Abstinence until marriage

61 (77)Birth control

76 (95)Condoms

76 (95)Sexually transmitted infections

Common sources of African American youth teen pregnancy prevention information, n (%)

47 (57)Family member

45 (54)School

37 (45)Friends

34 (41)Social media

33 (40)Health care provider

20 (24)Television

13 (19)Websites

8 (10)Music

7 (8)Flyer/pamphlet

5 (6)Movies

3 (4)Newspaper/magazine

1 (1)Other (church)

African American youth receive enough accurate teen pregnancy prevention information, n (%)

22 (27)Yes

45 (55)No

15 (18)Not sure

Perspectives on Teen Pregnancy and Prevention

Disproportionately High Rates of Pregnancy Among
African American Older Adolescents are Due to Social
Environment and Lack of Education
Participants did not seem to be surprised that, while rates of
unintended pregnancy among youth and young adults have
declined as a whole, we continue to see rates high among
African Americans, particularly those aged 18-19 years. A
variety of reasons for this statistic were proffered, with many
of them centered around 2 notions: the social environment and
lack of education.

As one participant stated, “I would think their social
environment [is the reason why the rates are high among African
Americans]. It depends who they are influenced by either at
home or out in the community or even just what they see out
in the community. They just think that it’s fine and it’s cool.
They never talk about the right way to have sex…they only see
about the wrong ways.” Another participant explicitly identified
messages in music as a culprit. He stated that the messages in
music promote “that type of behavior,” presumably unprotected
sex. Other participants described the environs that are changing
for that age group in that many may be going from high school
to the “freedom” of college and the feeling that they are adults

and can make decisions such as having sex without concern for
parents’ judgment or oversight. As one participant noted, “18-19
is that transitional period, and when you come to college, you
can do whatever you want to do.”

In addition to one’s environment as a causal factor, several
participants suggested that the reason for the disproportionate
rates was lack of education. As one participant stated, “Nobody
is teaching about it, and there is little guidance. What little you
do learn from school, you don’t always take it to heart, and
teachers don’t answer all the questions, and you’re not
comfortable talking to parents, so…” As stated by another
participant, “There is definitely a lack of education about sex
and preventing pregnancy,” so she was not surprised by the
statistic.

Teen Pregnancy is an Important Issue
Overwhelmingly, participants noted that teen pregnancy is an
important issue. Discussions about why it is important centered
around the idea that young people should try to preserve their
youth and with a child comes responsibilities that are vastly
different and adult-like. According to one parenting participant,
“Because now that I have a child, it is not easy, I wouldn't want
anyone else who is not ready or prepared…I know I wasn’t…I
had to rush and get prepared…and like in high school, you got
school work, and if you have a job and all that…it’s a lot to
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deal with.” Another participant stated, “They haven't had time
to develop yet, and they're still learning about themselves.”
Other comments included, “you haven’t started your life so how
can you start another life?” “you’re still a child,” teens should
“wait until they are situated,” and “babies shouldn’t raise
babies.”

What I Didn’t Learn About Teen Pregnancy Prevention
There was a variety of responses to the question about what
participants did not learn about pregnancy prevention when
they were in school, and in fact, responses more broadly
reflected what they did not learn about sexual health in general.
As it relates to pregnancy prevention, one parenting female
participant noted that she did not learn about how hard it would
be, and as she stated, “what all I had to go through.” Others
noted that they did not learn about how to put on a condom,
abstinence, birth control, and the withdrawal method. More
contextual responses were about practical things and less about
clinical outcomes or biological processes. For example, one
participant stated, “I wish that when I learned about pregnancy
prevention and sex ed and stuff, they woulda told me that
masturbation is okay. I mostly do it now to keep myself out the
bull*$#!” indicating the need to learn about alternatives to seek
pleasure. Another participant stated, “What they didn’t say was
while you’re learning, your mindset will be totally different
[than] when you’re in that position, like when you’re in that
moment, your mind is not there”. Responses that are applicable
to what was not learned about sexual health in general included
the consequences of having multiple sex partners, the high level
of peer pressure in high school to engage in sexual activities,
STIs, and sexual orientation (other than heterosexuality).

Preferred Format of a Pregnancy Prevention Program
Participants identified several formats for a pregnancy
prevention program that reflected their preferred type of
interaction and platform of interaction. Some participants
preferred individual interaction while others preferred a group
setting for interaction. Those preferring an individual format
described the benefits of confidentiality and privacy. For
example, one participant stated, “I would like an individual
format so you can be more comfortable and have no judgment
from others.” For those who preferred a group format, reasons
for this included modeling behavior and ability to glean from
others’ experience. One participant noted, “In a group, if your
friends think that preventing pregnancy is cool, then you’re
gonna think it is too.” Another participant stated, “If you have
the group discussion, then it’s like, if you have the right people
in there, it’s like the influence of it is just going to change their
mind…” Yet another participant commented that they would
prefer a group so that you “could hear other peoples’ stories.”
In instances where the initial responses of a group were
divergent, at the end of the discussion, each perspective could
see the benefits of the other (even if they still preferred their
own).

Regarding the use of mobile technology as a format, the majority
of participants liked the idea of having a mobile platform to
provide pregnancy prevention information. Reasons for this
included “everyone is on their cell phone,” “youth spend a lot
of time on their social media,” “I’m mostly on my phone…but

not on a computer,” and an app “would be good so you can
express yourself privately…and I’m on my phone all the time.”
When further prompted about specific aspects of a mobile
program, participants noted that it should be brief, interactive,
have little text, be entertaining, and allow for access across
multiple sittings (rather than needing to be completed at one
point in time).

A Mobile Technology Program for Pregnancy
Prevention

Program Content — Topics
When asked about the topics that should be included in a mobile
technology program for pregnancy prevention among African
American youth, participants offered a wide variety of
responses. Similar to responses about what they didn’t learn
about pregnancy prevention, participants tended to respond
about interest in information about sexual health content in
general. Frequently suggested topics included condom use and
birth control. Additional interests included information about
relationship dynamics whereby participants mentioned consent,
modeling ways to say “no,” how to communicate with partners
about birth control, and how to handle abuse. Several
participants indicated wanting to know about sexual orientation
and LGBTQ issues with several groups openly debating about
whether pregnancy prevention would be applicable to sexual
minorities. When prompted, participants also noted that
substance use would be a topic of interest, particularly as it
relates to its influence on decision making.

Program Content — Messages
Study participants had very insightful ideas about program
messages. Some suggested that engaging in safer sex, having
planned birth control, and waiting (until a certain age, until
you’re responsible, until you have a connection, or until
marriage) should be clear messages. Others took a more inspired
route providing suggestions such as “It goes down in the D.M.”
(a reference to the social media site Instagram’s direct message
feature…as well as a popular rap lyric), “Open books, not legs,”
“Be yourself,” “A real man knows that she’s worth the wait,”
and “Use the strap if you don’t want the clap.” Conversely,
participants also offered suggestions for what not to include
such as abstinence messages, information about the pull-out
method, and the message, “don’t have sex.”

Gender Dynamics
When asked about whether men and women should receive the
same program content, responses were mixed. Some participants
stated that the same information should be given to both men
and women. One participant’s rationale was that, in fact, men
should have information that is pertinent to women so that men
can know how to “help her out or make her feel better.”
According to another participant, “the consequences are the
same for both genders so, yeah, they should get the same
information.” Participants who suggested that men and women
receive different information highlighted interesting perspectives
on gender dynamics and gender roles. For instance, one male
participant stated, men should know “never have unprotected
sex even if she says she’s on the pill,” and another male
participant stated that, “men should know how to think with the
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head on their shoulders.” According to one female participant,
men should know “your body count doesn’t make you a man.”
Another suggestion from a female participant was, “if you’re
serious about a partner, get tested together.”

Parenting Dynamics
Participants provided different messages about whether
parenting and nonparenting youth should receive the same
program content. For those who thought parenting and
nonparenting persons should receive the same information,
many reflected on the fact that even though someone may have
had a child already, they still may want to and need to know
information about how to prevent a subsequent unintended
pregnancy. As one participant stated, “I feel like, well the people
who do already have kids and everything, it be some stuff they
don't know that they didn't get or receive so they should all get
the same information.” For those whose perspective was that
different information should be provided, they pointed out that
parenting teens could serve as models and tell others “what it’s
about and how it is.”

Program Design
Participants provided their ideas about the optimal design for
a mobile technology program for pregnancy prevention for
African American older adolescents. Participants provided
feedback about colors (“it should bold,” “there should be bright
colors”), images (“there should be real pictures, but they
shouldn’t be too graphic” and “the people should be attractive”),
music (if any music, soft music is preferred so as not to be
distracting), and videos (preferably tutorials such as how to put
on a condom). Some suggested alternatively making the look
of the program an interactive feature whereby users could tailor
it to their own style.

Participants also described different features that could enhance
participation or interest. Suggestions included offering some
type of incentive to download the program, connecting it to
social media (to not only garner more followers and participants
but also connect to modes of communication that they already
use), integrating endorsements (these could be from celebrities,
adult mentors, or even friends [or relatable others] who have
used the program and liked it), and making it fun and attractive.

Discussion

Principal Findings
Based on national trends, unintended pregnancy is on the decline
[1], which could suggest that the topic is of waning to little
interest to young and emerging adults. However, we found the
contrary to be true. Nearly 90 young people were recruited to
participate in this study to provide their perspectives about
unintended pregnancy. Our findings reveal that they are indeed
concerned with the trends, particularly those highlighting
disparities among African Americans, and have many ideas for
how to promote unintended pregnancy prevention and overall
sexual health in their communities.

Commonly, respondents found it difficult to divorce unintended
pregnancy prevention from overall sexual health. Many
suggestions that respondents provided about topics and messages

of interest reflected conventional prevention content such as
promoting condom and contraception use [20]. Additional
suggestions highlighted contextual dynamics of engaging in
sexual behavior such as relationship dynamics, emotional
challenges involved with young adulthood and sexual
relationships, and decision making (eg, whether or not to have
sex, whether or not to use contraception). These findings reflect
other studies wherein researchers have elicited perspectives of
youth, young adult, or influential stakeholders about adolescent
pregnancy prevention program content [21,22] that may be
precursors to any actual behavior or complementary factors that
co-occur with sexual behavior. It was also clear that, when asked
about their own sexual health education, participants noted some
clear deficiencies. The move to adopting comprehensive sex
education programs is controversial in some states and
communities [23-25], with South Carolina as no exception [26].
Participants’ lack of exposure to consistent, medically accurate,
sexual health information could be reflective of this context.
These findings support developing programs that include
comprehensive messages to promote sexual health and improve
on sexual health knowledge among young and emerging adults.

The idea of using mobile technology to promote unintended
pregnancy prevention and sexual health was widely supported.
None of the participants suggested that such a platform would
not work and in fact enthusiastically provided suggestions
ranging from key features, interface look and feel, and
compatibility with existing social media platforms. Other
researchers have reported about the vast opportunity that mobile
apps have for reaching youth and young adults with sexual
health education content [17,27-32]; however, there remains a
gap in the success of these programs among racial and ethnic
minority populations that suffer disproportionately from poor
health consequences. More work must be done to determine the
best content, prevention strategies, and interactive functionality
that these youth will be most receptive to on mobile platforms.

A significant finding that we want to highlight is the fact that
study participants were not surprised by the fact that African
American young adults outpace all others in unintended
pregnancy rates and that this racial health disparity continues
to persist. Either because this is a part of their reality or because
they are accustomed to experiencing health outcomes different
from majority populations, the researchers found this slightly
concerning. Some respondents commented that there does not
need to be different (read: tailored) programs because “we all
experience these public health challenges”; however, a majority
of respondents noted that it would be great to have programs
and systems that they felt were “for them.” Future research
could do well to explore this notion further.

Limitations and Strengths
Our study is subject to several limitations. One limitation is the
sampling technique used for the study. We used purposive
sampling to obtain our study sample. In some regards, while
this approach was successful in garnering eligible study
participants, it could introduce bias and limit generalizability
of study findings. Another limitation is the terminology used
to discuss the focus of the project. Many of the study documents
included the term “teen pregnancy”; however, due to the age
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range of the study population exceeding the teen years we also
used the term “unintended pregnancy.” The vast majority of
teen births are among women aged 18-19 years, and rates of
unplanned pregnancy are highest among those in their late teens
and early 20s [3,4]. While we are confident that the
interchangeable use of the terms did not likely negatively impact
our study findings, the discrepancy is noteworthy.

Strengths of the study should also be noted. Our ability to recruit
a community sample of more than 80 18–21-year-old African
American participants to conduct qualitative assessments is
significant. This population is frequently characterized as
“vulnerable” and “difficult-to-reach,” which often translates to
an excuse for a researcher’s inability to obtain their active
participation. Our recruitment efforts were successful because
they were targeted to the spaces and places where the intended
audience was likely to be found. Additionally, about the sample,
40% was comprised of men. Similar to the aforementioned
characterization of African Americans, discussions with men
about unintended pregnancy are limited. Most often, the topic
is left the responsibility of women, with little consideration for
the perspectives of male partners. More opportunities to elicit
the perspectives of male partners are needed.

Conclusions
A qualitative approach proved to be useful for assessing young
people’s perspectives on unintended pregnancy as well as their
thoughts about mobile technology as a viable platform for health
promotion. While it was clear that many participants had
received some form of sexual health education, many still
expressed that young and emerging adults want and need
additional sexual health resources and that a platform, such as
one that is mobile-based, could be widely accepted, address
needs to lower disproportionate rates of unintended pregnancy,
and address barriers related to access to health information. An
essential next step to build upon this study is to use these

findings to inform the development of a mobile-based
unintended pregnancy prevention and sexual health program
prototype. Based on our findings, we offer the following
recommendations to developers, researchers, and program
planners working in this area:

1. Integrate sexual health content (highlighting unintended
pregnancy) into a mobile app.

2. African American young adults recognize unintended
pregnancy as an important issue. Develop content and
messages that reflect this.

3. Allow for participants to navigate the app on their own as
well as allow group interactive features.

4. Provide real-life scenarios such that it is clear that decision
making can be challenging when one is in a compromised
or heat-of-the-moment situation.

5. Provide authentic reasons why unintended pregnancy at a
young age can be difficult. Highlight stories from teen
parents who can share their experiences.

6. Provide information on a variety of topics including
condoms, contraception, relationship dynamics, emotional
dynamics of young adulthood, sexual decision making, and
sexual orientation. Our participants did not support
including messages about abstinence or less effective
contraceptive methods.

7. Ensure that the design of the interface is modern and
reflective of images and language that resonate with the
demographic.

8. Ensure compatibility with social media.

Given our success of obtaining young and emerging adult
perspectives for the current study, it would be advisable to
include young people in the prototype development process as
well. Once a prototype is developed, pilot testing for uptake
and acceptability as well as outcomes such as improvements in
knowledge and behavior would be appropriate before larger
scale-up.
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Abstract

Background: Smartphone apps could support patients and caregivers in disease self-management. However, as patients’
experiences and needs might not always align with clinical judgments, the eliciting and engaging of perspectives of all stakeholders
in the smartphone app design process is of paramount importance.

Objective: The aims of this study are to better understand the needs of and challenges facing caregivers and health care
professionals (HCPs) who care for children with atopic dermatitis (AD) and to explore the desirable features and content of a
smartphone app that would support AD self-management.

Methods: This study adopted a qualitative participatory co-design methodology involving 3 focus group discussions: workshop
one focused on caregivers; workshop two engaged with HCPs; and in the last workshop, caregivers and digital health experts
were asked to design the wireframe prototype. The participants completed a sociodemographic questionnaire, a technology
acceptance questionnaire, and a workshop evaluation form.

Results: Twelve caregivers participated in the first workshop, and 10 HCPs participated in the second workshop. Eight caregivers
and 4 digital health experts attended the third workshop. Three superordinate themes that reflected caregivers’ and HCPs’
challenges and needs were identified: empowerment by education, confusion over treatment, and emotional impact. Workshop
participants also raised a series of suggestions on the features and contents of the AD self-management app, which informed the
last co-design workshop, and described their needs and challenges. In the last workshop, the participants developed a wireframe
prototype of the app following the identified requirements and recommendations.

Conclusions: The co-design approach was found to be a successful way of engaging with the participants, as it allowed them
to express their creativity and helped us to articulate the root of the clinical problems. The co-design workshop was successful
in creating and generating new ideas and solutions for smartphone app development.

(JMIR Mhealth Uhealth 2020;8(10):e16898)   doi:10.2196/16898
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Introduction

Background
Atopic dermatitis (AD) is a chronic inflammatory skin condition
that affects up to 25% of children worldwide [1,2]. It is
characterized by periods of remission and relapse due to
variable, often unknown, triggers [3]. Symptoms such as
itchiness or soreness can strongly affect children’s daily
activities and cause sleep deprivation, which substantially
undermine their quality of life (QoL) [4]. The burden of
childhood AD extends to their caregivers as well [5,6].
Caregivers’ sleep can be equally affected as parents have to
manage their child’s AD symptoms during the night, which can
further influence their performance at home and work [7]. In
addition, AD, especially childhood AD, requires skilled
self-management from caregivers, including coping with a
complex regime: caregivers are often required to perform extra
duties, such as preparing special meals for their children,
engaging in skincare regimens, and cleaning extensively to
minimize outbreaks [5,8]. A child with AD can require
approximately 2-3 hours of care from their caregivers daily [9].
To prevent relapses, numerous caregivers deem it necessary to
cut down on leisure, defer social activities and events, and even
sacrifice their jobs to take care of their children [10].

Lack of support leaves caregivers not feeling confident or even
failing to manage and provide disease management support for
their children’s condition in between visits to the clinic. In
clinical practice, it is difficult for health care professionals
(HCPs) to educate their patients adequately. Doctors have
insufficient time for patient education during the tightly
scheduled consultations, and there are limited health educational
materials provided in the hospital setting. Caregivers and
patients also have difficulty in recalling the health information
following a visit to the clinic [11]. The unmet management
support needs encourage patients to seek additional information
from the internet or friends, and although often most helpful,
such apps may also not be trustworthy or easy to use. As such,
caregivers must be equipped with supporting tools that are
tailored to their needs and help them to properly manage
patients’ condition continuously [12].

Digital health tools are increasingly being leveraged to increase
patient engagement and facilitate disease self-management for
conditions such as diabetes, asthma, dementia, and cancer
[13-17]. Smartphone app features can engage patients more in
cultivating guidelines-recommended behaviors and providing
evidence-based information and advice [18-21]. For example,
the disease education feature can give patients insights into their
disease condition and enable them to make informed clinical
decisions [20,21]; the disease tracking feature can help users
detect the possible allergens and help them eliminate aggravating
factors and reduce recurrence [20]. It has also been demonstrated
to improve clinical outcomes, and 80% of patients consider the
service a viable alternative to in-person consultations [22].
Similar to digital management of AD, previous studies
comparing AD digital management with traditional in-person
care models have demonstrated no significant differences
between them regarding clinical outcomes and QoL outcomes

[23,24]. In addition, qualitative data showed that doctors found
it helpful to use the website in consultations in a pilot
randomized control trial [23]. However, when considering the
substantial financial savings that digital health interventions in
managing AD could reap, digital health could potentially be a
promising substitute for in-person AD care [25].

Although many studies document the benefits of digital health
tools in terms of supporting users to monitor, treat, and
follow-up disease conditions, the quality of apps is a cause for
concern, as in many cases, there is a lack of clinical evidence
proving the effectiveness of apps. Many of them are not tailored
to the user’s needs; this may explain the low adoption and use
of apps as part of routine care in clinical practice [26,27].
Working in partnership with stakeholders in the design process
can better serve app development. By doing so, developers can
more easily identify desirable features for an app as well as
obstacles hindering long-term usage; together, app developers
and stakeholders could improve the viability, usability, and
effectiveness of apps in health care services [28-30].

Objectives
The co-design approach refers to patients and caregivers
working in partnership with staff to improve the viability,
usability, and effectiveness of health care services and is
considered one of the best ways of improving patients’
experience of services and of guiding developers into
understanding the users’ needs [28]. The co-design approach
has been used to build self-management apps for chronic
diseases such as heart failure [29] and dementia [17,29,31,32].
Co-design has been employed in AD app development before,
but relevant web-based information is so sparse that previous
experiments cannot easily be repeated by other researchers.
Given the fact that self-management is crucial to tackling AD
among children, an app involving all stakeholders with detailed
procedures is needed to ensure that patients’ needs and voices
are sufficiently heard. The objectives of this study are to better
understand the needs of and challenges confronting caregivers
and HCPs who care for children with AD and to explore the
desirable features and content that smartphone apps should offer
in supporting AD self-management.

Methods

Participant Recruitment
Eligible participants were recruited among those of a baseline
cohort in a prior study, who had provided consent to be
recontacted for participation in this study [33,34]. Caregivers
who met the following inclusion criteria were approached by
making phone calls or sending emails: (1) adults providing
unpaid care or assistance to children (age<16 years) with AD
and (2) prior experience with using a smartphone app to manage
health-related issues. The exclusion criteria were as follows:
caregivers who did not own a smartphone or had no knowledge
of mobile apps. HCPs who have experience in managing AD
pediatric patients were recruited directly from the Dermatology
Department at the KK Women’s and Children’s Hospital in
Singapore. Digital health experts with experience in the field
of digital health (app assessment or app development) were
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recruited face to face from the Lee Kong Chian School of
Medicine, Nanyang Technological University.

Study Design and Settings
Data were collected across three co-design workshops conducted
in a specialist hospital in Singapore from September 2018 to

March 2019 across two phases (caregivers’ session was held at
7 pm and lasted for 2 hours; HCPs’ session was held at Noon
and lasted for 1.5 hours. The design session was held at 7 pm
and lasted for 2 hours). The procedure of the co-design
workshops is detailed in Textbox 1.

Textbox 1. Co-design workshops.

Phase 1

Content

• Share their problems and difficulties encountered in their daily life

• Propose their needs

• Discuss how the app can be used in their daily life and what features can be adopted by the smartphone app

Caregivers’ session (session duration: 2 hours)

• Caregivers of pediatric patients with atopic dermatitis (n=14)

Health care professionals’ session (session duration: 1.5 hours)

• Pediatric dermatologists (n=8)

• Pharmacists (n=2)

Phase 2

Content

• Briefing the need and proposed feature discussed in 4he previous caregivers’ journey sessions

• Top needs were assigned to the participants

• Individual crazy eights exercise to sketch their prototype

• Team sketches

• Revisions

• Present the wireframe to the entire group

Design session (session duration: 2 hours)

• Caregivers (n=6)

• Digital health experts (n=4)

Workshops one and two adopted a focus group discussion
format. Workshop one was a focus group discussion with
caregivers: 2 researchers (KG and WS) facilitated the group
discussion. Additional field notes were collated to capture
relevant contextual information (XM and ZL). Semistructured
questions were used to guide the focus group discussions. To
better serve the research objectives, the semistructured questions
used in the previous AD QoL study were designed to address
both subjective feelings and objective findings regarding the
most disturbing aspects of childhood AD. The topics raised
during workshop one are shown in Textbox 2.

Workshop two was a focus group discussion involving HCPs;
2 researchers (JC and KG) facilitated the group discussion.
Additional field notes were taken by XX to capture relevant
contextual information. Semistructured questions were used to
guide focus group discussions. The semistructured questions
were designed based on feedback from caregivers in workshop
one. They are shown in Textbox 3.

After completion of phase one, a final co-design workshop was
conducted (facilitated by JC and XX). As the targeted user of
the app is caregivers whose children have AD, the workshop
only invited caregivers and digital health experts to design the
wireframe prototype. HCPs were not invited in this phase, but
we will seek their feedback after the app is developed. After
the participants outlined various design requirements in
workshops one and two, the facilitator asked participants to
design the interface of the app themselves. The app had to
address at least one of the top needs mentioned in the previous
workshops. The workshop groups discussed and explored the
ideas from the drawings and came to an agreement on the top
features or ideas they wanted to include in one consolidated
master sketch. Groups sketched a single layout that incorporates
the top ideas. The teams regrouped and critiqued the wireframe
prototype. After the feedback and revision session, the groups
discussed and explored the ideas from the drawings and came
to an agreement during the development of the consolidated
master sketch.
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Textbox 2. The topics raised during workshop one.

Probing questions

• Q1. What were your needs the first 6 months after the symptoms started, from 6 months to a year, or later? Did you feel well informed, especially
with respect to (1) disease status, (2) treatment and management guidance, and (3) emotional support?

• Q2. Where do you get the information? Are you satisfied with your knowledge of taking care of your child’s atopic dermatitis (AD)? What is
the source of the information?

• Q3. Previous experience in app usage: Has anyone used a smartphone app to manage AD?

• Q4. If there is a smartphone app to help you manage your child’s eczema, please list the top features that you want to have in the app.

• Q5. If there would be a smartphone app with all the information and features that you need, at what frequency do you think you will use it? What
are the possible barriers that would keep you from consistent usage?

Textbox 3. The topics raised during workshop two.

Probing questions

• Q1. How do you educate your patients (their caregivers) during the clinic visit? Are you satisfied with the results?

• Q2. What are caregivers’ need the first 6 months after the symptoms started, from 6 months to a year, or later? Does the education need to change
according to (1) different severity, (2) duration of diseases, and (3) child age?

• Q3. Have you considered using smartphone apps to educate your patients (and their caregivers)?

• Q4. What features should an app have to address those problems?

• Q5. Would you mind providing a teleconsultation service to your patients?

Instruments
The following questionnaires were administered during the
co-design workshops: Demographic questionnaire and
technology acceptance questionnaire (Multimedia Appendix 1,
[35]) and workshop evaluation form (Multimedia Appendix 2).

Demographic Questionnaire
Caregiver participants were asked to fill in the demographic
questionnaire in workshops 1 and 3, including their date of birth,
gender, residential status, highest qualification earned, and main
daytime occupation and the child’s date of birth, child’s gender,
date of the first diagnosis, and the biggest concern relating to
the management of the child’s AD.

Technology Acceptance Questionnaire
Caregiver participants were asked to fill in the technology
acceptance questionnaire during workshops 1 and 3. The
questionnaire was developed by the study team adopting the
technology acceptance model [36,37]. The list of questions
tested individuals’ knowledge of health care app usage,
acceptability, and usability, and it addressed perceived ease of
use, perceived usefulness, user satisfaction, and usability
[36,37].

Workshop Evaluation Form
At the end of each workshop, the participants were asked to fill
in the evaluation form and provide feedback. Three questions
were asked in the evaluation form: (1) a rating of the workshop,
(2) the most helpful aspect of the workshop, and (3) any
suggestions for improving the workshops.

Data Collection and Analysis
Workshops were audio-recorded, transcribed, and managed
using NVivo software (QSR International, version 11) [38,39].
The transcript data were first broken down into concepts and
reorganized to summarize key issues from each workshop. XX,
KG, and JC reviewed and discussed concepts immediately after
each workshop so that emerging issues could be explored in
subsequent workshops. XM transcribed the audio recordings
and processed the observation logs, photos, and written products
to contextualize and gain more details about the discussion.
Thematic analysis was chosen to analyze the transcriptions from
the workshops [22]. An inductive strategy was employed, which
allowed for themes to be generated from the data, which were
then organized into higher-order themes. The NVivo software
program was used to store and code the transcript. First cycle
coding was performed on the raw data. Subsequently,
researchers (XM and KG) met and compared each other’s codes.
An interrater reliability (IRR) test was performed between the
researchers’ findings (XM and KG); whenever an acceptable
IRR was not achieved, the inconsistencies were jointly discussed
until a consensus was reached.

Ethical Approval
All eligible participants provided informed consent before the
workshops. Ethical approval was obtained from the Institutional
Review Board of Nanyang Technological University before the
commencement of the study (Nanyang Technological University
Institutional Review Board: 2018-09-053).

Public and Patient Involvement
Patients, the public, or caregivers were not directly involved in
the development of this study, but they were recruited as
participants in this study.
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Results

Participants’ Characteristics
The participant recruitment procedure and reasons for exclusion
are listed in Figure 1. The characteristics of the caregivers are
summarized in Table 1. Out of a total of 270 eligible caregivers,
18 caregivers participated (18/270, 6.7%). The caregivers’
sample included a diverse range of demographics (Table 1): the
majority of them were women (14/18, 78%), the mean age of
the participants was 37.87 (SD 7.81) years, and the children’s
disease duration was 4.72 (SD 4.57) years (range: 1.66-10.83).
Pediatric dermatologists (n=8) and pharmacists (n=2) were

recruited for the second workshop: their mean age was 35.50
(SD 6.69) years and their mean practice time was 9.76 (SD 6.57)
years. Four digital health experts with a mean age of 37.80 (SD
8.12) years attended the third workshop.

The caregivers’ perceptions of using self-management
smartphone apps were assessed to test perceived usefulness,
ease of use, and user satisfaction (Table 2). A total of 89%
(16/18) of the participants found it easy to get mobile tracking
on children’s disease, and 89% (16/18) of them felt confident
in using a smartphone app to manage children’s AD. A total of
78% (14/18) of the participants believed that using a smartphone
app to manage AD would increase the caregiver’s QoL.

Figure 1. Participants’ recruitment process. Caregivers (n=2) were recruited and participated in 2 workshops (workshop one and workshop three).
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Table 1. Demographic characteristics of caregiver participants.

ValueVariables and characteristics

Caregiver

Gender, n (%)

14 (78)Female

4 (22)Male

37.87 (7.81)Age (years), mean (SD)

Qualification, n (%)

10 (56)Bachelor’s degree and above

4 (22)Diploma

4 (22)O level and below

4.72 (4.57)Children’s disease duration (years), mean (SD)

Health care professional

Gender, n (%)

8 (80)Female

2 (20)Male

35.50 (6.69)Age (years), mean (SD)

Specialization, n (%)

8 (80)Pediatrics dermatology

2 (20)Pharmacy

9.76 (6.57)Practice duration (years), mean (SD)

Researcher

Gender, n (%)

2 (50)Female

2 (50)Male

37.80 (8.12)Age (years), mean (SD)

Specialization, n (%)

4 (100)Public health
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Table 2. Perceived usefulness, ease of use, and user satisfaction of smartphone app among caregivers (strongly agree, agree, neutral, disagree, and
strongly disagree).

Strongly disagree,
number of partici-
pants; n (%)

Disagree, number of
participants; n (%)

Neutral, number of
participants; n (%)

Agree, number of
participants; n (%)

Strongly agree,
number of partici-
pants; n (%)

Perceptions

0 (0)0 (0)0 (0)6 (33)12 (67)Are you aware of the availability of
health apps for smartphones

0 (0)0 (0)3 (17)10 (56)5 (28)A smartphone self-management app
will enable me to get information
quickly

0 (0)0 (0)4 (24)10 (56)4 (24)A smartphone self-management app
will allow my doctor to follow-up the
disease from outside of the hospital

2 (11)3 (17)6 (33)6 (33)1 (5)A smartphone self-management app
will save the time of doctors and nurses

0 (0)0 (0)2 (11)12 (67)4 (22)I would find it easy to get mobile
tracking on my child’s disease

1 (6)1 (6)2 (11)10 (56)4 (22)Using a health app will be clear and
understandable

1 (6)1 (6)2 (11)10 (56)4 (22)It would be easy for me to become fa-
miliar with using a smartphone self-
management app

0 (0)0 (0)2 (11)14 (78)2 (11)I feel confident in using a smartphone

app to manage my child’s ADa

0 (0)0 (0)4 (22)11 (61)3 (17)I believe using a smartphone app to
manage AD will increase my quality
of life

0 (0)0 (0)3 (17)12 (67)3 (17)I think that I would like to use a smart-
phone self-management app on a daily
basis

aAD: atopic dermatitis.

Contextual Themes

Overview
A total of 8 primary themes were identified that reflected
caregivers’ and HCPs’ needs and concerns for AD
self-management support: (1) understanding of causes, triggers,
and symptoms of AD; (2) understanding the disease course and
the complications related to AD; (3) which medication to choose
and when to use it; (4) generic instruction versus specific
instruction; (5) alternative treatments preferable to steroids; (6)
guilt and frustration; (7) self-esteem; and (8) the duty to make
their child feel better. We subsequently grouped the primary
themes into 3 superordinate themes: empowerment by education,
confusion over treatment, and emotional impact are foundational
issues for support caregivers when helping them to manage a
child’s AD. These themes were common to all participant groups
and characterized by subthemes to capture the diversity of
participant perspectives. Subthemes described by HCPs focused
predominantly on steroid usage and understanding of causes
and triggers, whereas subthemes described by caregivers
additionally touched on their feelings such as guilt, frustration,
and self-esteem. These nuanced perspectives on subthemes are
further explained below.

Empowerment by Education
Both the caregivers and HCPs believed that education enables
patients and their caregivers to handle AD and live with AD.
The caregiver’s perception of diseases often shapes their attitude
about self-management and affects their adherence and
capability of engaging in self-management following a medical
consultation. Two aspects were highlighted during the
discussion: (1) understanding the causes, triggers, and symptoms
of AD and (2) understanding disease course and the
complications related to AD.

Understanding the Causes, Triggers, and Symptoms of AD

The caregiver participants expressed a desire to understand more
about AD, especially those caregivers whose children were
newly diagnosed with AD. They experienced much confusion
during the first few months after the first diagnosis, especially
in relation to cause and triggers and symptoms aspects. They
wanted to know what environments or temperatures would
prevent them from triggering flare-ups and were concerned as
to whether existing symptoms were normal (quotes 1 and 2 in
Multimedia Appendix 3).

Understanding the Disease Course and the Complications
Related to AD

Caregivers also described their confusion about the disease
course and the complications related to AD. They claimed that
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existing support and education received during the consultation
might be insufficient and sometimes may not suit their needs.
According to one caregiver, “No one told them what happened
and what happened next.” Some caregivers did not realize the
importance of disease course until they discovered that their
child was following another child’s disease pattern (quote 3 in
Multimedia Appendix 3.). They also reported that lack of
awareness and understanding of the complications related to
AD could throw them into uncertainty. Therefore, relevant
knowledge should be provided in the first place so as to prepare
the caregivers mentally and to help them successfully and
smoothly pass the most helpless stage (quote 4 in Multimedia
Appendix 3).

HCPs also highlighted the need for a greater understanding of
the causes and triggers for patients and their caregivers (quote
5 in Multimedia Appendix 3). However, they also underlined
that the caregivers should lower their expectations and accept
the truth that their children need to live with the disease.
Otherwise, they could develop an irrational attitude, which could
hinder them from treating AD properly, particularly if they
spend most of the time trying to find a cure for AD (quote 6 in
Multimedia Appendix 3).

Confusion Over Treatment
There was also a consensus that confusion over AD treatment
could be another barrier to patients and their caregiver’s proper
self-management, one that could have a cascading effect on the
outcomes of AD. Caregivers and patients can feel confused over
(1) which medication to choose and when to use it, (2) receiving
general instructions from a doctor, and (3) treatments that might
be preferable to steroids.

Which Medication to Choose and When to Use It

Caregivers, especially first-time parents, can feel overwhelmed
with all the information available to them when they are
selecting medications. There were too many brands for them to
choose in the market, and they did not know precisely which
medication to choose and when to use it (quote 7 in Multimedia
Appendix 3). Confusion in selecting medication was also
observed among doctors. Caregivers received different
prescriptions from doctors when they switched doctors (quote
8 in Multimedia Appendix 3).

Generic Instruction Versus Specific Instruction

Having to administer multiple creams also contributes to the
treatment-related burden and confusion experienced by
caregivers. Although the administering of lotions itself was not
found to be a major issue (as caregivers have usually worked
out a routine), they still had pending questions relating to the
treatment timing, sequence, and amount, that is, of applying the
creams. They reported that the doctors always give them
guidance in general, but that self-management in daily life is
more detailed and difficult. For example, even with the same
patient, the severity of AD lesions can vary widely, and so
confusion over which cream should be applied to which specific
lesion can arise (quote 9 in Multimedia Appendix 3).

Alternative Treatments Preferable to Steroids

The option of using less aggressive treatments was discussed
during both the caregivers’ session and HCPs’ session. Some
parents worried about the side effects of steroids in children
and mentioned that they preferred to seek alternative forms of
treatment (eg, traditional Chinese medicine and ayurvedic
medicine), which are deemed safer (quote 10 in Multimedia
Appendix 3.). HCPs, on the other hand, expressed concerns
over so-called alternative medications. They claimed that they
may contain stronger steroids and that some patients may miss
the best treatment opportunities either because they are avoiding
or over-applying steroids (quote 11 in Multimedia Appendix
3).

Emotional Impact
Peeling and erythema of the skin affect children’s appearance
and can be detrimental to their social life. When the skin
condition is relapsed, the children’s mood becomes irascible,
and their irritable emotions will induce irritation of the skin and
worsen their skin condition. Three subthemes relating to the
emotional impact of AD were identified during the workshops:
(1) guilt and frustration, (2) self-esteem, and (3) the duty to
make their child feel better.

Guilt and Frustration

The feeling of guilt was repeatedly mentioned by caregivers
whenever they talked about their child’s illness. It was difficult
for some of the parents to express feelings of guilt, especially
the subtler form of guilt, which was expressed in the form of
questions (quote 12 in Multimedia Appendix 3). When the
parents reflected on their situation, they sometimes regretted
things they had done at an earlier stage in life (quote 13 in
Multimedia Appendix 3). Guilt may also stem from applying
strong medicines to young children. Some felt worried over
putting their kid through something that was not necessary and
the risk that there is a side effect after the child grows up (quote
14 in Multimedia Appendix 3). The problem of unhelpful helpful
advice by others was also raised up repeatedly by the caregivers
during the workshop, which could be another cause of feelings
of guilt among them (quote 15 in Multimedia Appendix 3).
Such advice includes doctors and peers prescribing overuse of
steroids as well as unspoken blame and judgment imposed by
families, friends, and HCPs.

Self-Esteem

Young teenagers are more self-conscious and care more about
their body image. When the skin lesions reoccur, children might
find it frustrating and sometimes show anger. This is worrying
as the emotions may affect the child’s social activities in school
and eventually affect their confidence and self-esteem. During
the workshop, parents expressed the same worries that when
their children got older, AD could affect their children’s
self-esteem (quote 16 in Multimedia Appendix 3).

The Duty to Make Their Child Feel Better

In addition to experiencing guilt and anger, the parents also
expressed more ambiguous concerns that the AD affects their
children’s self-esteem. They also felt a strong responsibility to
make their children feel better and felt concerned that their
children would become more self-aware as they grow older and
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that AD would affect their emotional health in the long run
(quote 17 in Multimedia Appendix 3).

Ideas and Features of the AD Self-Management App
During the workshops, various functionality requirements were
discussed among participants. The most prevalent requirement
across the groups was knowledge of the symptoms and on
managing the symptoms, medication usage, and triggers. They
also expressed a desire to brief caregivers and children about
the issues that they might face in the future following diagnosis.
This could potentially guide people in transitioning from raising
awareness to making concrete actions and plans and developing
coping strategies that could help them master everyday
challenges.

The HCPs also emphasized that such information should be
provided in the right amount in the local language. Excessive
information provided during medical consultations may
overwhelm both patients and their caregivers. However,
inadequate information may also leave them feeling
directionless, a feeling which induces them into “going online
for relevant information which could lead doctors to spend more
consultation time in correcting the wrong online [information].”

The goal is to ensure that users fully understand the requirements
and thus reduce confusion over information. To accomplish
this, features such as podcasts, chatbots, or web-based lectures
were proposed as the potential modes for delivering such
information. HCPs also highlighted that the apps should provide
other patients’ stories or feedback to debunk the myths
concerning or against steroids.

The other requirement discussed during the workshop was the
need for patients and caregivers to communicate with HCPs.
In this context, participants proposed that technology could be
used throughout the whole process of the health care journey,
from preparation for the clinical consultation, facilitation of
clinical consultation, disease status follow-up, to real-time
management after medical consultation. Here, the main goal of
the technology would be to help caregivers identify and manage
flare-ups; to mitigate confusion; and, at the same time, facilitate
HCPs to gain a better understanding of patients’ needs and
limitations.

Participants also opined that the technology should enable the
user to provide support to others, in this case, by sharing
knowledge and experiences with their peers in Singapore. They
suggested that apps should be designed to provide social support
and facilitate connectedness with others. For example, when
other caregivers encounter difficulties when managing flare-ups,
their peers could support them and detail their own experiences.
Besides, peers can also comfort caregivers emotionally by
recognizing their efforts and mitigating their guilt. This might
be accomplished using a web-based forum with messaging,
chat, or call functions. These were proposed as modes through
which other caregivers can provide support for each other.

In addition, both caregivers and HCPs suggested that the app
should be personalized. The personalization should embody 2
aspects: (1) features and content should be tailored to each
individual’s needs and (2) features and content should suit the
local context. In this way, the app could help them with
prioritizing and making new choices and with defining their
own goals and the small steps necessary for reaching these goals.
During the workshops, the participants advised that the app
should be personalized to address every patient’s unique
circumstances. They recommended that the app should provide
all the information needed as soon as a client first uses the app
(quote 18 in Multimedia Appendix 3).

Image analysis was also mentioned during the workshop. It was
recommended that caregivers could take photographs and use
the app to analyze each photograph to measure the severity.
They also advised that the app should give advice or suggestions
corresponding to the extent and severity of the skin condition,
so that clients can get immediate help without seeing the doctor.

Wireframe Prototype Development
The wireframe prototype contained features designed to address
the challenges and confusions mentioned in the previous
workshops. The must-have features and nice-to-have features
recommended by participants, challenges addressed by the
features, and how the final wireframe prototype reflects the
features are summarized in Table 3.
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Table 3. Ideal features for wireframe prototype.

Possible solutionsChallengesFeatures

Must-have features

Chatbot (Figure 2)Which medication to choose and when to use itKnowledge on medication use and their side effects

Chatbot (Figure 2)Generic instruction versus specific instructionKnowledge on medication use and their side effects

Chatbot (Figure 2)Alternative treatments preferable to steroidsKnowledge on medication use and their side effects

Chatbot (Figure 2)Understanding the disease course and the complica-

tions related to ADa
Knowledge on the symptoms and appropriate management

Chatbot (Figure 2)Understanding the causes, triggers, and symptoms of
AD

Knowledge on the external triggers leading to ADa flares

Disease diary (Figure 2)Understanding the causes, triggers, and symptoms of
AD

Monitoring of skin conditions

Journal (Figure 2)Understanding the disease course and the complica-
tions related to AD

Monitoring of skin conditions

Teleconsultation (Figure 2)Understanding the causes, triggers, and symptoms of
AD

Communication channels with health care professionals

Teleconsultation (Figure 2)Understanding the disease course and the complica-
tions related to AD

Communication channels with health care professionals

Teleconsultation (Figure 2)Which medication to choose and when to use itCommunication channels with health care professionals

Teleconsultation (Figure 2)Generic instruction versus specific instructionCommunication channels with health care professionals

Teleconsultation (Figure 2)Alternative treatments preferable to steroidsCommunication channels with health care professionals

Disease diary (Figure 2) and
disease monitor (Figure 2)

Understanding the causes, triggers, and symptoms of
AD

Monitoring of external triggers that may lead to AD flares

Nice-to-have features

Chatbot (Figure 2)Alternative treatments preferable to steroidsDebunking the myths about AD

Chatbot (Figure 2)Understanding the causes, triggers, and symptoms of
AD

Knowledge on the natural history and development of AD

Disease monitor (Figure 2)Which medication to choose and when to use itReminders for topical application and medication taking

Forum (Figure 2)Understanding the causes, triggers, and symptoms of
AD

Peer support from other caregivers or patients

Forum (Figure 2)Understanding the disease course and the complica-
tions related to AD

Peer support from other caregivers or patients

Forum (Figure 2)Which medication to choose and when to use itPeer support from other caregivers or patients

Forum (Figure 2)Generic instruction versus specific instructionPeer support from other caregivers or patients

Forum (Figure 2)Alternative treatments preferable to steroidsPeer support from other caregivers or patients

Forum (Figure 2)Guilt and frustrationPeer support from other caregivers or patients

Forum (Figure 2)Self-esteemPeer support from other caregivers or patients

Forum (Figure 2)Duty to make their child feel betterPeer support from other caregivers or patients

Disease diary (Figure 2)Guilt and frustrationMonitoring of caregivers’ and children’s emotions

Journal (Figure 2)Self-esteemMonitoring of caregivers’ and children’s emotions

Journal (Figure 2)Duty to make their child feel betterMonitoring of caregivers’ and children’s emotions

Forum (Figure 2)Guilt and frustrationEmotional support with interactive app features

Teleconsultation (Figure 2)Self-esteemEmotional support with interactive app features

Teleconsultation (Figure 2)Duty to make their child feel betterEmotional support with interactive app features

aAD: atopic dermatitis.

As shown in the master sketch of the prototype, the prototype
allows users to log in with their account (Figure 2) and record
lesions’ photos of AD in different body parts and provides

instructions relating to treatment, symptoms, triggers, and
people’s emotions (Figure 2). The Journal section enables
caregivers to track the patient’s disease condition and could
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prove useful to their doctor during a visit to the clinic (Figure 2).

Figure 2. The master sketch of wireframe prototype.

Another core feature of the prototype is the education element.
Participants designed both the chatbot feature and forum feature,
both of which are for educational purposes (Figure 2). The
chatbot allows users to access relevant information quickly and
easily, which is presented in a clear, understandable format.
The forum feature builds a bridge between caregivers and their
peers by letting them exchange local information and, to some
extent, allowing peers to provide informational and emotional
support to users (Figure 2). Participants also designed a
notification feature, through which the prototype could remind
users to avoid the possible triggers around them and decrease
AD relapse (Figure 2).

Workshop Evaluation Feedback
The workshop evaluation comments indicated that the co-design
workshop was successful in creating and generating new ideas

and content for smartphone app development. All the
participants agreed that the workshop was organized, that its
aims were clear, and its activities had been carefully prepared.
All the participants felt that the workshop methods used were
appropriate for the audience and said that they enjoyed the
workshop. However, some issues were also identified in the
evaluation feedback. For example, 21% (7/32) of participants
highlighted the need to improve workshop time management
and felt that the time should be better utilized; they even
suggested a longer session.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e16898 | p.413http://mhealth.jmir.org/2020/10/e16898/
(page number not for citation purposes)

Xu et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Discussion

Summary
For this study, we organized a series of co-design workshops,
which were attended by caregivers living with children with
AD, doctors, pharmacists, and digital health experts. During
the proceedings, participants jointly explored their needs,
preferences, and perceptions in relation to the proposed
smartphone self-management app. Phase 1 identified themes
that reflected caregivers’ and HCPs’ needs and concerns for
AD self-management support, along with suggestions
concerning the necessary features and contents of an AD
self-management app; the data collected during phase one,
therefore, informed phase two, which in turn comprised a
smartphone app designing activity. The purpose of the
interactive designing exercise was for participants to develop
a wireframe prototype. The co-design workshops were designed
to encourage social interaction, stimulate creativity, and thus
help us to articulate the root of the clinical problems. The
findings from the workshops align with those in previous
studies, in that co-design interaction can foster a co-creative
space and lead to considerable contributions by and involvement
of people with chronic disease conditions [40,41].

The wireframe prototype has the potential to solve current AD
management challenges. First, information gathered by disease
diary and disease monitoring features (Figure 2) in prototype
are quite comprehensive with both visual AD symptoms (by
taking photos), personal feelings (sleep disturbance, itchiness),
psychological impact (mood), and suspected allergens, which
could be very helpful for doctors in making precise clinical
decisions. In addition, involvement of HCPs in the app
development process could ensure that the information provided
is reliable. Third, the forum feature (Figure 2) could potentially
become a peer support platform. By communicating with each
other, caregivers can support each other technically and
emotionally and, thus, enable a smooth transition following a
consultation and empower caregivers to manage their children’s
disease by making them feel competent and capable.

Research Implications
Some issues were also identified during the workshop. First, it
is important to ensure that all the participants fully understand
and can keep pace with workshop information and activities—or,
to use the colloquialism, read off the same page. The participants
may interpret questions or tasks differently, and there is a risk
of digressing the topic or narrating the same topic repeatedly,
which can lead to the workshop being less productive in terms
of producing the ideas or thoughts anticipated. Second, at the
start of third workshop, we delivered a briefing presentation of
the current research and technology used for AD management,
to encourage the participants to allow their own needs and
challenges to guide app co-design. However, it should be
mentioned that the briefing presentation might have limited

their thinking, and they may have been inclined to follow the
information shared during the briefing session.

Strengths and Limitations
This study can inform future research studies on co-designing
smartphone apps for patients affected by chronic diseases.
Participants with a heterogeneous background were invited to
co-design the app. This could be considered as a strength of this
study as the app design by them will be understandable and
beneficial for the wider population regardless of user
background. Previous studies have explored treatment needs
widely: Batchelor et al [42] tried to identify the uncertainties
in eczema treatment that are important to stakeholders. Teasdale
et al [43] and Swallow [44] discussed the caregivers’ views of
steroid usage [43,44]. However, this chapter goes further in
exploring personal experiences, emotional needs, and feelings
among both caregivers and HCPs and considering how their
points of view could be linked to features of smartphone apps.

However, the scope of the study is limited as the target audience
of the app consists entirely of caregivers whose children have
AD. However, that limitation alone does not preclude us from
being able to satisfy the aims of this study because the content
and features caregivers mentioned are to some extent
interchangeable. Some of the issues and features caregivers
mentioned can also be favored for both children and adults.
Second, the co-design process is not rigorously following a
participatory co-design framework as continuous evaluation of
the prototype was not performed [45]. However, considering
that this study has gone through the main process of the
framework, this study is still aligned with the overall goal of
co-design methodology [29].

Another limitation is that participants were observed to discuss
some topics repetitively. Thematic saturation of the workshops
was probably less than satisfactory as other themes were barely
discussed in phase one, and it might have emerged that we
conducted more workshops. However, this limitation can be
partly explained as those viewpoints raised repetitively were
valued more than other topics from the caregiver’s perspective
and, therefore, should be prioritized when designing an AD
self-management app. In addition, as the final wireframe
prototype is designed by both digital health experts and
caregivers, it is difficult for us to differentiate caregivers’
perspectives and digital health experts’ opinions in phase two.

In summary, this study employed a co-design approach to jointly
create an AD self-management app wireframe prototype,
together with caregivers, HCPs, and digital health experts. The
participants’ perceptions and preferences as well as the
co-design approach used in this study form a novel contribution
to the canon of literature on smartphone app design and the use
of digital health tools in an engaging way. Future studies should
work on app development as well as invite more stakeholders
with separate sessions to test its functionality and usability.
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Abstract

Background: Mobile electronic platforms provide exciting possibilities for health behavior promotion. For instance, they can
promote smoking cessation, moderate alcohol consumption, healthy eating, and physical activity. Young adults in Sweden are
proficient in the use of technology, having been exposed to computers, smartphones, and the internet from an early age. However,
with the high availability of mobile health (mHealth) interventions of varying quality, it is critical to optimize the usability of
mHealth interventions to ensure long-term use of these health promotion interventions.

Objective: This study aims to investigate the usability of an mHealth intervention (LIFE4YOUth) targeting health behaviors
among high school students through heuristic evaluation and usability testing.

Methods: A preliminary version of the LIFE4YOUth mHealth intervention, which was aimed at promoting healthy eating,
physical activity, smoking cessation, and nonrisky drinking among high school students, was developed in early 2019. We
completed a total of 15 heuristic evaluations and 5 usability tests to evaluate the usability of the mHealth intervention prototype
to improve its functioning, content, and design.

Results: Heuristic evaluation from a total of 15 experts (10 employees and 5 university students, both women and men, aged
18-25 years) revealed that the major usability problems and the worst ratings, a total of 17 problems termed usability catastrophes,
concerned shortcomings in displaying easy-to-understand information to the users or technical errors. The results of the usability
testing including 5 high school students (both girls and boys, aged 15-18 years) showed that the design, quality, and quantity of
content in the intervention may impact the users’ level of engagement. Poor functionality was considered a major barrier to
usability. Of the 5 participants, one rated the LIFE4YOUth intervention as poor, 2 rated as average, and 2 assessed it as good,
according to the System Usability Scale.

Conclusions: High school students have high expectations of digital products. If an mHealth intervention does not offer optimal
functions, they may cease to use it. Optimizing the usability of mHealth interventions is a critical step in the development process.
Heuristic evaluation and usability testing in this study provided valuable knowledge about the prototype from a user’s perspective.
The findings may lead to the development of similar interventions targeting the high school population.

(JMIR Mhealth Uhealth 2020;8(10):e17999)   doi:10.2196/17999
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Introduction

Health Behaviors Among Young People
Chronic diseases are the leading cause of death and disability
worldwide. Globally, up to an estimated 80% of cases of heart
disease, stroke, and type 2 diabetes and more than 30% of
cancers can be prevented by reducing smoking, harmful alcohol
use, improving diet, and engaging in regular physical activity
[1,2]. Previous research has shown that multiple risk behaviors
increase the risk of chronic disease and all-cause mortality, more
so than the combined effects of single behaviors [3-5]. Health
behaviors typically emerge during adolescence, track into
adulthood, and commonly co-occur [6-8]. Therefore,
adolescence is a critical age to intervene and interrupt a
trajectory toward poor adult health [9-11]. Evidently, effective
and evidence-based health behavior promotion interventions
are needed.

Health Behavior Promotion Among Youths Through
Multiple Mobile Health Interventions
Mobile platforms provide exciting possibilities for the promotion
of health behaviors through mobile health (mHealth)
interventions. Previous research has shown that interventions
targeting multiple health behaviors at the same time might be
effective in improving the general lifestyle among adults [5,12],
with less evidence among adolescents [13]. A meta-analysis
[14] examined the effectiveness of text message–based
interventions for tobacco and alcohol cessation in a young adult
population. Only 5 of the 14 studies reported significant
differences between groups of substance use behavior outcomes,
and the included randomized controlled trials (RCTs) lacked
details regarding the intervention content. A more recent
systematic review and meta-analysis [15] investigated the
effectiveness of school-based eHealth interventions, defined as
interventions delivered via the internet, computers, mobile
technology, or telehealth, to prevent multiple health risk
behaviors among adolescents. A total of 22 publications were
included, assessing 16 interventions that targeted 2 or more of
the following behaviors: alcohol use, smoking, diet, physical
activity, screen time and sitting, or sleep. Only short-term effects
were found for improving physical activity, screen time, and
fruit and vegetable intake, and all trials were considered to be
of low quality. There was limited evidence of their effect on
alcohol and smoking. Although the selection criteria in the
meta-analysis included studies with intervention components
delivered via mobile technology, no studies of mHealth-only
interventions were identified [15].

The Development of mHealth Interventions
Young adults are referred to as digital natives; many are
proficient in the use of technology, having been exposed to
computers, smartphones, and the internet from an early age.
Indeed, young adults have the highest level of smartphone
ownership among all age groups [16]. It is critical to optimize
the usability of interventions targeting this age group; if they
do not enjoy the program, they may disengage. Several reviews
have shown the feasibility, acceptability, and efficacy of digital
interventions for behavior change [17,18] and other health
interventions, such as disease self-management [19-21] and

medication adherence [22,23]. Previous systematic reviews on
texting and mobile app interventions emphasized the urgent
need to examine the development processes of mHealth
interventions [23,24].

In a participatory design approach, research is undertaken with,
rather than on, people, allowing researchers to gain an
understanding of context-specific requirements and challenges
[25]. Heuristic evaluation and usability testing are commonly
used to support the development and refinement of the
effectiveness of mHealth interventions. During heuristic
evaluation, trained evaluators review an intervention to find
usability problems, assign them to a specific category of
heuristics, and ascribe a severity rating to provide distinct
usability information [26,27]. Heuristics are often used to
identify usability issues, such as problems with unclear
functions, confusing navigation, and consistency issues [27-29].
Usability tests consist of a human-computer interaction and
refer to evaluating an intervention by testing it with potential
end users with the goal of identifying understandability, ease
of learning, and attractiveness and to determine participants’
satisfaction with the intervention. Usability testing provides
developers with feedback about what does and does not work
in the intervention and determines whether the features in the
interventions are acceptable to and feasible for users and also
determines what can be improved [30-33].

Objectives
This study aims to investigate the usability of an mHealth
intervention (LIFE4YOUth) targeting health risk behaviors
among high school students through heuristic evaluation and
usability testing.

Methods

Procedures
A preliminary version of the LIFE4YOUth mHealth intervention
targeting health risk behaviors among high school students was
developed in early 2019. LIFE4YOUth is one of 7 multiple
mHealth interventions in the MoBILE (mHealth–Multiple
Lifestyle Behaviors) research program (funded by Forte
2018-01410, principal investigator: ML) aimed at promoting
healthy eating, physical activity, smoking cessation, and
nonrisky drinking in 7 different populations in the health care
system. The intervention includes information about health
behaviors, tips on behavior change strategies, and activities.
The formative research process of developing a novel multiple
mHealth intervention is described in detail in a study protocol
elsewhere [34]. This study reports on findings from the first
stage of the formative research process: heuristic evaluation
and usability testing. The aim is to investigate the usability of
a prototype app in terms of function, content, and design.

Setting, Participants, and Recruitment

Heuristic Evaluation
Recruitment of participants for the heuristic evaluation was
undertaken by members of the research team through paper
advertisements (posters) in public areas at Linköping University,
Sweden. The inclusion criteria for the heuristic evaluation were

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e17999 | p.419http://mhealth.jmir.org/2020/10/e17999/
(page number not for citation purposes)

Müssener et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


university students and employees, both women and men, aged
18 to 25 years, at the Faculty of Medicine and Health Sciences
at Linköping University who were willing to participate and
owned a mobile phone. Participants showed their interest by
contacting the research leader via email or telephone.

Usability Tests
School staff at 5 high schools selected for convenience in
Östergötland, Sweden, were contacted via email and informed
about the research project. Students from all schools were
invited to participate in the usability testing. The recruitment
of participants was performed by school staff through paper
advertisements (posters and leaflets), digital advertisements
(student email and school website), and information
disseminated in the classrooms. The inclusion criteria for the
usability tests were high school students, both female and male,
aged 15 to 18 years, willing to participate and owning a mobile
phone. High school students showed their interest by contacting
the research leader via email or telephone.

Data Collection

Informed Consent
All participants provided written informed consent before
participation in all study procedures (heuristic evaluation and
usability tests).

Heuristic Evaluations
A total of 15 experts (10 employees and 5 university students)
were recruited. For the heuristic evaluation, a set of 10 heuristics
published by Nielsen [26] was used to evaluate the LIFE4YOUth
prototype. The heuristics for usability evaluation according to
Nielsen are listed in Textbox 1.

We selected Nielsen’s 10 heuristics because they have been
thoroughly tested and are quick and easy to apply. When

applying heuristic evaluation, participants evaluate an app to
find usability problems, assign them to a specific category of
heuristics, and assign a severity rating [26,27]. All participants
were invited to a brief training session (approximately 45 min)
conducted by a research assistant (CL), to receive instructions
on the main principles of heuristic evaluation, and to learn to
use the heuristics to evaluate the intervention [27]. The
participants were sent a link to a high-fidelity prototype [35] of
the intervention, including the actual software start page, menu
page, and the 4 intervention modules (alcohol, smoking, physical
activity, and diet). Each participant was asked to identify
usability problems independently in a given protocol
(Multimedia Appendix 1). Participants were asked to identify
a problem, describe it, identify the relevant heuristic for the
problem (eg, visibility of system status or match between the
system and the real world), and give it a severity rating
[26,27,29].

The procedure itself was a two-part process: the participants
first familiarized themselves with the system and its usage with
reference to the materials and training provided by the assistant.
Then, they independently applied the 10 heuristics, as given in
Textbox 1. The participants detected a usability problem,
assigned each problem to a violation of a heuristic, and described
the problem in their own words. Then, participants assigned
severity scores to each problem by using the severity rating
factors of impact presented in Textbox 2.

The introduction took place in the beginning of May 2019 in a
conference room at Linköping University, Sweden. The
evaluations were performed wherever the participants preferred
and were sent to the research assistant in a prepaid envelope.
After 10 days, a reminder was sent by a text message. Heuristic
evaluations from all participants (n=15) were gathered during
the last week of May 2019.

Textbox 1. Heuristics for usability evaluation according to Nielsen.

1. Visibility of system status: The system should always keep users informed about what is going on through appropriate feedback within reasonable
time

2. Match between system and the real world: The system should speak the users’ language, with words, phrases, and concepts familiar to the user,
rather than system-oriented terms. Follow real-world conventions, making information appear in a natural and logical order

3. User control and freedom: Users often choose system functions by mistake and will need a clearly marked emergency exit to leave the unwanted
state without having to go through an extended dialog. Support undo and redo

4. Consistency and standards: Users should not have to wonder whether different words, situations, or actions mean the same thing

5. Error prevention: Even better than good error messages is a careful design, which prevents a problem from occurring in the first place. Either
eliminate error-prone conditions or check for them and present users with a confirmation option before they commit to the action

6. Recognition rather than recall: Minimize users’ memory load by making objects, actions, and options visible. The user should not have to
remember information from one part of the dialog to another. Instructions for the use of the system should be visible or easily retrievable whenever
appropriate

7. Flexibility and efficiency of use: Accelerators—unseen by the novice user—may often speed up the interaction for the expert user such that the
system can cater to both inexperienced and experienced users. Allow users to tailor frequent actions

8. Aesthetic and minimalist design: Dialogs should not contain information that is irrelevant or rarely needed. Every extra unit of information in a
dialog competes with the relevant units of information and diminishes their relative visibility

9. Help users recognize, diagnose, and recover from errors: Error messages should be expressed in plain language (no codes), precisely indicate
the problem, and constructively suggest a solution

10. Help and documentation: Although it is better if the system can be used without documentation, it may be necessary to provide help and
documentation. Any such information should be easy to search, focused on the user’s task, list concrete steps to be carried out, and not be too
large
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Textbox 2. Scale for severity rating according to Nielsen.

0: Not a usability problem

1: Cosmetic problem only—need not to be fixed unless extra time is available

2: Minor usability problem—fixing this should be given low priority

3: Major usability problem—important to fix, should be given high priority

4: Usability catastrophe—imperative to fix this before product can be released

Usability Tests
The usability test consisted of a human-computer interaction
evaluation, which focused on the perceptions and performance
of users in a laboratory setting. It entailed the completion of 30
goal-oriented tasks by targeted end users [30,32]. In total, 5
usability tests were completed with high school students. The
tests were carried out in June 2019 in a medical informatics
laboratory room and were run on an iPhone. The participants
went through a 60-min session, during which all interactions
with the intervention were recorded using video. The same
prototype, as in the heuristic evaluation, was used. The test
manager gave the participants printouts with the 30 tasks.

Examples of tasks used in the usability testing are described in
Textbox 3.

The participants were asked to complete the 30 tasks, and the
test manager asked the participants to explain their actions as
they performed them using a think-aloud method [36,37]. An
observer (the research leader) noted potential issues as the given
tasks were performed by the participants. After completing the
session, the participants completed a paper version of the System
Usability Scale (SUS), providing a global view of their
subjective assessment of usability based on 10 questions [38].
SUS has been shown to be reliable and valid with a variety of
different technologies and users.

Textbox 3. Examples of tasks in the usability testing.

• Go to the start page and explain what you think of the layout

• Where can you find support to drink less?

• Log what you drink. Explain how you interpret the graphs for the alcohol consumption you logged

• You know that people feel healthier after exercising and want to find out more about getting started. How would you look for this information?

• If you want to plan a physical activity, how do you find that activity, and specify your level of involvement?

• You can set personal goals for your eating habits under the “Timeline” tab. Explain how to set your goal and what the graph shows you

• What information is there under the “Risks” tab in the Diet module? Does it give you a good overview?

• Go to the Smoking module. What do you think about the scope of the information provided on the first page?

• If you want to know more about the benefits of quitting smoking, how would you go about this?

Data Analyses

Heuristic Evaluation
The 10 heuristics were pooled, and the identified problems were
categorized as major issues [26-29]. The focus of the analysis
was to identify usability problems and critical issues and to
explore whether any functions in the intervention performed
better than others. A master list was compiled to collect all the
described usability problems, duplicate problems were removed
to enable analyses, and the list was verified by 2 of the authors
(UM and CL) for accuracy and to ensure validity and prevent
bias in the analysis process. Descriptive statistics were used to
summarize the heuristic violations and associated severity
scores. The severity rating scale from 0 (not a problem) to 4
(usability catastrophe) is shown in Textbox 2.

Usability Tests
The usability tests were recorded and transcribed verbatim by
a professional transcription company. All transcripts were
checked and validated by the first author (UM). Analysis of the
video recordings was inspired by program theory development
using an inductive approach, taking both verbal and visible

conduct into consideration [39]. Transcripts were analyzed
thematically using an iterative coding procedure. The focus of
the analysis was on the features of the intervention that needed
to be redesigned with regard to function, content, and design.
Overall, 2 authors (UM and CL) individually read the
transcriptions and viewed the video recordings to acquire a
comprehensive understanding. The categories were identified
using an iterative process of reading and rereading the
transcripts. Patterns were searched for, and usability issues were
coded into categories. The first coding was initiated by the first
author. Next, the coding was presented and discussed between
the 2 authors (UM and CL), and boundaries for coding were
established jointly [39].

The analysis of the SUS score was conducted according to the
scoring strategy of Brooke [40], with the score for each item
ranging from 0 to 4. The score from positively worded items
(1, 3, 5, 7, and 9) is calculated as the scale position minus 1.
For the negatively worded items (2, 4, 6, 8, and 10), the score
is calculated as 5 minus the scale position. The sum of the scores
is then multiplied by 2.5 to obtain the overall value of SUS
ranging from 0 to 100. The average SUS scores were used to
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identify average satisfaction [40]. According to Bangor et al
[38], the average SUS score of approximately 70 can be
interpreted as good or acceptable [38].

Results

Heuristic Evaluation
The heuristic evaluation resulted in a total of 121 usability
problems and 131 heuristic violations reported by 15
participants. The usability problems identified through heuristic
evaluation are summarized and presented by place of occurrence
(eg, alcohol, diet, physical activity, and smoking modules as
well as the start page), number of heuristic violations, and mean
severity ratings in Figure 1. The alcohol module generated the
maximum number of usability problems and problem
descriptions (n=49), followed by the diet module (n=39), the

physical activity module (n=13), and the smoking cessation
module (n=8). The start page also had usability problems (n=12).
The average severity ratings ranged from 2.1 to 2.8 (on a scale
of 0-4). The start page module had the highest severity rating,
that is, 2.8.

The line in Figure 1 shows the mean severity ratings for usability
problems on a scale of 0 to 4, where 0=none, 1=cosmetic
problems, 2=minor problems, 3=major problems, and
4=usability catastrophe.

Of the 10 types of heuristic violations depicted in Table 1,
categories 2 (Match between system and the real world) and 4
(Consistency and standards) dominated at 33 and 32,
respectively. The heuristic categories 1 (Visibility of system
status; n=4) and 10 (Help and documentation; n=3) had the
lowest violations across all views.

Figure 1. Number of usability problems identified presented by place of occurrence, counts of heuristic violations identified by the 15 participants.

Table 1. Presentation of the frequencies of 10 heuristic violations sorted by Nielsen’s heuristics reported by the 15 participants.

Number of participantsViolations

4Visibility

33Match

6User control

32Consistency

8Error

8Recognition

21Flexibility

10Aesthetics

5Recover

3Help

Most severity ratings were in the major severity category,
indicating that fixing the problem should be given high priority
(severity rating 3). The problems categorized with the highest
severity rating were in the alcohol and diet modules. Most of
the minor usability problems, that is, fixing those problems
should be given low priority (severity rating 2), were also in
the alcohol and diet modules. There were also a total of 17

problems reported as usability catastrophes across all modules,
indicating the imperative to fix the problem before the product
can be released (severity rating 4). Figure 2 shows severity
ratings across system views.

When analyzing the nature of usability problems, the heuristic
evaluation revealed that major usability problems and
catastrophic ratings concerned shortcomings in displaying
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easy-to-understand information to the users or technical errors.
Examples of these types of usability problems provided by
participants are as follows:

Navigation unclear. There’s a constant mixture of
headings [in the various modules], unclear
headlining, different selectable functions, sometimes
with hidden text. You don’t know where you are [in
the intervention]

If the diagram’s x- and y-axes don’t have any labels,
you don’t understand because the table headings are
unclear and don’t stand alone.

In the figures it’s unclear which direction the scales
go in, you don’t understand the colors, it’s confusing.

Several choices of wording, and the concepts are
difficult and complicated. Think about having simple,
consistent wording and simpler language.

It’s not possible to save all the choices you’ve entered,
you can’t change your choices. The planning
disappears when you browse through the tabs.

You can’t go back easily. In other words, it’s not
possible to find your way “home” easily, there’s no
home button.

Figure 2. Number of severity ratings (minor, major, and catastrophic) for each module as reported by the 15 participants.

Usability Tests
A total of 5 high school students, 3 adolescent girls and 2
adolescent boys, participated in the usability testing. The
analysis of the data from the transcripts revealed 3 main
categories of barriers that limited usability: (1) design, (2)
content, (3) and functionality.

Design
Design refers to how the intervention is perceived visually. The
data showed that the design of the prototype influenced
engagement and interest among users, thereby motivating or
hindering user engagement with the intervention. Design
comprises both aesthetics, that is, how attractive the intervention
is perceived to be, and clarity, that is, how the intervention is
structured and presented. For example, participants described
how clear headlines and appealing infographics were integral
to usability. Moreover, participants highlighted the use of clearly
presented text, figures, and tables as a way to improve the
usability of the intervention. In addition, characteristics of the
intervention such as the use of attractive pictures, symbols, and
videos were described as further improving usability:

And then I wonder if you could make it a bit more fun
or something /.../ to have some background color
other than white. [Adolescent 2]

Perhaps it would be good to have images? I don’t
think it captures the user’s interest much [without
images]. [Adolescent 1]

Regarding the font size, participants preferred a larger font size
and suggested clearly defined headlines:

/.../ an intervention that looks a bit half-hearted and
where things aren’t, like, centered or whatever.
Perhaps it looks less professional than it actually is,
and so you don’t trust it as much /.../ because you’ve
put so much effort into it being scientifically correct,
so you could put a bit of effort into it looking good
or, like, fixing it. [Adolescent 4]

/.../ and bigger, clearer headings. I think bullet points
are good, easy to read /.../ I don’t think you get
particularly excited using it. [Adolescent 1]

Content
The second category refers to both the quality and quantity of
intervention content. Problems relating to quantity were
described as too much text, with large blocks of text making
the information difficult to process, which subsequently limits
the usability:

/.../ there’s a lot of text. It gets a bit, like, too much
text to manage to read through everything. /.../ you
don’t want there to be too much text. It should be,
like, quite quick and easy. [Adolescent 5]

You can quite easily get tired with a lot of text.
[Adolescent 3]

Sometimes less is more /.../ if it’s simpler, it’s easier.
[Adolescent 4]
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The quality of the content referred to the terminology whereby
language was perceived as too heavy, too complicated, and
difficult to comprehend. Indeed, words, phrases, and concepts
were perceived as unfamiliar and not tailored to the target age
group. Thus, engaging with the content was too taxing and
limited the usability:

What on earth is “moderate level” and what on earth
is “strenuous level”? [Adolescent 4]

“Dietary index”? What does “dietary index” mean?
[Adolescent 1]

Very strange words. People don’t use them at all!
[Adolescent 3]

Functionality
The third category functionality referred to the need for the app
to be effortless to navigate, to be quick to use, and to have a
logical flow, according to participants who wanted an
easy-to-use interface. Poor functionality was considered a major
usability barrier. Participants described that usability was limited
when navigation was complex and included multiple modules
or functions. For example, participants stated that scrolling to
find information required too much effort and the intervention
needed to be easier to grasp:

I think fewer stages would be good. [Adolescent 1]

Yes, because otherwise perhaps it’s a bit so-so, that
you go in and first you can click there, and then click
there /.../ in other words, it gets too much. [Adolescent
2]

Participants stated that time was precious and they did not want
to spend time navigating unnecessarily, such as entering what
they had been eating or how many activity minutes they had
participated in. Thus, engagement with the app must be effective
and targeted to facilitate usability:

You should be able to get an overview extremely
quickly. [Adolescent 4]

Like, how many times I ate fruit or berries last week?
Yes, I might have eaten fruit once. I might have eaten
it ten times, I might not have eaten it at all. I don’t
know. It was a bit difficult. [Adolescent 5]

Participants also described the importance of a logical flow
between different components of the app. In addition, the
features that guided or prompted navigation of the intervention
could facilitate usability:

You need a bit more help orientating yourself, where
you are. Or some kind of main menu that comes up,
and then you can tap on alcohol and after you’ve
tapped on that subheadings appear. Then you can
choose between them. [Adolescent 4]

Maybe [it would help if] everything is in categories
instead, and you tap, and maybe then it appears. Not
showing everything there from the start ... instead,
you can go into what you’re interested in. [Adolescent
1]

Furthermore, relating to the logical flow within the intervention,
there was a desire for consistency between the different modules
to improve the usability of the intervention:

Because maybe you can’t have the same subheadings
for everything, but that they’re still very consistent,
that there are reminders and text messages, then they
should be in all [modules] so you can get familiar
with it and find things. [Adolescent 1]

The SUS Score
The results of the SUS scores are given in Table 2. As shown
in this table, the analysis of the SUS score identified that the
intervention was rated with an average score of 66.6. According
to Bangor et al [38], an average SUS score below 70 indicates
that the system has shortcomings that need to be addressed. Of
the 5 participants, one rated the LIFE4YOUth app as poor, 2 as
average, and 2 assessed it as good.

Table 2. Result of the System Usability Scale.

AverageP5P4P3P2P1aQuestions

3.2323441. I think that I would like to use this app

1112012. I found the app unnecessarily complex

2.2223313. I found the app easy to use

3.6433444. I think I would need support from a technical person to use this app

2.6224325. I found the various functions in this app were well integrated

2223216. I thought there was too much inconsistency in this app

2.8434307. I would imagine that most people would learn to use this app very quickly

2.6423318. I found the app very cumbersome to use

2.2413219. I felt very confident using the app

3.84434410. I needed to learn a lot of things before I could start using this app

66.6755577.57047.5SUSb score (sum×2.5) maximum 100

aP1-5: person 1-5.
bSUS: System Usability Scale.
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Discussion

Principal Findings
As described in our previous protocol study for a participatory
design [34], the prompt expansion of device capability presents
many challenges for developers of mHealth interventions,
especially when designing interventions that aim to affect
multiple individual lifestyle behaviors [25]. This study
investigated the usability of the LIFE4YOUth intervention
targeting health behaviors among high school students. Previous
studies have suggested using a combination of different usability
methods to provide insights to developers about potential
usability problems [41]. This paper reports data from the first
stage of a formative research process [42], which included
heuristic evaluation and usability testing.

The heuristic evaluation revealed that the major usability
problems and the catastrophic ratings concerned shortcomings
such as information display and comprehensive information,
meaning that the intervention needed to speak the users’
language with consistent information that appears in a natural
and logical order for the users. The results from the usability
testing showed that design (aesthetics and clarity), content
(quality and quantity), and functionality (effortless and logic
flow) enabled usability. The findings of this study are consistent
with those of previous research, which found that participants
wanted features that reduced the amount of time and effort
required from them [43]. The amount of data participants are
expected to enter into self-monitoring apps should be carefully
considered in future intervention development [44] because the
results showed that frustration with a large quantity of data is
one of the most common complaints of users and results in apps
being deleted entirely [45].

Engagement was an issue closely related to usability. For
instance, participants explained that when the intervention did
not appear to have a logical flow, they would quickly cease to
use it. Previous research has stressed that engagement refers
both to how a user interacts with technology and their emotional
response to it [46]. In a study investigating usability barriers
and enablers for interventions targeting harmful drinking in
young adults, participants stated that positive experiences of
usability made them engage more with the intervention and
made them more likely to keep using it [43]. In a think-aloud
study among adult smokers and drinkers, users revealed their
choice of smoking cessation or alcohol reduction apps to be
influenced by the apps immediate look and feel, social proof,
and titles judged to be realistic and relevant [47,48]. Individuals
seem more motivated to engage with and process information
more thoroughly if the message is personally relevant and
meaningful [49]. Theoretical models of user engagement
propose that an individual’s characteristics and personal
circumstances may influence their user experiences of digital
interventions [50]. Engagement is an ongoing issue for mHealth
intervention development. Low login rates and limited use of
interventions are issues consistently reported in the literature,
and higher engagement through logins and repeated use is
associated with better effects of the intervention [51].

According to previous research, the most important factors
during the design process are flexibility and responsiveness to
the input and feedback of the target audience [52]. Optimizing
usability for mHealth interventions is a critical step in the
development process. Young adults, the age group with the
highest use of mHealth interventions, have high expectations
of digital products. If an intervention does not have optimal
usability, engagement will be compromised [46]. We agree with
previous researchers who conclude that it is not good enough
to have an evidence-based intervention per se, but rather, aspects
such as delivery, design, aesthetics, usability, and functionality
need to be carefully considered [43]. As there is a high demand
for interventions that target skilled technology users, such as
high school students, the LIFE4YOUth mHealth intervention
needs to be iteratively refined and improved and will, thereafter,
be pilot tested. An RCT will be conducted to determine the
efficacy of the intervention at a later stage. If effective in the
subsequent RCT, the program has the potential to be
implemented nationally through school health services.
According to the World Health Organization, education can
play an important role in health promotion of the youth [53].
School multidisciplinary teams provide good accessibility for
high school students, and therefore, a natural setting for
attempting to endorse health behaviors for as many high school
students as possible [15].

Strengths and Limitations
A limitation of the study is the small and partly
nonrepresentative sample that highlights the need for caution
when interpreting the results. The results cannot be used for
far-reaching conclusions.

Combining heuristic evaluation and usability testing is a strength
of this study. Heuristic evaluation provided insights to
developers about potential usability problems, particularly in
terms of identifying problems with user interface usability. The
results from the heuristic evaluation were also used as inspiration
to create tasks applied in the usability tests. Usability tests
provided knowledge regarding whether specific tasks could be
performed in the sequences of actions they were designed for
to give direct input into how real users used the system.

The heuristic evaluations were performed wherever the
participants preferred, for example, in the participant’s home.
This was done to facilitate participation and to optimize that
the participants felt no time pressure. Hence, the validity of the
data could not be controlled for. This study was not conducted
to identify every usability problem with the mHealth
intervention but instead to show how heuristic evaluation and
usability testing with a small number of users could identify a
large proportion of usability problems and assist in making
significant improvements to an mHealth intervention targeting
multiple health behaviors. The methods used were valuable in
identifying not only major areas and themes that needed
modification but also smaller, easily fixed problems that users
encountered.

Conclusions
Through participatory design using heuristic evaluation and
usability testing, this study resulted in in-depth knowledge
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regarding the aspects of intervention content and structure that
end users (eg, high school students) considered important. This
knowledge can be used when designing an mHealth intervention
targeting multiple health behaviors. In summary, heuristic
evaluation showed that the major usability problems and the
catastrophic ratings concerned information display and language

use. Usability testing showed that design (aesthetics and clarity),
content (quality and quantity), and functionality (effortless and
logic flow) enabled usability. This knowledge is valuable in
guiding further development of a final version of the novel
multiple mHealth intervention program LIFE4YOUth.
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Abstract

Background: Nowadays, numerous health-related mobile apps implement gamification in an attempt to draw on the motivational
potential of video games and thereby increase user engagement or foster certain health behaviors. However, research on effective
gamification is still in its infancy and researchers increasingly recognize methodological shortcomings of existing studies. What
we actually know about the phenomenon today stems from fragmented pieces of knowledge, and a variety of different perspectives.
Existing research primarily draws on conceptual knowledge that is gained from research prototypes, and isolated from industry
best practices. We still lack knowledge on how gamification has been successfully designed and implemented within the industry
and whether certain gamification approaches have shown to be particularly suitable for certain health behaviors.

Objective: We address this lack of knowledge concerning best practices in the design and implementation of gamification for
health-related mobile apps by identifying archetypes of gamification approaches that have emerged in pertinent health-related
mobile apps and analyzing to what extent those gamification approaches are influenced by the underlying desired health-related
outcomes.

Methods: A 3-step research approach is employed. As a first step, a database of 143 pertinent gamified health-related mobile
apps from the Apple App Store and Google Play Store is set up. Second, the gamification approach of each app within the database
is classified based on an established taxonomy for gamification in health-related apps. Finally, a 2-step cluster analysis is conducted
in order to identify archetypes of the most dominant gamification approaches in pertinent gamified health-related mobile apps.

Results: Eight archetypes of gamification emerged from the analysis of health-related mobile apps: (1) competition and
collaboration, (2) pursuing self-set goals without rewards, (3) episodical compliance tracking, (4) inherent gamification for
external goals, (5) internal rewards for self-set goals, (6) continuous assistance through positive reinforcement, (7) positive and
negative reinforcement without rewards, and (8) progressive gamification for health professionals. The results indicate a close
relationship between the identified archetypes and the actual health behavior that is being targeted.

Conclusions: By unveiling salient best practices and discussing their relationship to targeted health behaviors, this study
contributes to a more profound understanding of gamification in mobile health. The results can serve as a foundation for future
research that advances the knowledge on how gamification may positively influence health behavior change and guide practitioners
in the design and development of highly motivating and effective health-related mobile health apps.

(JMIR Mhealth Uhealth 2020;8(10):e19280)   doi:10.2196/19280
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Introduction

Following the proliferation of smartphones and other smart
devices into people’s everyday lives during the last decade,
mobile app stores (eg, the Apple App Store and Google Play
Store) now provide users with a plethora of different
health-related mobile apps (mHealth apps) [1]. Typical mHealth
apps available on these stores include apps that support users
in pursuing healthy diets [2], apps that motivate their users to
increase their physical activity [3], or apps that help managing
chronic diseases properly [4], to name but a few. Surveys show
that 58.23% (934/1604) of US smartphone users have
downloaded at least one such mHealth app to their smartphones
in the past [5,6], making mHealth apps a multibillion Dollar
business with annual growth rates of 30% or more [7]. Yet,
despite mHealth apps’ potential to positively influence users’
health behavior and their high download numbers, research also
suggests that in the past a majority of users have failed to
frequently use such apps or even stopped using them after a
short period, for example, due to high data entry burden, or loss
of interest [5,8].

Gamification presents itself as a promising approach to
overcome a loss of interest, increase user engagement [9], raise
the quality of health behaviors [10], and motivate users to use
mHealth apps for a sustained period [11]. It refers to the overall
proliferation of games in culture, society, and technology and
describes that technologies are being transformed and designed
to afford positive experiences, motivational enforcement, and
skill accruement [12]. Drawing on the motivational potential
of (video) games to foster certain health behavior outcomes has
a long tradition in health care. The development of so-called
serious games (ie, “games that do not have entertainment,
enjoyment or fun as their primary purpose” [13]), for example,
can be traced back as far as to the 1970s [14]. Standing in the
long tradition of gaming in health care, gamification has rapidly
gained interest by health care researchers and professionals over
the last decade. While some health behaviors, such as exercise
and exercise programs in themselves are pervasively gameful
in nature, mHealth apps supporting such behaviors are
increasingly and more explicitly gamified further [15].

Research on gamification and its design is still in its infancy
and rapidly evolving. Researchers increasingly recognize
methodological shortcomings of existing studies on the
effectiveness of gamification and that research on gamification
has mainly advanced without an agenda, theoretical guidance,
or a clear picture of the field [16,17]. What we actually know
about the phenomenon today stems from fragmented pieces of
knowledge, and a variety of different perspectives [16]. One of
these perspectives has led to the development of a variety of
frameworks and processes for designing and implementing
effective gamification (see Mora et al [18] and Morschheuser
et al [19] for an overview). Another perspective is concerned
with providing means (eg, taxonomies) to conceptually classify
existing gamification approaches (eg, [20-22]). However, these
research streams usually produce research results based on
research prototypes. While experiments on simple prototypes
of gamification may improve the internal validity of the corpus
of gamification research on how any specific gamification

features affect behavior, the state of the apps of gamification in
practice may differ from research prototypes. Therefore, research
is needed to map the types of gamification available and improve
the possible external validity as well [16,17,23]. In order to
better grasp the phenomenon of gamification and its influence
on peoples’ health behavior through mHealth apps in practice,
we currently lack knowledge about how gamification is actually
implemented in real-world mHealth apps and whether certain
industry best practices have emerged. From our point of view,
research and practice will benefit from such knowledge for
various reasons. First, in conjunction with conceptual design
knowledge, such deeper knowledge on gamification approaches
in pertinent, real-world mHealth apps can guide developers in
designing and implementing suitable gamification approaches
with regard to their targeted health behavior and aid them in
unleashing the full motivational potential of gamified mHealth
apps. Second, for researchers in the field of gamified mHealth
apps, such knowledge can serve as an indicator that shows
whether, and if so, how extant research insights into the design
of effective gamification in mHealth apps have been transferred
to real-world systems. Third, such research contributes to a
deeper understanding of the interplay between the effectiveness
of gamification and its application context because it helps to
get a better picture of whether certain gamification approaches
have shown to be particularly suitable for certain health
behaviors in practice. Providing practitioners and researchers
with such knowledge requires scrutinizing the status quo of and
understanding which, if any, dominant gamification approaches
are being designed and implemented in mHealth apps. We
therefore ask:

(Research Question) What are dominant gamification
approaches in mHealth apps?

In literature, several studies exist that apply gamification to
mHealth apps. However, most studies investigate the
psychological or behavioral effects that occur when introducing
specific game design elements (eg, points, leaderboards) or a
combination of different elements to a certain mHealth app [24].
The stream of research that is closest to our work has been
concerned with investigating the extent to which game design
elements have been implemented in real-world mHealth apps
and analyzing their relationships to various other constructs
such as app popularity [15], user ratings [25,26], or the use of
health behavior theory constructs [15]. To the best of our
knowledge, no research exists that has explicitly examined the
emergence of specific dominant gamification approaches in the
domain of mHealth apps and the relationship to their targeted
health behaviors.

In order to answer our research question, we draw on the
taxonomy of gamification approaches in mHealth apps proposed
by Schmidt-Kraepelin et al [20]. The taxonomy enables us to
classify gamification approaches employed in pertinent gamified
mHealth apps from the Apple App Store and Google Play Store.
In addition, we use the 2-step clustering approach of Punj and
Stewart [27], which has been employed in similar research
[28,29], for identifying archetypes of gamification approaches
in pertinent mHealth apps. In doing so, we are able to unveil
established best practices in the design and implementation of
gamification for mHealth apps and to analyze to what extent
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those gamification approaches are influenced by the underlying
desired health-related outcomes.

Methods

Overview
To answer our research question, we employed a 3-step research
approach that was informed by the studies of Remane et al [28]

and Thiebes et al [29] and is shown in Figure 1. As a first step,
we set up a database of pertinent gamified mHealth apps from
the Apple App Store and Google Play Store. Second, we
classified the gamification approaches of the gamified mHealth
apps within our sample based on the taxonomy provided by
Schmidt-Kraepelin et al [20]. Finally, we conducted a 2-step
cluster analysis in order to identify archetypes of the most
dominant gamification approaches in pertinent gamified
mHealth apps.

Figure 1. Overview of the 3-step research approach.

Step 1: Setting up a Database of Pertinent Gamified
mHealth Apps
In the first step of this study, we set up a database of pertinent
gamified mHealth apps for the 2 prevailing mobile operating
systems: iOS and Android. For this purpose, we decided to
sample mHealth apps from the Apple App Store and the Google
Play Store because they are by far the 2 largest mobile app stores
in terms of app downloads (Apple App Store: 29.6 billion in
2018; Google Play Store: 75.5 billion in 2018) and revenue
(Apple App Store: US $46.6 billion in 2018; Google Play Store:
US $24.8 billion in 2018) [30,31]. mHealth apps are usually
found in the categories Health and Fitness and Medical, which
exist on both the Apple App Store and the Google Play Store
[32]. Both categories offer separate rankings, listing the top
apps in terms of downloads for paid and free apps. As about
95% of apps downloaded to mobile devices are free and more
than 95% of revenue in mobile app stores is generated through
freemium apps (ie, apps that offer basic functionalities for free,
but charge money for additional features) [33], we decided to
consider only free apps within this study. Because the top
rankings tend to change slightly from day to day, all rankings
were recorded on January 18, 2018. To ensure a representative
sample of mHealth apps, we exported the top 200 apps for both
categories in both app stores. We decided to concentrate our
analysis on the most popular apps since they hold the best
chance of having successfully employed gamification because
users tend to download and use them the most. This approach
led to a set of 800 potentially relevant apps. If an app was

recorded multiple times in the initial database (ie, once for the
Apple App Store and once for the Google Play Store) and both
versions offered identical functionality, one version of the app
was excluded from further analysis. Overall, 187 duplicates
were excluded. Furthermore, we examined all apps closely in
order to determine (1) whether they were mHealth apps and (2)
whether they were gamified (ie, made use of gamification). We
excluded all apps from analysis that did not meet both
requirements. To determine whether an app was an mHealth
app, we followed the suggestions proposed by Stepanovic and
Mettler [11]. Accordingly, an app had to either support patients
in the treatment of a given medical condition (eg, diabetes),
support users in pursuing healthy lifestyles (eg, weight control),
or support medical professionals in the patient treatment or
education. Overall, 530 apps were classified as mHealth apps.
In a subsequent step, an app was considered as gamified, if it
used gamification mechanics such as game-like rewards or
incentives to increase motivation and sustain habits of users
over time. As a reference point for gamification mechanics, the
list proposed by Thiebes et al [22] was used. These game-like
rewards and incentives had to support some underlying
health-related functionality. For example, quizzes were only
considered if their purpose was to motivate users to conduct the
main health-related activity of the app. In this step, 143 of the
remaining 530 apps were coded as gamified apps which
constituted our final set of pertinent gamified mHealth apps. A
complete list of apps included in and excluded from our database
can be found in Multimedia Appendix 1, whereas an overview
of the database setup process is given in Figure 2.
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Figure 2. Setting up a database of pertinent gamified mHealth apps.

Step 2: Classifying Gamification Approaches in
mHealth Apps
For deriving meaningful clusters of gamification approaches,
we needed a classification scheme to determine their
characteristics. One type of such classification schemes are
taxonomies, which serve as important tools for structuring
knowledge in many scientific disciplines. Extant literature has
already proposed taxonomies related to gamification. However,
they often do not distinguish the concepts of gaming or serious
games and gamification (eg, [34]), or only categorize single
game design elements but not holistic gamification approaches
(eg, [22]). In addition, many classification schemes consist of
a set of dimensions (eg, game design elements) without
providing concrete characteristics (ie, manifestations of these
dimensions). Such taxonomies often leave too much room for
interpretation, which impedes classifying real-world objects.
In this work, we draw on the taxonomy proposed by
Schmidt-Kraepelin et al [20] as our classification scheme,
because it (1) provides the opportunity of classifying holistic
gamification approaches as it is not limited to single game
elements, (2) has been explicitly built for health care apps, and
(3) provides a concrete set of dimensions with mutually
exclusive and collectively exhaustive characteristics. Further,
the taxonomy has been derived based on the guidelines proposed
by Nickerson et al [35], which combine inductive and deductive
reasoning and have been extensively used to develop taxonomies
for phenomena in health care [29]. Past research has shown that
taxonomies developed based on the guidelines by Nickerson et
al [35] are suitable classification schemes with regard to the

development of archetypes through cluster analysis [28,29].
The taxonomy proposed by Schmidt-Kraepelin et al [20] consists
of 12 dimensions, each consisting of 2 to 3 mutually exclusive
characteristics, with a total of 30 characteristics. The dimensions
included in the taxonomy are (1) gamification concept-to-user
communication, (2) user identity, (3) rewards, (4) competition,
(5) target group, (6) collaboration, (7) goal setting, (8) narrative,
(9) reinforcement, (10) level of integration, (11) persuasive
intent, and (12) user advancement. The complete taxonomy is
shown in Table 1. A detailed description of the taxonomy can
be found in Multimedia Appendix 2.

To classify the apps in our database along the taxonomy, each
app was downloaded, tested, and used to experience all features.
Depending on the complexity of the mHealth app, the required
analysis time was usually 15 to 30 minutes. Each mHealth app
was coded by one of two researchers (MS-K and PT). Prior to
data analysis, the researchers were trained in the understanding
of the taxonomy by the authors who originally developed the
taxonomy. In order to ensure a high level of coding reliability,
both researchers coded an initial set of 20 gamified mHealth
apps independently and subsequently discussed their results.
This initial coding and the subsequent discussion were
supervised by the original authors of the taxonomy. Afterward,
the two researchers coded their assigned set of mHealth apps
on their own. In cases where a researcher was uncertain about
a coding, the respective gamified mHealth app was discussed
with the other researcher and the authors of the original
taxonomy. Final classifications for all 143 mHealth apps can
be found in Multimedia Appendix 3.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e19280 | p.433https://mhealth.jmir.org/2020/10/e19280
(page number not for citation purposes)

Schmidt-Kraepelin et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Table 1. Taxonomy of gamification approaches for health apps proposed by Schmidt-Kraepelin et al [20].

CharacteristicsRationaleDimension

How does the gamification approach communicate
with the user?

Gamification concept-to-user communication • Direct
• Mediated

How is the user’s identity represented in the gami-
fication approach?

User identity • Virtual character
• Self-selected

Which rewards can users earn by playing and pro-
gressing within the gamification approach?

Rewards • Internal
• Internal and external
• No

How do users compete with each other within the
gamification approach?

Competition • Direct
• Indirect
• No

Who is the targeted audience of the gamification
approach?

Target Group • Patients
• Healthy individuals
• Health professionals

Which form of collaboration does the gamification
approach offer?

Collaboration • Cooperative
• Supportive only
• No

Who sets goals within the gamification approach?Goal setting • Self-set
• Externally set

How does the gamification approach behave over
time?

Narrative • Continuous
• Episodical

How does the gamification approach attempt to re-
inforce its users?

Reinforcement • Positive
• Positive–negative

Which type of health-related change does the
gamification approach aim to evoke?

Persuasive intent • Compliance change
• Behavior change
• Attitude change

To which extent is the gamification approach cohe-
sively related to the underlying health-related activ-
ities?

Level of integration • Independent
• Inherent

How does the gamification approach consider the
overall user advancement?

User advancement • Presentation only
• Progressive
• No

Step 3: Cluster Analysis
In the third step of our methodology, we derived archetypes of
gamification approaches for mHealth apps, utilizing cluster
analysis. Cluster analysis is a process of finding distinct groups
of objects (ie, clusters) in data for which the objects within 1
group are as similar as possible, and as dissimilar as possible
from objects in the other groups based on a predetermined set
of attributes [36]. Many different clustering methods exist and
choosing the approach best suited for the present problem can
be cumbersome and error prone. For example, the researcher
has to consider what similarity or dissimilarity measure to
choose and how many clusters to generate [27]. While in
general, iterative partitioning algorithms, such as k-means, yield
better performance than hierarchical clustering methods, they
usually require defining a priori how many clusters the
researcher wants to produce. To overcome the weaknesses of
both approaches and increase clustering performance, we

followed the 2-step approach proposed by Punj and Stewart
[27]. In the first step, a hierarchical method is used to determine
a preliminary solution, from which a candidate number of
clusters can be deduced. In the second step, this candidate
number is then used as a starting point in an iterative partitioning
algorithm in order to arrange the included objects into their final
cluster solution. Because the objects within this study (ie,
gamification approaches) are classified through the application
of a taxonomy that is similarly structured like the taxonomies
of Remane et al [28] and Thiebes et al [29], we followed the
clustering approaches of those studies and utilized Ward’s
method for step 1 and the k-means algorithm for step 2. Both
steps were conducted with IBM’s statistical analysis software
SPSS Statistics version 25.0.

The dendrogram produced by Ward’s method indicated that the
1-7-, 11-,12-, or 13-cluster solutions would all be suitable
candidate numbers of clusters. Reviewing the scree plot, with
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use of the elbow rule [37], the cluster solutions of size 6, 13,
and 8 stood out to have the most explanatory power in this
particular order (cf. Multimedia Appendix 4). Hence, we
narrowed the search space to 6-, 8-, and 13-cluster solutions.
Having determined the preliminary cluster solutions, we used
k-means to derive our final cluster solution in the second stage.
The 6- and 13-cluster solutions produced by k-means both
comprised clusters with size 1 or 2, which impeded a meaningful
interpretation of these solutions. In addition to the small cluster
sizes, all 3 solutions showed low to no significance (ie, how
relevant a certain characteristic is for the cluster solution) of
the characteristics Mediated (dimension: gamification
concept-to-user communication) and virtual character
(dimension: user identity) in the clustering process (cf.
Multimedia Appendix 5). This finding was not surprising as
only 1 out of 143 and 3 out of 143 objects, respectively, showed
these characteristics and therefore would only influence
clustering slightly if at all. Further testing confirmed that the
low relevance of these characteristics and hence their respective
dimensions was present for all partitioning sizes ranging from
2 to 19 clusters.

Consequently, in order to achieve relevance of all dimensions
in the clustering process and to increase the explanatory power
of our results, we omitted the dimensions gamification
concept-to-user communication and user identity with their
respective characteristics from the clustering, thus leaving 10
dimensions and 26 characteristics. With these new limitations
the dendrogram produced by Ward’s method pointed toward 6,
8, 10, and 16 as preferred cluster solutions. Again, examining
the scree plot with the elbow rule indicated 6-, 11-, 13-, and
8-cluster solutions to have the most explanatory power in this
particular order (cf. Multimedia Appendix 6). Therefore, we
selected 6, 8, 10, and 11 as our preliminary cluster solutions.
In contrast to the k-means clustering of all 12 dimensions, the
results for the 10 dimensions painted a much clearer picture.
Moreover, relevance of characteristics was greatly improved

throughout all possible cluster solutions (cf. Multimedia
Appendix 7), which strengthened us in our decision to omit the
2 irrelevant dimensions from analysis. Because the 10- and
11-cluster solutions had small clusters of size 4 and smaller, we
disregarded them for further analysis. Manual inspection for
explanatory power showed that while we were able to find
meaningful interpretations for both, 6- and 8-cluster solutions,
the 8-cluster solution represented a more detailed and
fine-grained picture for the landscape of gamification approaches
in mHealth apps. Therefore, we selected the 8-cluster solution
as the most suitable one for this study and report it below.

Results

Archetypes of Gamification Approaches for mHealth
Apps
Each cluster of the 8-cluster solution contains 6-35 mHealth
apps of the total 143 apps that incorporated gamification
approaches from our database. Thereby, each cluster can be
differentiated with regard to its most salient characteristics.
Because the taxonomy development method by Nickerson et
al [35] results in characteristics that are mutually exclusive and
collectively exhaustive, the data can be interpreted as
percentages [29]. A detailed overview of the results of the cluster
analysis can be found in Multimedia Appendix 8, whereas
Figure 3 illustrates the main characteristics of all clusters by
the means of bar charts. For example, 24% (5/21) of apps in
cluster 6 target patients, while 76% (16/21) have healthy
individuals as their target group, and no apps (0%) were
designed for health professionals. Based on the 8 identified
clusters we derived 8 distinct archetypes of gamification
approaches that are being implemented in mHealth apps. In the
following, we elaborate on each archetype by highlighting its
most representative characteristics, describing the most prevalent
health behaviors that the archetype is used for and providing
typical examples of mHealth apps for each archetype.
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Figure 3. Cluster characteristics.

Archetype 1: Competition and Collaboration
The first archetype is characterized by the fact that it is the only
archetype that contains both competitive and collaborative
gamification elements. It reinforces health behaviors with
positive and negative motivational experiences. While the
underlying health activity is mostly independent from the
gamification approach, the competition and collaboration
elements as well as internal rewards aim to help users in

reaching externally and self-set goals, thus evoking compliance
and behavioral change. Archetype 1 exclusively targets healthy
individuals. It may draw on a continuous narrative but often
relies on an episodical style. This archetype is primarily
implemented in apps such as Sweatcoin Pays You To Get Fit,
Pedometer, Step Counter & Weight Loss, or Fitbit. The targeted
health behavior of these apps is physical activity and fitness.
Consequently, they are primarily found in the category Health
and Fitness. A typical example that implements archetype 1 is
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Nike+. This app offers daily and monthly running challenges
in which users may participate and compete against each other
while also providing elements of cooperative collaboration.

Archetype 2: Pursuing Self-Set Goals Without Rewards
A unique characteristic of archetype 2 is that it exclusively
draws on goals that are set by the users themselves. Furthermore,
archetype 2 does not offer any type of explicit rewards for
specific health-related activities (eg, badges, vouchers) to their
users. Users usually do not have the opportunity for cooperative
collaboration, but may be motivated through supportive
collaboration (eg, connection to social media) and various forms
of competition, which results in possibilities for positive and
negative reinforcement. While the narrative is usually
episodical, user advancement within the archetype is only
presentational (eg, through consecutive user levels), but not
progressive (eg, through unlocking new content or progressive
levels of difficulty). Similar to archetype 1, archetype 2 is
mainly implemented in apps that target physical activity, fitness,
and nutrition. Apps such as Freeletics Bodyweight, Planet
Tracker, and Fooducate Healthy Weight Loss & Calorie Counter
are typical examples that implement archetype 2. Another
example is the app Runtastic Running & Fitness Tracker. It
allows users to track runs or other fitness activities and share
them with others. Users may also send a “digital cheer” through
the app to motivate peers while they are physically active.

Archetype 3: Episodical Compliance Tracking
Archetype 3 typically does not draw on negative reinforcement
or any type of social component such as competition or
collaboration. An important characteristic of this archetype is
that the narrative is always episodical, which means that it is
clearly divided into different stages or that the user progress is
partially or fully reset after a certain amount of time. Within
these episodes, the user advancement may be presentational or
progressive. Moreover, archetype 3 in some cases may also
offer internal rewards. The main purpose of most apps that
implement archetype 3 is to support healthy individuals in
staying compliant to specific rules or guidelines for a certain
period. Targeted health behaviors of archetype 3 are broad and
include physical activity, fitness, an overall healthy lifestyle,
nutrition, female health, pregnancy, meditation, mental health,
and therapy adherence. Archetype 3 is implemented in apps
such as BetterMe: Weight Loss Plan, Lifesum: Calorie Counter,
Food & Nutrition Tracker, and Water Drink Reminder. The app
Pregnancy Week by Week also implements archetype 3. It
provides parents with insights into their baby’s development
during pregnancy and gives advice on nutrition, exercise, and
medical needs of the current week.

Archetype 4: Inherent Gamification for External Goals
Archetype 4 uses gamification to help healthy individuals to
meet externally set health goals. It mainly aims to foster a
compliance or behavioral change within the users by drawing
on internal or external rewards. Archetype 4 does not contain
competitive or collaborative elements, but rather relies on
positive reinforcement. It aims to improve the users’ health
through an episodic narrative of externally set goals. Archetype
4 only has a presentational user advancement. A unique

characteristic of this archetype is that its gamification elements
are inherently connected to the mHealth apps themselves (ie,
the health-related activity is partially or fully embedded in the
gamification approach and cannot be performed without
interacting with the gamification approach). Similar to archetype
3, the targeted health behaviors of apps that implement archetype
4 are rather broad. They include physical activity, fitness,
meditation, mental health, health navigation (eg, directories of
physicians), and therapy adherence. Typical example apps are
Ada – Your Health Companion, 30 Day Fit Challenge Workout,
and Map My Fitness Workout Trainer. Another example is
Moodpath. This app provides users with a mood diary, which
helps them to better understand their feelings and thoughts with
episodical interactive sessions on topics such as depressions,
sadness, and anxiety.

Archetype 5: Internal Rewards for Self-Set Goals
Archetype 5 utilizes gamification in an attempt to evoke a
change in the users’ behavior or attitude. This is achieved by
omitting elements of competition, but providing users with
various forms of collaboration. A unique characteristic of this
archetype is that it solely draws on internal rewards (eg, points,
badges). Users set goals themselves and may experience positive
and negative reinforcement as a result of their decisions. Many
apps that implement archetype 5 focus on supporting meditation
and mental health. However, it is also used to support female
health, pregnancy, and therapy adherence. Typical examples
are apps such as Smoke Free - Quit Smoking Now, and Aura:
Calm Anxiety & Stress Chat. The app Headspace: Guided
Meditation offers a range of meditation programs revolving
around different life aspects such as Foundation, Sport, Health,
Relationships, or Performance. Within each session the user
may learn new meditation techniques and strategies to improve
their mental well-being.

Archetype 6: Continuous Assistance Through Positive
Reinforcement
Archetype 6 targets healthy individuals and patients that require
continuous assistance with a certain health issue. It offers no
rewards and does not provide progressive user advancement.
In addition, it does not incorporate any competitive elements
and reinforcement is only positive. While this archetype is not
limited to a specific persuasive intent or goal setting, the level
of integration is primarily independent. Overall, archetype 6 is
in many aspects similar to archetype 3. However, the main
difference is that archetype 6 draws on a continuous narrative
in order to meet users’ needs for continuous assistance. The
targeted health behaviors of apps that implement archetype 6
include physical activity, fitness, nutrition, female health,
pregnancy, and therapy adherence. Typical examples of such
apps are mySugr: the blood sugar tracker made just for you,
DreamMapper, and Kindara: Fertility Tracker. The app Pill
Reminder supports users in tracking their medication with the
help of notifications and a cooperative function that grants
caretakers insight into the medication adherence of the patient.
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Archetype 7: Positive and Negative Reinforcement
Without Rewards
In contrast to the archetypes described so far, archetype 7 solely
targets health professionals. It does not provide any competition,
collaboration, or rewards and goals are set externally. While
archetype 7 implies positive and negative reinforcement
strategies, user advancement is only presentational and not
progressive. Archetype 7 is only implemented in mHealth apps
that support medical education of health professionals such as
Teach Me Anatomy, NCLEX-RN Pocket Prep, or EMT-B
Pocket Prep. Another typical example is the app ATI TEAS
Pocket Prep. This app aims to provide users with necessary
knowledge and skills through a simple knowledge database and
a classical quiz structure.

Archetype 8: Progressive Gamification for Health
Professionals
Archetype 8 is similar to archetype 7 in the sense that it solely
targets health professionals. However, these 2 archetypes also
differ to some extent. The most prominent difference is that
archetype 8 primarily draws on a progressive user advancement,
which means that either new content may be progressively
unlocked or levels of difficulty may increase while users deepen
their knowledge and skills. In contrast to archetype 7, archetype
8 is also utilized as a means to change the attitude of users.
Similar to archetype 7, archetype 8 is solely implemented in
mHealth apps that support medical education of health
professionals. Apps that implement this archetype include
Airway Ex, Prognosis: Your Diagnosis, or ATI TEAS 6 Practice
Test. The app Touch Surgery is another typical example. It lets
students compete against each other indirectly by ranking how
well they performed a surgery case within the mHealth app and
gives them the possibility to communicate and rate surgery
cases of each other.

Discussion

Principal Results
Overall, the findings of our study help to better grasp the
phenomenon of gamification and its influence on peoples’health
behavior through mHealth apps in real-world systems. Analysis
of our derived archetypes reveals some interesting insights into
the current landscape of gamification approaches that are being
utilized in pertinent mHealth apps. Our results paint a
heterogeneous landscape of different gamification approaches
for mHealth apps and help to explain the relationship between
industry best practices for gamification and targeted health
behaviors. The results also indicate that gamification approaches
in real-world mHealth apps differ in some aspects from
gamification approaches that are deployed in research
prototypes, which underlines the value of consistently
contrasting conceptual knowledge against real-world
observations. The main findings of this study are discussed in
the following.

First, our results give insight into the variety of different
gamification approaches and paint a heterogenous landscape of
different gamification approaches for mHealth apps. While
some archetypes seem closer to classical notions of gamification

in health (eg, archetype 1), other approaches have received
substantially less attention in extant research. Overall, our results
highlight the richness of opportunities and different perspectives
that gamification provides when it comes to augmenting
mHealth apps with motivational affordances. Gamification
cannot only be applied with regard to a lot of different
health-related outcomes, but it can also come in various forms
and shapes.

Second, our results also indicate a close relationship between
the identified archetypes of gamification approaches in mHealth
apps and the actual health behavior change that is being targeted
by such mHealth apps. We further analyzed this finding by
investigating the relationship between the most significant
archetype characteristics and the targeted health behavior. The
results of this additional analysis, in general, support our
findings (cf. Multimedia Appendices 9 and 10). It is noticeable
that certain archetypes of gamification approaches are in practice
primarily used for certain health behavior changes. For
developers of gamified mHealth apps these insights provide
valuable points of reference for implementing gamification that
targets to support a specific health behavior. For example, when
it comes to getting people to live a more active life and increase
their physical activity, our results indicate that archetype 1 and
archetype 2 are implemented frequently. These gamification
approaches are characterized by a high degree of competition,
which could be inappropriate in other, more serious, health
contexts and could even lead to negative effects (eg,
demoralization of users due to overemphasizing of peer
pressure) [38]. The two archetypes differ in particular with
regard to the dimension of goal setting (ie, whether goals are
set by the user or determined externally) and collaboration (ie,
whether collaboration is cooperative, supportive only, or no
possibility for collaboration is implemented). A completely
different form of gamification approaches, however, is used in
apps that are intended to support future health professionals in
their training. These typically implement archetype 7 and
archetype 8. They are characterized by the fact that the goals
to be achieved are set externally and the narrative is episodic.
However, both archetypes are also fundamentally different in
some characteristics. For example, while archetype 7 does not
offer any type of rewards and draws only on presentational user
advancement, archetype 8 aims to motivate their users with
internal rewards and adjust difficulty levels in a progressive
user advancement. In contrast to the previously discussed
gamification approaches for fitness apps, archetype 7 and
archetype 8 do not provide any form of competition. This could
be an expression of the fact that the use of competition in
learning environments is often seen as problematic and
controversial in research [39]. On the one hand, researchers
report that competition is used in classrooms to draw the
attention of learners and motivate learning [39,40]. On the other
hand, researchers have often raised concerns that incautious
implementations of competition in educational settings may
create anxiety and impede performance [41]. Also, other clusters
indicate a close relationship between the targeted health behavior
and the implemented gamification approach. For example, when
it comes to support mental health activities (archetype 5),
developers of gamified mHealth apps primarily avoid using
gamification that potentially puts additional pressure on users
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(eg, competition, externally set goals) and instead aim to foster
positive experiences by allowing self-set goals and
collaboration. For health behaviors that require continuous
assistance (archetype 6: eg, chronic disease management,
medication adherence), especially continuous narratives seem
to be a popular approach to meet users’ motivational needs. By
contrast, developers of mHealth apps that implement this
archetype primarily do not use elements of competition or any
type of rewards. Contrasting the previously discussed
archetypes, the range of targeted health behaviors for archetype
3 and archetype 4 is substantially broader. Instead of being
tightly related to a specific health behavior, these archetypes
seem to be applicable for various different health behaviors.
For example, archetype 3 uses episodic narratives in order to
motivate users to stay compliant with a temporary health
behavior (eg, following pregnancy guidelines). By contrast,
apps that implement archetype 4 draw on gamification
approaches that are inherently related to the targeted health
behavior in order to motivate users to achieve externally set
goals (eg, completing a specific 30 days fitness challenge).

Third, the manual analysis and interpretation of our 8-cluster
solution indicates that archetypes of gamification approaches
for mHealth apps seem to be less clearly definable in comparison
to other use cases of this method (in this regard, we particularly
refer to the studies by Thiebes et al [29] and Remane et al [28]).
This observation is also supported by statistical indicators. For
example, in our study of gamification approaches for mHealth
apps the analysis of the dendrogram resulted in considerably
more cluster sizes as suitable candidates than the dendrogram
in the study by Thiebes et al [29]. A similar picture was drawn
when applying the elbow rule (ie, comparing the slopes of
cluster size candidates within the scree plots), where the
6-cluster solution was clearly identified as the dominating
solution by Thiebes et al [29], while we were left with multiple
possible solutions that performed relatively equal with regard
to statistical measures. From our point of view, there are
different explanations for this observation. For example, it might
be the case that our taxonomy of gamification approaches allows
more meaningful combinations of characteristics than the
taxonomies for business models proposed by Thiebes et al [29]
and Remane et al [28], which leads to a more heterogeneous
landscape and less clearly separable archetypes. Furthermore,
it should also be noted that the development and provision of
mHealth apps in most cases require significantly less capital
and economic risk taking than direct-to-consumer genetic testing
services [29] or carsharing services [28]. As a consequence,
providers of gamified mHealth apps may simply be more willing
to experiment around with their gamification approaches and
do not necessarily have to draw on best practices. Lastly, the
concept of gamification is still rather new and has just recently
become increasingly popular for mHealth apps [24]. Thus, best
practices for gamification approaches in mHealth apps might
still be in an emerging phase and become clearer in the future.

Fourth, when comparing our classification results with the
classification results that emerged during the taxonomy
development process [20], large differences between theoretical
considerations on gamification in mHealth apps and their
implementation in practice became apparent. These differences

become particularly clear in the dimensions gamification
concept-to-user communication and user identity. During the
taxonomy development process, in which exclusively 27
mHealth apps presented in research papers (primarily research
prototypes) were examined, 5 of 27 apps were classified with
a mediated gamification concept-to-user communication and 6
of 27 apps were classified with a virtual character as the
characteristic for user identity. By contrast, our classification
of a total of 143 pertinent mHealth apps offered in the Apple
App Store and Google Play Store showed only 3 apps with a
mediated gamification concept-to-user-communication and only
1 app with a virtual character as form of user identity. In the
case of virtual characters, this may be explained to some extent
by the consideration of user preferences by developers of
mHealth apps. A recent study showed that avatars (the most
common form of virtual characters in gamification approaches)
are among those game design elements that are least preferred
by users of mHealth apps [42]. However, existing research has
shown that the successful use of avatars in gamification
approaches is complex and requires a profound consideration
of individual user needs [43]. Only by incorporating these
individual needs and avoiding one-size-fits-all solutions, a
desired level of emotional attachment and extraneous cognitive
load may be achieved [43]. Our results could be interpreted as
an indicator that most developers of mHealth apps are not
willing to put this effort into the development of virtual
characters, especially because users seem to attach less
importance to their inclusion in comparison to other game design
elements.

Implications
Our study yields several implications for research and practice.
For research, our work contributes to a more comprehensive
understanding of mHealth apps. We utilized a systematic
classification of gamification approaches in order to develop
archetypes that have emerged in pertinent mHealth apps. In
doing so, we strengthen the previously formulated notion [28,29]
that combining classifications based on the guidelines by
Nickerson et al [35] with cluster analysis methods such as
Ward’s method and k-means is a promising approach to uncover
archetypes in emerging contexts. Furthermore, our research
demonstrates that the taxonomy proposed by Schmidt-Kraepelin
et al [20] is applicable not only for research prototypes but also
for real-world systems. However, our results also indicate that
some dimensions and characteristics (eg, direct gamification
concept-to-user communication and virtual characters as user
identity) seem to be much less relevant in practice than
previously assumed. Compared with other archetypes of
mHealth apps that have been proposed in the literature [44], the
archetypes presented here focus on a rather narrow aspect of
mHealth apps (ie, their use of gamification for motivational
purposes). This allowed us to clearly state how gamification
has predominantly been instantiated in mHealth apps. In
particular, our results indicate that specific best practices for
gamification approaches have emerged for certain targeted
health behavior changes. Hereby, our research contributes to
answering the call for more research that helps to select suitable
persuasive architectures for different mHealth apps [9].
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For practice, our research yields important implications for
providers and developers of mHealth apps, who want to utilize
gamification in order to motivate desired health behaviors. The
presented archetypes provide these stakeholders with blueprints
of potential gamification approaches that have been utilized in
pertinent mHealth apps. In particular, when regarding the close
connection between gamification approach archetypes and
underlying health behaviors (eg, physical activity, education of
health professionals, mental health guidance), such blueprints
can be used as guidance for designing suitable gamification
approaches. Although our work does not account for the
efficiency of these archetypes with regard to motivational or
health behavior outcomes, it does provide practitioners with
best practices that have been established among the most popular
mHealth apps. Our results thereby are in line with the most
prominent gamification design frameworks that emphasize the
importance of specifying the targeted (health) behavior before
designing a gamification approach [18]. We would also like to
stress that our provided blueprints cannot substitute following
established design frameworks. Rather, they should be used as
an additional means to triangulate the results of following such
design frameworks. Overall, our work contributes to a better
understanding of how gamification is being applied in real-world
mHealth apps. Such knowledge becomes increasingly important
given that more and more apps draw on motivational techniques
in order to achieve a desired level of user motivation and stand
out from the mass of available mHealth apps.

Limitations and Future Research
The findings of this study should be interpreted in consideration
of some key limitations. First, gamification is a relatively young
and constantly evolving phenomenon that just recently started
to draw increasing attention by researchers and practitioners
alike. Disregarding this aspect, our archetypes represent only a
snapshot of the current landscape of gamification approaches
in pertinent mHealth apps. It is likely that in the near future,
new insights from research and practice may guide the
development of innovative and more effective gamification
approaches (eg, through stronger consideration of individual
and contextual factors that determine the effectiveness of
gamification). Future research may answer this limitation by
closely examining the evolution of knowledge on effective
gamification approaches in mHealth apps and how they are
designed. Second, we limited our analysis to free mHealth apps
on the Apple App Store and Google Play Store which might
have led to the exclusion of relevant paid apps or mHealth apps
from other app stores. However, it would have been complicated
and costly to deal with the different revenue and pricing models
of freemium, premium, and others. With an industry trend
toward free mobile apps [15], 95% of downloaded apps being
free, and more than 95% of revenue in mobile app stores being
generated through freemium business models [33], we are
confident that this sample inherits the majority of gamification
approaches used in mHealth apps today. Furthermore, we think
that the categorical decision of only including free apps from
the Apple App Store and Google Play Store ensures the
reproducibility of the results. Nonetheless, investigating paid
apps or alternative app stores could potentially reveal further
insights. Third, the sample of 143 gamification approaches is

notably smaller than that of similar studies in other contexts
(eg, the 277 direct-to-consumer genetic testing services
investigated by Thiebes et al [29]). This may have led to some
clusters being underrepresented in our analysis. In addition, we
focus our analysis on the most popular mHealth apps only,
because our goal was to identify the best practices of
gamification approaches. However, this certainly limits the
explanatory power of our results as mHealth apps that have a
very small and specific target group (eg, people with very
specific and rare diseases) and still implement valuable
gamification approaches may be underrepresented in our sample.
It may be an interesting avenue for future research to assess
whether less popular apps utilize gamification in a different
way. In this regard, additional measures for mHealth app
popularity (eg, user rating or number of users) could be taken
into account in order to include more niche mHealth apps in
the analysis. Such research could additionally contribute to the
upcoming research stream that aims to assess the potential effect
that gamification may have on mHealth app success [25]. Fourth,
the coding of each mHealth app by only 1 researcher might have
led to false classification in terms of the gamification
approaches, which then could have impacted the cluster analysis.
However, both researchers were trained prior to the coding to
have an identical understanding of the gamification approaches
confined within the taxonomy in order to minimize human error
in this process. Furthermore, with larger groups of objects the
cluster analysis tends to be less sensitive toward outliers, which
decreases the effects of false coding. Additionally, our approach
included 2 different clustering methods (ie, Ward’s Method and
k-means) to further minimize the risk of creating inaccurate
cluster solutions due to outliers. Finally, it must be noted that
we omitted the 2 dimensions gamification concept-to-user
communication and user identity when conducting the cluster
analysis. However, we are confident that this was the best
possible approach to achieve meaningful results because
omitting both dimensions during the analysis resulted in
substantially higher explanatory power of the clusters and only
a negligible number of objects (of the 143 apps analyzed, only
1 showed the characteristic virtual character in the dimension
user identity and only 3 showed the characteristic mediated in
the dimension gamification concept-to-user communication
showed the inferior characteristics.

Conclusions
Gamification is a relatively young and constantly evolving
phenomenon that is increasingly being utilized in the health
care sector and thus becomes more and more important for
researchers, health professionals, and providers of digital health
services. In this study, we propose 8 rigorously developed
archetypes of gamification approaches that illustrate how
gamification is being implemented in mHealth apps and how
their design is determined by the targeted health behavior. In
doing so, we unveil salient best practices, and thereby contribute
to a more profound understanding of gamification in mHealth
apps. Our results can serve as a foundation for future research
that advances our knowledge on how gamification may
positively influence health behavior change and guide
practitioners in the design and development of highly motivating
and effective mHealth apps.
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Abstract

Background: Weight management apps may provide support and management options for individuals with overweight and
obesity. Research on the quality of weight management mHealth apps among the Saudi population is insufficient despite frequent
use.

Objective: The aims of this study were to explore user perceptions of weight management apps, explore reasons for starting
and stopping app use, appraise the quality of weight management apps available in the App Store, and compare the features
currently available within the app market and those that are most desirable to weight management app users.

Methods: A web-based survey consisted of 31 open and closed questions about sociodemographic information, general health
questions, app use, app user perceptions, and discontinuation of app use. The quality of the weight management apps available
on the App Store was assessed using the Mobile App Rating Scale and evidence-based strategies. We also used six sigma
evaluations to ensure that the quality measured by the tools consistently meets customer expectations.

Results: Data from the survey were analyzed. Of the respondents, 30.17% (324/1074) had used a weight management app,
18.16% (195/1074) used the apps and stopped, and 51.68% (555/1074) had never used a weight management app. Of apps
mentioned, 23 met the inclusion criteria. The overall average Mobile App Rating Scale quality of apps was acceptable; 30%
(7/23) received a quality mean score of 4 or higher (out of 5), and 30% (7/23) did not meet the acceptability score of 3 or higher.
Evidence-based strategy results showed that feedback was not observed in any of the apps, and motivation strategy was observed
in only 1 app. The sigma results of evidence-based strategies reflect that most of the apps fail to pass the mean.

Conclusions: App users desired a feature that allows them to communicate with a specialist, which is a missing in the available
free apps. Despite the large number and accessibility of weight management apps, the quality and features of most are variable.
It can be concluded from six sigma results that passing the mean does not ensure that the quality is consistently distributed through
all app quality properties and Mobile App Rating Scale and evidence-based strategies do not give developers an indication of the
acceptance of their apps by mobile users. This finding stresses the importance of reevaluating the passing criterion, which is
≥50% for designing an effective app.

(JMIR Mhealth Uhealth 2020;8(10):e19844)   doi:10.2196/19844
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Introduction

Obesity, a multifactorial health problem related to behavioral
factors such as physical activity and diet [1], is a major public
health concern worldwide, and its incidence nearly doubled
from 1975 to 2016 according to a long-term analysis of trends
using BMI [2]. In 2013, the Saudi Health Interview Survey
reported that the prevalence of obesity was 29%, higher in
women than men (33.5% vs 24.1%), and expected to continue
to increase [3].

One of the factors causing individuals to have a more sedentary
lifestyle is the use of smartphones [4]. In 2016, the percentage
of Saudi people using smartphones reached 88% [5], and in
2018, the penetration rate of mobile cellular subscriptions was
approximately 129% of the population according to the
Communication and Information Technology Commission [6].
Data from large-scale surveys have showed that weight
management apps were some of the most popular among
medical and public health apps (mHealth apps) [7-9]. The use
of these weight management apps showed effectiveness
according to a systematic review and meta-analysis of 12 clinical
trials that reported significant weight losses of 1 kg relative to
traditional weight reduction interventions or intensive consulting
[10].

A recent survey in Saudi Arabia aimed to explore weight
management app use, barriers to use, and reasons for
discontinued use among smartphone users [11]. The study
demonstrated that more than 40% of participants used weight
management apps and more than half of the app users were
overweight or obese. However, a limited number of studies
have assessed the quality of weight management apps using
clear, identifiable, and justifiable quality assessment measures
[7].

The quality evaluation of apps plays a vital role in assisting
with the development and improvement of mHealth apps.
Recently, several software product measures and metrics have
been used to evaluate app quality, but many of these metrics
are technical and highly dependent on the software type [12].
The Mobile App Rating Scale (MARS) is one of many tools
for evaluating mHealth apps in smartphones [13], and it has
been used in different studies to evaluate a variety of mHealth
apps [14-16]. Apps can also be evaluated for their level of
adherence to evidence-based strategies (EBS) by characterizing
them depending on the presence or absence of app features [17].
Additionally, six sigma is a unique data-driven process used to
test and analyze the policies, procedures, and measures of a
quality plan to help software engineers easily detect quality
discrepancies in apps [18]. In software engineering, six sigma
is used to evaluate and control software quality such as that for
mobile weight management apps [18].

Given the limited available studies that evaluate the quality of
popular weight management apps, the aim of this study was to
identify app users’ perceptions and reasons for starting and
stopping app use and evaluate the quality of weight management
apps using two measurement tools: MARS and EBS. We also
used six sigma methodology to ensure that the quality measured
by the tools consistently meets customer expectations and

determine whether the quality of the app is related to app use
among users in Saudi Arabia.

Methods

Design and Sample
This cross-sectional web-based survey was conducted with
Saudi smartphone users. Over 4 months, smartphone users were
invited to participate in an anonymous, web-based survey hosted
on a Microsoft platform. The survey link was advertised through
social media and university portals. To increase the number of
participants and their diversity, Twitter ads were used to promote
the survey link in 8 Saudi cities, including Baha, Eastern, Tabuk,
Asir, Makkah, Almadeinah, Hail, and Jazan. The ad ran during
the second week of September 2019 for 7 days. The survey was
open to anyone who wanted to participate, and both app users
and nonusers were invited. Survey responses were collected
over a 4-month period. The King Saud University institutional
review board approved the study (reference E-19-4001) in May
2019. No personal identifying information was collected, and
participants had the right to refuse to participate in the study.
Informed consent was a requirement for participation. The online
survey was in accordance with the Checklist for Reporting
Results of Internet e-Surveys (CHERRIES, Multimedia
Appendix 1) [19].

Participants aged younger than 18 years, those with inconsistent
or illogical responses (ie, participant reported a weight of –10
kg), and those who were app users and failed to answer more
than 50% of the questions on app use were excluded.

The sample size was calculated based on Saudi Arabia’s current
population of 10.7 million adults aged 18 years and older [20]
and that 88% of adult Saudis were smartphone users at the time
of the research [5]. A confidence level of 95% and a precision
of 5% were used. Given these parameters, the minimum sample
required for the analyses to have a power of 95% was 385
individuals.

Survey Items
The survey consisted of 31 questions encompassing the
following domains: (1) sociodemographic characteristics (age,
sex, residency, nationality, income, education, and employment),
(2) general health (tobacco use, weight, height, medical
diagnoses, physical activity, and diet), (3) app use (app name,
reason for download, use pattern, app features, and whether app
was recommended by health care provider), (4) app user
perceptions (effectiveness, security, and accuracy), and (5)
reason for discontinuing use of the app. These questions were
obtained from a questionnaire used in the United States
(Multimedia Appendix 2) [9].

The questionnaire was tested on a small sample of app users
and nonusers (n=10). Questions and question order were revised
based on feedback and results from the test to reduce response
bias and enhance response time.

The final web-based questionnaire was presented in 3 steps.
The first screen asked participants for their informed consent.
Consent was a required response before the respondent could
advance to the next screen. The second screen contained
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sociodemographic and general health questions. The last screen
contained questions on app use, stop use, and user perceptions.
The back icon on each screen allowed participants to edit
previous answers. The survey comprised a mix of open and
closed questions and took between 5 and 9 minutes to complete.

App Search Strategy
In Saudi Arabia, the use of iOS devices increased by 3.6% and
Android decreased by 3% from June to October 2019 [21].
Therefore, our search was limited to iOS users (Apple App
Store). The App Store was searched twice for apps using English
and Arabic search terms (weight loss, diet, and weight
management). Through the search strategy, we aimed to find a
large proportion of apps within our designated time frame. Thus,
we used 6 search terms (3 in English and 3 in Arabic) with an
arbitrary decision to include the first 10 displayed apps from
each search. The search was done in November 2019 using a
newly created Apple ID without any search history. The search
was not filtered by any attribute as this feature does not exist
in the App Store (iOS 13). The first 10 displayed apps from
each search were reviewed based on predefined inclusion
criteria: free, language is English or Arabic, made for the
average consumer, and related to weight loss.

Quality Assessment Tools for Weight Management
Apps

Mobile App Rating Scale
The quality of the weight management apps was assessed
independently by two investigators (DA and GA) using MARS;
any discrepancy was reviewed by a third investigator (ASA)
and resolved by consensus. MARS contains 23 items rated on
a 5-point scale (1.0=inadequate, 2.0=poor, 3.0=acceptable,
4.0=good, and 5.0=excellent) [13]. A total of 19 questions
formed the objective quality section, which was divided into 4
scales: engagement, functionality, aesthetics, and information
quality. Four questions formed the subjective quality section
that evaluated user satisfaction. Apps were evaluated on an
iPhone (iOS 13), and their star ratings from the App Store were
obtained for further analysis. For the subjective scale, an average
rating was taken.

Evidence-Based Strategy Assessment
App evidence-based strategies were characterized depending
on the presence or absence of app features [17]. Strategies and
indicators of adherence were as follows:

• Presence of self-monitoring capabilities for weight, meals,
nutrition (including protein, fats, carbohydrates, fiber, and
water), and physical activity

• Presence of goal setting with or without customization
• Healthy eating support including information, education,

and skills development
• Physical activity support including information, education,

and skills development
• Social support such as online communication with other

users
• Weight and/or health assessment with or without

personalization

• Motivational strategies including prompts, rewards, or a
gamified design

• Personalized feedback

Apps were independently reviewed for their level of adherence
to EBS by two investigators (DA and GA) with discrepancies
reviewed by a third investigator (ASA) and resolved by
consensus.

Six Sigma Evaluations
In software engineering, six sigma is used to evaluate and
control software quality [22]. Software engineers use six sigma
statistical methods like run, control charts, and process capability
index (Cpk) to examine the software quality based on the quality
measurements and quality standards. Six sigma is a data-driven,
problem-solving process that consists of 5 stages, the
Define-Measure-Analyze-Improve-Control process, to achieve
six sigma goals. The results are then analyzed within the context
of the software, and improvements are suggested based on the
analysis outcomes (ie, if the sigma level is less than 6) [22].

Two researchers (ASA and GH) independently applied six sigma
to evaluate apps quality based on quality data of MARS. Results
were compared with MARS means, and the relation of the
quality of the app to app use was identified.

Six sigma evaluation measures the quality of apps based on
their behavior in all defined quality attributes, and based on this
behavior it predicts app behavior on an undefined one. More
specifically, we used the Cpk of six sigma to evaluate how close
the app quality is to customer expectations considering its
natural variability [22]. Cpk is a statistical measure of a software
quality (ie, the ability of the software to meet software quality
standard measures). The Cpk measures the natural variation of
software quality relative to the quality standards limits. In
addition, it allows the comparison of different software with
respect to how well software meets quality standard limits. In
a relative manner and within the context of this investigation,
we used the limits of MARS (5 is considered excellent; 3 is
considered acceptable) as the quality standard limits [13]. Thus,
if a certain app scores high in six sigma, then that app will
continually meet quality attribute limits of MARS and is
expected to meet the limits of other quality attributes when
considered [22]. The larger the Cpk, the higher the app quality.
To calculate the Cpk, we used the following equation:

Where USL is the upper limit of customer expectations, LSL
is the lower limit of the customer expectations, µ is the data
mean, and σ is the standard deviation of the sample data.

Based on the Cpk, we can determine the sigma level of the app
according to the following specification [22]:

• Cpk 0.33: sigma level 1
• Cpk 0.67: sigma level 2
• Cpk 1: sigma level 3
• Cpk 1.33: sigma level 4
• Cpk 1.67: sigma level 5
• Cpk 2: sigma level 6
• Cpk <0: limit is irrelevant
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Levels below 3 are considered poor quality, and levels 3 and
above are considered good quality. Level 6 represents the best
quality [22].

Statistical Analysis
Data analysis was performed using SPSS Statistics version 24.0
(IBM Corporation). Numerical variables are represented as
means and standard deviations, and categorical variables are
represented as percentages. BMI was calculated as the weight
in kilograms divided by the square of the height in meters
(kg/m²). The BMI categories were classified as follows:
underweight (BMI<18.5), normal weight (18.5≤BMI≤24.9),
overweight (25.0≤BMI≤29.9), moderate obesity
(30.0≤BMI≤34.9), and severe obesity (BMI≥35).

Participants were stratified based on the following app use
categories: (1) users (participants reported that they use a weight
management app), (2) ex-users (participants reported that they
used weight management apps and then stopped), and (3)
nonusers (participants reported that they never used a weight
management app). Analysis was done by user category with the
data on app use and app user perceptions. Simple logistic
regression analysis was applied to identify the association
between BMI and use of a weight management app. Linear
regression analysis was used to determine the relationship
between the ranking of the apps in the App Store with the
MARS score and also between the MARS score and the EBS
criteria.

Results

Sociodemographic Characteristics and Health Status
The results of the sociodemographic characteristics for all
participants stratified by use pattern (user, ex-user, or nonuser)

are presented in Table 1. A total of 1209 people responded to
the survey. Of the participants who read the welcome page and
proceeded to consent, 98.68% (1193/1209) agreed to participate
in the survey. The data were excluded in the analysis if the
respondents were non-Saudi, aged younger than 18 years,
provided inconsistent or illogical answers (ie, participant
reported his weight as –10 kg), or if the participants are app
users and did not answer more than 50% of questions on app
use, which left 1074 responses for further analysis.

Of the respondents, 30.17% (324/1074) used a weight
management app, 18.16% (195/1074) used an app and stopped,
and 51.68% (555/1074) had never used a weight management
app. The majority of the respondents were aged 18 to 31 years
(785/1074, 73.09%); 69.93% (751/1074) were female and
30.07% (323/1074) were male. The majority of the participants
were residents of the central region (706/1074, 65.74%).

Regarding health, only 53.35% (573/1074) thought that their
general health was very good or excellent, and 35.20%
(378/1074) reported that they never engage in physical activity
for at least 15 minutes. A total of 44.51% (478/1074) had a BMI
in the normal range, and 48.23% (518/1074) had overweight or
moderate or severe obesity. Of respondents, 11.17% (120/1074)
were smokers, and only 9.22% (99/1074) reported that a health
care provider had recommended a weight management app to
them. The most prevalent medical diagnoses that the respondents
reported having were depression (69/1074, 6.42%), diabetes
(41/1074, 3.82%), and hypertension (29/1074, 2.70%).

A simple logistic regression model was applied to test whether
BMI predicted the use of a weight management app. Results
revealed that high BMI was significantly associated with the

use of a weight management app (  21=5.88, P<.02). The odds
ratio for an increase in BMI was 1.18 (95% CI 1.03-1.35).
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Table 1. Sociodemographic and health status characteristics of participants stratified by use patterns (n=1074).

Total (n=1074)Nonuser (n=555)Ex-user (n=195)User (n=324)Characteristic

Age in years, n (%)

785 (73.09)435 (78.38)150 (76.92)200 (61.73)18-31

259 (24.12)110 (19.82)41 (21.03)108 (33.33)32-45

30 (2.79)10 (1.80)4 (2.05)16 (4.94)≥46

Gender, n (%)

751 (69.93)374 (67.39)144 (73.85)233 (71.91)Female

323 (30.07)181 (32.61)51 (26.15)91 (28.09)Male

Region of country, n (%)

706 (65.74)367 (66.13)135 (69.23)204 (62.96)Central

38 (3.54)19 (3.42)5 (2.56)14 (4.32)Southern

90 (8.38)43 (7.75)10 (5.13)37 (11.42)Eastern

113 (10.52)56 (10.09)24 (12.31)33 (10.19)Northern

110 (10.24)62 (11.17)15 (7.69)33 (10.19)Western

17 (1.58)8 (1.44)6 (3.08)3 (0.93)Living abroad

Education, n (%)

195 (18.16)106 (19.10)34 (17.44)55 (16.98)High school

662 (61.64)330 (59.46)125 (64.10)207 (63.89)Bachelor’s degree

217 (20.20)119 (21.44)36 (18.46)62 (19.14)Postgraduate

Employment, n (%)

595 (55.40)277 (49.91)126 (64.62)192 (59.26)Student

91 (8.47)52 (9.37)18 (9.23)21 (6.48)Not employed

12 (1.12)11 (1.98)1 (0.51)0 (0)Retired

376 (35.01)215 (38.74)50 (25.64)111 (34.26)Employee

Household income per month (SR), n (%)

548 (51.02)265 (47.75)108 (55.38)175 (54.01)<5000

94 (8.75)58 (10.45)20 (10.26)16 (4.94)5001-10,000

197 (18.34)107 (19.28)31 (15.90)59 (18.21)10,001-20,000

199 (18.53)104 (18.74)29 (14.87)66 (20.37)>20,001

General health status, n (%)

252 (23.46)124 (22.34)41 (21.03)87 (26.85)Excellent

321 (29.89)162 (29.19)60 (30.77)99 (30.56)Very good

283 (26.35)151 (27.21)51 (26.15)81 (25.00)Good

197 (18.34)106 (19.10)39 (20.00)52 (16.05)Average

21 (1.96)12 (2.16)4 (2.05)5 (1.54)Poor

Exercise frequency in the past weeka, n (%)

378 (35.20)225 (40.54)75 (38.46)78 (24.07)None

158 (14.71)91 (16.40)33 (16.92)34 (10.49)1 day

180 (16.76)83 (14.96)37 (18.97)60 (18.52)2 days

225 (20.95)107 (19.28)30 (15.38)88 (27.16)3-4 days

133 (12.38)49 (8.83)20 (10.26)64 (19.75)5-6 days

Nutrition status of diet, n (%)

59 (5.49)23 (4.14)10 (5.13)26 (8.02)Excellent
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Total (n=1074)Nonuser (n=555)Ex-user (n=195)User (n=324)Characteristic

176 (16.39)84 (15.14)19 (9.74)73 (22.53)Very good

348 (32.40)175 (31.53)70 (35.90)103 (31.79)Good

332 (30.91)182 (32.79)66 (33.85)84 (25.93)Fair

159 (14.80)91 (16.40)30 (15.38)38 (11.73)Poor

BMI, n (%)

78 (7.26)48 (8.65)14 (7.18)16 (4.94)Underweight

478 (44.51)248 (44.68)91 (46.67)139 (42.90)Normal

306 (28.49)160 (28.83)54 (27.69)92 (28.40)Overweight

135 (12.57)65 (11.71)20 (10.26)50 (15.43)Moderate obesity

77 (7.17)34 (6.13)16 (8.21)27 (8.34)Severe obesity

Smoking, n (%)

120 (11.17)67 (12.07)21 (10.77)32 (9.88)Yes

954 (88.83)488 (87.93)174 (89.23)292 (90.12)No

App recommended by provider, n (%)

99 (9.22)21 (3.87)26 (13.33)52 (16.05)Yes

826 (76.91)396 (71.35)165 (84.62)265 (81.79)No

aAt least 15 minutes of exercise or physical activity.

User Perceptions and Use Patterns
Analyses of user perceptions and patterns of use of weight
management app are presented in Multimedia Appendix 3. All
data were obtained and analyzed from the user group only,
where participants reported using a weight management app in
the previous 6 months. The frequency of use was 2 or more
times per day for 27.8% (90/324) of respondents, once a day
for 20.1% (65/324), and a few times each week for 20.1%
(65/324). The most common reasons for wanting to download
a weight management app were to monitor food intake (319/860,
37.1%) and lose weight (258/860, 30.0%). The most common
reasons for downloading a particular weight management app
were recommendations from friends and family (153/294,
52.0%), and its rank in the App Store (65/294, 22.1%).

The most reported desirable features were (1) the possibility to
be monitored by a specialist (323/976, 33.1%), (2) barcode
identification of calorie content (191/976, 19.6%), (3)
availability of nutrition information on numerous food items
(153/976, 15.7%), (4) weekly or monthly progress report
(152/976, 15.6%), and (5) constant reminders to follow a chosen
diet or exercise plan (157/976, 16.1%). Most users agreed or
strongly agreed that apps that suggested exercise and diet plans
helped them lose weight (246/324, 75.9%).

A large proportion of weight management app users agreed or
strongly agreed that apps were effective for losing weight
(185/324, 57.1%). Regarding accuracy, 48.8% (158/324) of app
users believed that apps are accurate, whereas 1.9% (6/324) did
not use an app that recorded their data. Of the current weight
management app users, only 7.1% (23/324) believed that weight
management apps were not secure. A large proportion of app
users (180/324, 55.6%) noted that they would never pay
anything for a weight management app.

Reasons for Discontinuing Use
Analyses of the reasons for discontinuing use are presented in
Multimedia Appendix 3. Of the participants, 18.16% (195/1074)
had downloaded weight management apps that they no longer
use. The most reported reasons for discontinuing use were (1)
loss of interest (64/195, 32.8%), (2) hidden costs (53/195,
27.2%), (3) monitoring by a specialist was not offered (27/195,
13.8%), (4) difficulty using the app (21/195, 10.8%), and (5)
language barrier (18/195, 9.2%).

Apps that Participants Used for Weight Management
Of the users, 53.2% (179/324) listed the name of the apps they
used (Multimedia Appendix 4). However, because the question
on app name was open-ended, some participants wrote
ambiguous names or cited more than one app. The total number
of weight management apps mentioned by users (more than
once) was 267. The most reported apps were MyFitnessPal
(145/267, 54.3%), health apps that come with a smartphone
(16/267, 6.0%), StepsApp Pedometer (13/267, 4.9%), Soarrate
(10/267, 3.8%), and Fitbit (10/267, 3.8%).

App Search
A total of 60 apps were identified from the search in the Saudi
App Store. Of these apps, we excluded 23 that were duplicates,
12 that were not free, 1 app that did not function, and 1 app that
appeared but was described in the app store as a book. Figure
1 provides a description of the search process.

A total of 23 apps met the inclusion criteria. The app ratings in
the App Store varied from 2.1 to 5 (out of 5). Of these, 65%
(15/23) received 4 or more stars, and the number of users that
rated each app were 1000 or more (5/15, 33%), 100 to 1000
(5/15, 33%), or less than 100 (5/15, 33%). Of the apps, 48%
(11/23) were updated by the app developers 1 day to 2 months
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after data collection. Of the apps, 52% (12/23) were only
available in Arabic and, among these, 25% (3/12) were apps
for purchase. Approximately 30% (7/23) of the apps were

available in English, and 86% (6/7) of these were apps for
purchase. Only 17% (4/23) of the apps were available in both
English and Arabic (Multimedia Appendix 5).

Figure 1. Flow diagram of app search.

App Quality Scores

Mobile App Rating Scale
Table 2 presents the final scores, means, and standard deviations
for the following: (1) 4 subscales (engagement mean,
functionality mean, aesthetics mean, and information mean),
(2) overall quality (mean of 4 subscales), and (3) subjective
quality of the 23 apps. The average MARS quality of the 23
apps was acceptable, and scores varied from 1.7 to 4.4 (out of

5.0). The reliability of the objective scales calculated as
Cronbach alpha = .95. The average MARS quality score for the
apps was 3.3 (SD 0.8) out of 5.0. The mean of the subjective
scores was 2.5 (SD 1.1). Of the 4 subscales, functionality had
the highest median score of 3.6 (SD 0.8), and information had
the lowest median score of 2.9 (SD 0.9). Of the apps, 30% (7/23)
received a quality mean score of 4.0 or higher; only one of these
apps was originally an Arabic app. Of the apps, 30% (7/23) did
not meet the acceptability score of 3.0 or higher, and all of these
were in the Arabic language only (Table 2).
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Table 2. The Mobile App Rating Scale mean scores for weight management appsa.

SubjectiveMARSbInformationAestheticsFunctionalityEngagementApp

4.04.44.04.35.04.4Lose Weight for Men

3.84.43.54.74.84.6Rashaqa adad alsoarat

4.34.34.44.34.04.4MyFitnessPal

3.54.33.74.74.34.4Fitbit

2.84.23.84.34.83.8StepsApp Pedometer

3.34.03.44.04.04.4Lose It! – Calorie Counter

4.04.03.63.74.34.2Calorie Counter by FatSecret

3.83.93.53.73.54.8Pacer Pedometer

3.03.93.54.03.84.2Lifesum – Diet & Food Diary

3.03.93.64.34.03.87 Minute Workout: Fitness App

2.53.62.83.34.04.2FUDC – Follow-Up Diet and Calories

2.53.33.23.04.03.0mDiet

2.33.33.13.03.04.2Adaad alsoaraat

2.53.33.63.03.33.4Soarrate

2.53.02.52.63.83.2Weight Tracker

1.83.03.12.63.03.4My Diet Coach – Weight Loss

1.32.92.32.33.83.0Tmarin manzliah

1.32.82.43.03.02.6Alwazan almethali

1.32.61.63.03.02.6Hesab alwazan almethali

1.32.31.82.32.52.6Monabeh alsoaraat

1.32.22.02.02.81.8Diet

1.01.71.21.62.51.4Rajeem 7kilo fi esboaa

1.01.71.21.62.51.4Rajem sareea

2.5 (1.1)3.3 (0.8)2.9 (0.9)3.3 (1.0)3.6 (0.8)3.5 (1.0)Subscales mean (SD)

aAll items were rated on a 5-point scale from 1=inadequate to 5=excellent.
bMARS: Mobile App Rating Scale.

The MARS scores for the apps available only in the Arabic
language ranged between 1.7 and 4.4 and for apps available in
only English, the scores ranged between 3.0 and 4. Apps
available in English and Arabic had scores that ranged between
3.0 and 4.4 (Multimedia Appendix 6).

A simple linear regression was applied to predict the relation
between the star rating in the App Store and the MARS score
and showed a significant association (F1,21=20.018, P<.001)
with an R² of .488 (Figure 2).

For engagement and aesthetics, Lose Weight for Men, Rashaqa
adad alsoarat, MyFitnessPal, Fitbit, Lose It! – Calorie Counter,
and Lifesum – Diet & Food Diary were the highest rated apps.
Despite the high functionality of the Arabic weight management
apps, Multimedia Appendix 6 shows that the lowest engagement
mean was for Arabic apps.

Of the 23 apps, 14 were mentioned more than once by app users
in the survey; 11 apps were found in the survey responses but
did not appear in our app search. Multimedia Appendix 7 shows
the MARS mean scores of the apps and the number of users
who reported using the apps.
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Figure 2. Regression analyses of the association between the star rating in the App Store and the Mobile App Rating Scale score.

Assessment of Evidence-Based Strategies
Table 3 provides the frequency of evidence-based strategies
within the included apps. The most common strategies were as
follows (no free apps or versions offered personalized feedback
to the user):

• Self-monitoring (17/23, 74%) allowed the user to track
weight and/or physical activity over time. A few apps
included more comprehensive tracking options such as for
nutrition, sleep, and cardiometabolic indicators

• Weight and/or health assessment features (17/23, 74%)
enable the app to assess the BMI and/or calorie requirement

• Goal setting (13/23, 57%) mainly consisted of goals for
weight loss, calorie balance, water intake, or physical
activity

• Healthy eating support (12/23, 52%) was mostly in the form
of healthy eating guidelines, meal plans, and nutritional
information on specific foods

• Physical activity support (9/23, 39%) including physical
activity tips and plans

• Motivational strategies (7/23, 30%) included prompts,
gamification, or use of rewards such as points for meeting
weight goals or physical activity levels

• Social support components (8/23, 35%) included the ability
to communicate online with other users

Of the apps that were available in Arabic, 50% (6/12) had one
or two EBS features, 17% (2/12) had 3 features, 25% (3/12)
had 5 features, and 8% (1/12) had 6 features. Of these, 75%
(9/12) of the apps provided weight/health assessment and 66%
(8/12) provided healthy eating support. Feedback was not
observed in any of the apps, and motivation strategy was
observed in 1 app.

Self-monitoring, goal setting, and weight/health assessment
were observed in the majority of apps (3/4, 75%) available in
English and Arabic. However, the percentages for healthy eating,
social support, and feedback were 25% (1/4), 25% (1/4), and
0%, respectively.

Of the apps not available in Arabic, 43% (3/7) had 3 features,
29% (2/7) had 5 features, and 29% (2/7) had 7 features. Of
these, 100% (7/7) of the apps provided self-monitoring and 71%
(5/7) provided goal setting, weight/health assessment, and
motivation strategy.
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Table 3. Assessment of evidence-based strategies for weight management appsa.

Total EBSb

within app
(n=8) n
(%)

Personal-
ized feed-
back

Motiva-
tional
strategies

Weight
/health as-
sessment

Social
support

Physical
activity
support

Healthy
eating
support

Goal set-
ting

Self-moni-
toring

App name

7 (88)01111111MyFitnessPal

7 (88)01111111Fitbit

6 (75)01111011Rashaqa adad alsoarat

5 (63)00110111FUDC - Follow-Up Diet and Calories

5 (63)01011011Pacer Pedometer

5 (63)00110111Calorie Counter by FatSecret

5 (63)00101111Adaad alsoaraat

5 (63)00110111Soarrate

4 (50)00100111Weight Tracker

4 (50)00110011Lose It! - Calorie Counter

3 (38)01000011My Diet Coach - Weight Loss

3 (38)00100110mDiet

3 (38)01100001Lifesum - Diet & Food Diary

3 (38)00101001Tmarin manzliah

3 (38)001010017 Minute Workout: Fitness App

3 (38)00101001Lose Weight for Men

3 (38)01001010StepsApp Pedometer

2 (25)00100001Alwazan almethali

2 (25)00100100Diet

2 (25)00100001Hesab alwazan almethali

1 (13)00000100Monabeh alsoaraat

1 (13)00000100Rajeem 7kilo fi esboaa

1 (13)00000100Rajem sareea

N/Ac071789121317Total apps

a1=presence, 0=absence.
bEBS: evidence-based strategies.
cN/A: Not applicable.

A simple linear regression was calculated to predict the MARS
scale based on EBS. A significant regression equation was found
(F1,21=27.66, P<.001), with an R² of .568 (Figure 3). Multimedia

Appendix 8 shows the EBS scores of the apps and the number
of users who reported using the apps.
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Figure 3. Regression analyses of the association between the Mobile App Rating Scale score and the evidence-based strategy criteria.

Six Sigma and the Process Capability Index
Table 4 shows the Cpk calculations for each of the 23 apps
found in the App Store and their sigma levels. Note that we
used the limits mean in Cpk calculations. This is because a
calculation based on data mean mostly provides a negative Cpk,
which leads to the conclusion that the score levels of MARS
are irrelevant to the actual app quality. Therefore, we adjusted
the analysis assumption to provide results that are more relevant.

The quality thresholds of the two popular measurements tools,
MARS and EBS, used in this analysis are presented in Table 5.
Six sigma was used to evaluate the thresholds of these tools

based on data from Table 2, Table 3, and Multimedia Appendix
4.

The calculation for the EBS Cpk was as follows:
µ=3.608695652, σ=1.777105165, and Cpk=–0.073397335. The
calculation for the MARS Cpk was as follows: µ=3.347826087,
σ=0.845775365, and Cpk=0.137083715.

The sigma results indicate that EBS has no level, as its Cpk is
negative. This means that most of the apps failed to pass the
mean indicating that newly developed apps will probably fail
as well. The sigma level of MARS at level 1 means that their
evaluation criteria are more realistic and closer to the natural
structure of weight management apps.
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Table 4. Six sigma behavioral evaluation for the quality model: engagement, functionality, aesthetics, and information.

Sigma lev-
el

CpkcσbµaInforma-
tion

Aesthet-
ics

Function-
ality

Engage-
ment

App name

20.530.623.883.53.73.54.8Pacer Pedometer

20.550.614.403.54.74.84.6Rashaqa adad alsoarat

30.810.413.953.44.04.04.4Lose It! - Calorie Counter

30.790.424.283.74.74.34.4Fitbit

30.790.424.434.04.35.04.4Lose Weight for Men

61.760.194.284.44.34.04.4MyFitnessPal

20.570.593.333.13.03.04.2Adaad alsoaraat

20.520.643.582.83.34.04.2FUDC - Follow-Up Diet and Calories

30.950.353.953.63.74.34.2Calorie Counter by FatSecret

41.120.303.883.54.03.84.2Lifesum - Diet & Food Diary

30.700.484.183.84.34.83.8StepsApp Pedometer

41.120.303.933.64.34.03.87 Minute Workout: Fitness App

41.330.253.333.63.03.33.4Soarrate

41.010.333.033.12.63.03.4My Diet Coach - Weight Loss

20.550.603.032.52.63.83.2Weight Tracker

20.470.712.852.32.33.83.0Tmarin manzliah

30.700.483.303.23.04.03.0mDiet

20.500.662.551.63.03.02.6Hesab alwazan almethali

30.940.362.301.82.32.52.6Monabeh alsoaraat

41.110.302.752.43.03.02.6Alwazan almethali

30.750.442.152.02.02.81.8Diet

20.580.571.681.21.62.51.4Rajeem 7kilo fi esboaa

20.580.571.681.21.62.51.4Rajem sareea

aµ: data mean.
bσ: standard deviation of the sample data.
cCpk: process capability index.
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Table 5. Comparison of app quality according to mobile users (survey outcomes), evidence-based strategy, and the Mobile App Rating Scale.

Within limit of
acceptable=3
MARS

Within limit of
N≥50 EBS

SurveyLimits 3.0-5.0

MARSb
Limits 4.0-8.0

EBSa
App name

TRUETRUE54.34.37.0MyFitnessPal

TRUETRUE3.84.37.0Fitbit

TRUETRUE1.54.46.0Rashaqa adad alsoarat

TRUETRUE03.65.0FUDC - Follow-Up Diet and Calories

TRUETRUE0.73.95.0Pacer Pedometer

TRUETRUE1.94.05.0Calorie Counter by FatSecret

TRUETRUE3.03.35.0Adaad alsoaraat

TRUETRUE3.83.35.0Soarrate

TRUETRUE0.73.04.0Weight Tracker

TRUETRUE3.44.04.0Lose It! - Calorie Counter

TRUEFALSE0.73.03.0My Diet Coach - Weight Loss

TRUEFALSE2.23.33.0mDiet

TRUEFALSE3.03.93.0Lifesum - Diet & Food Diary

FALSEFALSE02.93.0Tmarin manzliah

TRUEFALSE03.93.07 Minute Workout: Fitness App

TRUEFALSE04.43.0Lose Weight for Men

TRUEFALSE4.94.23.0StepsApp Pedometer

FALSEFALSE0.72.82.0Alwazan almethali

FALSEFALSE02.22.0Diet

FALSEFALSE02.62.0Hesab alwazan almethali

FALSEFALSE02.31.0Monabeh alsoaraat

FALSEFALSE01.71.0Rajeem 7kilo fi esboaa

FALSEFALSE01.71.0Rajem sareea

aEBS: evidence-based strategy.
bMARS: Mobile App Rating Scale.

Discussion

Principal Findings
In this survey, we identified user perceptions of weight
management apps and reasons for using such apps. We also
assessed the quality of weight management apps available at
the Saudi App Store using the MARS quality score, an EBS
assessment, and six sigma evaluations. The user surveys and
evaluation of features indicated that personalized feedback is
the most common feature lacking among commercial apps, and
it is the feature that users most desired. According to the
majority of ex-users, the reasons for stopping their use of weight
management apps included a loss of interest and hidden costs.

Regarding app appraisal, the EBS and MARS quality scores
showed that the quality of weight management app features was
variable. The behavior of a weight management app in all 4
MARS quality attributes predicts its behavior toward other
quality attributes, and as a result determines its overall quality
based on stronger judgment than the mean only. For instance,

Rashaqa adad alsoarat had the second best score in MARS but
only achieved level 2 as its behavior to the different quality
attributes was variable. MyFitnessPal was not the best in MARS;
however, it achieved level 6 because of consistent behavior in
all 4 quality attributes, resulting in 54% of weight management
app users using MyFitnessPal.

Six sigma evaluations indicated that several apps have high
scores for engagement and functionality, but these are not
matched with MARS. The six sigma results lead us to the
following question: If we apply a MARS or EBS evaluation to
an app, does this indicate that the app will be used by mobile
users?

Measurement tools like MARS and EBS evaluate software
based on the mean score only. More specifically, if the app
passes the mean, it is assumed to be of good quality, and good
quality apps should find their way to the market, but this is not
the case. In fact, passing the mean does not ensure the quality
is consistently distributed through all of the app’s quality
properties, and in turn that the app has good quality. Using
MARS only allows an app to score high if it meets one out of
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the 4 quality attributes of MARS. However, the sigma results
of EBS reflect that most of the apps failed to pass the mean,
indicating that newly developed apps will likely fail. This
stresses the importance of reevaluating the passing criterion,
which is ≥50%. We can infer from Multimedia Appendix 7 and
8 that neither the MARS nor the EBS tool gives developers an
indication of the acceptance of their app by mobile users. Thus,
based on Cpk results, six sigma is a better tool to identify the
quality of a weight management app and if it actually meets
MARS quality attributes.

Comparison With Prior Work
We targeted the general population to approach different types
of users. This approach was previously adopted in studies in
the United States [9], Saudi Arabia [11], Germany [23], and
China [24]. In our study, 30% of the survey participants were
app users, a percentage that is lower than in other studies
[9,11,24], possibly because we excluded users who had not used
the app in the previous 6 months, unlike in other studies. We
found that the highest use of weight management apps was
among women; similar studies have also found that women are
more involved in weight control and healthy eating than men
[25,26].

The majority of users believe that weight management apps are
effective. The effectiveness of weight management apps was
established in a systematic review and meta-analysis of 8
randomized controlled trials comparing the use of weight
management apps for weight loss to traditional care or intensive
consulting [10]. The systematic review and meta-analysis results
indicated a significant effect of weight management apps
through a 1 kg reduction in body weight.

To the best of our knowledge, evaluating weight management
apps in Arabic using EBS has not been done previously.
However, in 2016, Arabic apps were evaluated based on 13
evidence-informed practices [27]; the difference between these
two tools is that EBS represents broader criteria than
evidence-based practices. The advantage of using EBS is in
describing the overarching evidence-based quality of the current
market for weight management apps. Evaluating Arabic apps
using different strategies from before extends the current
literature. In our sample, the most desirable features reported
by the app users are the possibility to be monitored by a
specialist and barcode identification of calorie content. These
features reflect two strategies of evidence-based features, which
are personalized feedback and healthy eating support [17].

The average number of evidence-based features present in an
app was between 3 and 4, which was more than in a previous
study [17] and could be explained by the fact that app content
is improving over time. In our findings, the most popular feature
is self-monitoring, which is consistent with the findings of
previous studies [17]. In contrast, the majority of the apps in
the Saudi App Store lack the personalized feedback feature.

Weight management apps in Arabic have limited strategies.
However, a comparison with a study conducted on Arabic
weight management apps found that our results show
improvements in the Arabic apps [27]. Overall, weight
management features of apps found in the Saudi App Store have

weak adherence to EBS, which may be the result of the lack of
health care expert involvement during app development.

In our study, the average MARS quality scores for the 23 weight
management apps available in the App Store varied significantly,
with 7 apps not meeting the minimum acceptability score of
3.0. None of the apps received the maximum score of 5.0. These
findings are similar to that of a previous study that examined
23 weight management apps available in the App Store and
Google Play [28]. However, the maximum quality score was
higher than our findings, which may be because of the inclusion
of paid apps [28].

The weakest MARS subscale was for the quality of information.
In contrast, the functionality subscale had the highest median
score, a result that is in line with previous studies that used
MARS to assess the quality of mindful-eating mobile apps [14]
and weight management apps [28]. Another study that evaluated
apps for managing tinnitus [28] also found that functionality
had the highest MARS subscale.

MARS indicates that some apps, like the StepsApp Pedometer,
have high scores for engagement and functionality that are not
reflected in the EBS results. Several apps have powerful features
and efficiency but require careful future evaluation for long-term
use.

In our survey, the MyFitnessPal app was the most cited by the
participants. This app was mentioned more than 140 times, and
the second most cited app was mentioned only 16 times.
Furthermore, the assessment of the quality and features of
weight management apps showed that MyFitnessPal has good
quality traits and 88% of the EBS. Other weight management
apps had equal quality and evidence-based features but were
less popular among the participants. This lack of popularity
could be the result of other factors that impact app popularity.
For example, we asked app users about their reasons for
downloading a specific app from the App Store. The most
reported reason was recommendations from friends or relatives.
Therefore, app users recommending a particular app to their
friends and relatives could cause a snowball effect and lead to
an increase in the use of a particular app.

Strengths and Limitations
Our study, which included a large number of participants across
Saudi Arabia, shows the overall quality of weight management
apps, reports on the areas of the apps that are weak or strong,
and notes the app strategies that are absent or present. Such
information can assist app developers in enhancing their current
apps or developing new, better apps.

Although this study represents the first appraisal of weight
management apps downloaded from the App Store in Saudi
Arabia, we only included free apps or free versions. Because
Android apps were not reviewed, and the app search was limited
to the Saudi App Store, the findings cannot be generalized to
all smartphone apps. As a result, the possibility exists that we
missed additional apps or features. Also, MARS includes items
that may be a source of subjective bias; however, having two
independent reviewers applying MARS, with a third reviewer
resolving discrepancy, helped reduce bias, and the same method
was used when applying EBS. Another limitation of our study
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is that the survey data are self-reported, which could be a source
of error. Furthermore, classifying participants based on BMI
categories does not reflect body composition, therefore, we were
unable to report results on fat and fat-free mass. In addition, our
study was limited by the recruitment strategy, so we may have
missed individuals with limited internet access or those not
using social media.

Conclusions
Despite the large quantity and easy accessibility of weight
management apps, the quality and features of the majority of
apps from the App Store included in the study remains low.
Improvements made to Arabic apps have been limited, and the

information content needs to be enhanced. In general, we found
that the weakest areas of apps from the App Store are
information quality and graphic design. App users wanted a
feature that allows them to communicate with a specialist, so
this feature should be considered by app developers in the future.
Additionally, we can infer that MARS and EBS do not give
developers an indication of the acceptance of their apps by
mobile users. This stresses the importance of reevaluating the
passing criterion and approaching users when developing an
app. Our findings lead to the recommendations that significant
attention should be paid to supporting the maintainability of
weight management apps in the future.
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Abstract

Background: The development and use of mobile health (mHealth) apps for asthma management have risen dramatically over
the past two decades. Asthma apps vary widely in their content and features; however, prior research has rarely examined
preferences of users of publicly available apps.

Objective: The goals of this study were to provide a descriptive overview of asthma mobile apps that are publicly available
and to assess the usability of asthma apps currently available on the market to identify content and features of apps associated
with positive and negative user ratings.

Methods: Reviews were collected on June 23, 2020, and included publicly posted reviews until June 21, 2020. To characterize
features associated with high or low app ratings, we first dichotomized the average user rating of the asthma app into 2 categories:
a high average rating and a low average rating. Asthma apps with average ratings of 4 and above were categorized as having a
high average rating. Asthma apps with average ratings of less than 4 were categorized as having a low average rating. For the
sentiment analysis, we modeled both 2-word (bi-gram) and 3-word (tri-gram) phrases which commonly appeared across highly
rated and lowly rated apps.

Results: Of the 10 apps that met the inclusion criteria, a total of 373 reviews were examined across all apps. Among apps
reviewed, 53.4% (199/373) received high ratings (average ratings of 4 or 5) and 47.2% (176/373) received low ratings (average
ratings of 3 or less). The number of ratings across all apps ranged from 188 (AsthmaMD) to 10 (My Asthma App); 30% (3/10)
of apps were available on both Android and iOS. From the sentiment analysis, key features of asthma management that were
common among highly rated apps included the tracking of peak flow readings (n=48), asthma symptom monitoring (n=11), and
action plans (n=10). Key features related to functionality that were common among highly rated apps included ease of use (n=5).
Users most commonly reported loss of data (n=14) and crashing of app (n=12) as functionality issues among poorly rated asthma
apps.

Conclusions: Our study results demonstrate that asthma app quality, maintenance, and updates vary widely across apps and
platforms. These findings may call into question the long-term engagement with asthma apps, a crucial factor for determining
their potential to improve asthma self-management and asthma clinical outcomes.

(JMIR Mhealth Uhealth 2020;8(10):e15076)   doi:10.2196/15076
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Introduction

Background
Asthma is the leading chronic disease in children and
adolescents and one of the most common among adults, with
more than 25 million Americans impacted [1]. Nationally,
asthma accounts for 11 million doctor’s office visits, 439,435
discharges from hospital inpatient care, and 1.7 million
emergency department visits each year [2]. Further, economic
costs associated with asthma are significant, both for the United
States and for asthmatics and their families. From 2008 to 2013,
the annual economic cost of asthma was more than US $81.9
billion, including medical costs and loss of work and school
days: US $3 billion in losses due to missed work and school
days, US $29 billion due to asthma-related mortality, and US
$50.3 billion in medical costs [2].

Many factors combine to contribute to poor asthma rates and
worsen outcomes. Provider practice behaviors, suboptimal
access to health care, lack of patient knowledge regarding proper
medication use, and patients’ difficulty adhering to medical
regimens contribute to poor asthma outcomes [3-8]. With
appropriate medical care including education, patients can
achieve asthma control; however, there are competing challenges
to providing effective patient education, such as time constraints
and prioritizing other issues above asthma education [9].

Mobile health apps and devices to monitor and track
health-related questions are a rapidly growing field within the
public health, data science, and technology sectors [10-16], and
offer potential opportunities to address some of the barriers to
patient asthma education [17-20].

However, promotion of new technologies is predicated on the
hypothesis that enabling people to quantify their own behaviors
will drive health behavior change through contextualization and
goal setting [21]. Mobile apps (configured to work
independently or with wearable devices) can be used to record
and track health-related behaviors, provide tailored education,
and send reminders and prompts. Nationally, approximately
80% of US adults own a smartphone and close to 60% of
smartphone owners also report installing one or more health
apps onto their smartphones [22,23].

In recent years, there has been a proliferation of new mobile
apps for the self-assessment and self-management of asthma

[24,25]. However, uptake of asthma apps has been sparse,
despite evidence of their efficacy in impacting asthma outcomes
[26]. Results from randomized controlled studies show that use
of mobile health apps improves asthma symptoms and
medication compliance, which should, in turn, reduce emergency
department visits and hospital admissions [27-29]. To our
knowledge, there has not been a comprehensive review of
asthma apps which considers user ratings, features, and reviews
as a tool to identify potential barriers and facilitators of app use
among individuals self-managing asthma.

Objectives
The aims of this study were (1) to provide a descriptive overview
of asthma mobile apps that are publicly available and (2) to
assess the usability of asthma apps currently available on the
market to identify content and features of apps associated with
positive and negative user ratings.

Methods

Asthma App Selection
To examine the average user rating and reviews for asthma
apps, the following inclusion criteria were applied for our
search: apps must be available for download on Android or iOS
platforms, written in English, available within the United States,
able to be downloaded onto a smartphone or tablet, and had at
least one update within the last 5 years. Apps must also have a
primary focus on asthma, with respect to either asthma education
or asthma self-management. Because of the potential for bias
in ratings due to small sample size, only apps that had more
than 10 written reviews were included. Apps were not excluded
based on cost for use or intended audience. We started with a
comprehensive list of apps that strictly matched our inclusion
criteria. The list was expanded by using the following keywords
commonly associated with asthma education or asthma
management to identify additional asthma apps: asthma
management, asthma game, asthma quiz, peak flow, and asthma
education. All apps were evaluated by the research team based
on inclusion criteria; of the 51 apps initially reviewed, 29 apps
had been updated in the last 5 years. Of the 29 apps recently
updated, 19 were excluded based on having less than 10 written
reviews available. The final list of 10 apps included in the
analysis is presented in Table 1.
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Table 1. List of asthma mobile apps included in analysis.

CategoryUpdate
times

Last updateiOSAndroidDeveloperName

Education6May 5, 2019XN/AaAsthma and Respiratory Foundation NZMy Asthma App

Management25March 28, 2019N/AXReciprocal LabsPropeller

Management25March 19, 2019XXQurasoft GmbHSaniQ Asthma

Management12March 13, 2019XN/AKantonsspital BasellandAsthma Tracker

Environmental DataN/AMarch 7, 2019XN/AHabitatMapAirCasting

ManagementN/AApril 26, 2018N/AXBen HillsPeak Flow

Management6March 7, 2019XXChildren’s Medical Center of DallasMy Asthma Pal

Management28January 18, 2018XN/AdangerDown LLCasthmaTrack

ManagementN/AJanuary 9, 2017N/AXSegfoltasBreathcount asthma control

Management21March 10, 2017XXAsthmaMD, Inc.AsthmaMD

aN/A: Not available

User Ratings
To identify specific sentiments within language characteristics
of user reviews that are associated with high or low app ratings,
we first dichotomized the average user rating of the asthma app
into 2 categories: a high average rating and a low average rating.
Asthma apps with average ratings of 4 and above were
categorized as having a high average rating. Asthma apps with
average ratings of less than 4 were categorized as having a low
average rating.

Sentiment Analysis of User Reviews: N-Gram models
An N-gram is a contiguous sequence of n items from a piece
of article, sentence, or speech. An N-gram model is a
probabilistic language model for predicting the next item given
the sequence of (n–1)–gram, which simulates characteristics of
the language used in a certain corpus. Its simplicity and
scalability enable its application in sentiment analysis of the
reviews [30]. For this analysis, we modeled both 2-word
(bi-gram) and 3-word (tri-gram) phrases that commonly
appeared across highly rated and lowly rated reviews. Because
of the limited number of reviews, the tri-gram model did not
yield expressive results, as it identified the same tri-gram peak
flow meter in both the good and bad reviews. The bi-grams
extracted from the model showed distinct patterns in good
reviews and bad reviews. As such, results from bi-gram models
for highly rated reviews and lowly rated reviews are discussed
in the next section. We removed the stop words in the
preprocessing step, and separated the reviews into good reviews

(ratings >3) and bad reviews (ratings ≤3). Reviews were
collected on June 23, 2020, and contain reviews from January
08, 2010, to June 21, 2020. Of the 10 apps that met the inclusion
criteria, a total of 373 reviews were examined across all apps.

Results

Asthma App Descriptive Results
Of the 10 apps included in the analysis, 6 were available at no
cost to users and 4 apps were available for purchase, with a
maximum cost of US $2.99; 50% of apps (n=5) were updated
in the past 2 years.

As shown in Figures 1-3, among apps reviewed, 53.4%
(199/373) received high ratings (average ratings of 4 or 5) and
47.2% (176/373) received low ratings (average ratings of ≤3).
The number of ratings across all apps ranged from 188
(AsthmaMD) to 10 (My Asthma App). Three of the apps were
available on both Android and iOS platforms.

Stream graph of the number of review counts from 2010 to 2020
is shown in Figure 1. The number of reviews for each app is
displayed in a distinct color to visually track the change in
number of reviews over time. The height of the colored area
suggests the number of reviews an app gets in the year. The
width of the colored area suggests the total number of reviews
an app gets over the years. As shown in Figure 1, the dominant
app is AsthmaMD, which reached a peak number of reviews
during 2012 to 2014.
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Figure 1. Stream graph of the review counts for asthma apps from 2010 to 2020.

Figure 2. Bi-gram results of functionalities of highly rated asthma mobile apps.
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Figure 3. Bi-gram results of features of highly rated asthma mobile apps.

Sentiment Analysis of User Reviews
Distinct patterns of language were observed when comparing
highly rated and poorly rated apps. Among the highly rated
reviews, bi-grams emerged with respect to features as well as
functionality of the app. Figures 2 and 3 depict the frequencies
of the most commonly occurring bi-grams among highly rated
apps. Several key features of asthma management that were
common among highly rated apps included the tracking of peak
flow readings (n=48), asthma symptom monitoring (n=11), and
action plans (n=10). Key features related to functionality that

were common among highly rated apps included ease of use
(n=5), as illustrated in Figure 2.

Among poorly rated asthma apps, bi-grams (Figures 4 and 5)
predominantly focused on functionality issues encountered by
users (Figure 4). The functionality keywords that had the most
common occurrences in bad reviews were create account (n=8),
lost data (n=6), open app (n=5). By identifying the most
important words (or keywords) in negative reviews through the
term frequency–inverse document frequency measure in Figure
6, we concluded that users most commonly reported loss of data
(n=14) and crashing of app (n=12) as functionality issues among
poorly rated asthma apps.
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Figure 4. Bi-gram results of functionalities of poorly rated asthma mobile apps.

Figure 5. Bi-gram results of features of poorly rated asthma apps.
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Figure 6. Top words in reviews of poorly rated asthma apps.

Discussion

Principal Results
This study analyzed ratings and features of publicly available
asthma apps to identify user preferences. Our descriptive results
confirmed those of prior studies which observed the limited
availability of publicly available, up-to-date asthma apps on the
market [26]. In terms of available functions, we observed that
most asthma apps offered functions associated with several
recommendations of effective self-management including
asthma education, peak flow monitoring, and an action plan
[31]. Consistent with prior reviews of asthma apps, our results
confirmed that asthma apps offered either education or
management, with few offering a combination of both [25].

Furthermore, our study results demonstrated that asthma app
quality varied widely, ranging anywhere from an average user
rating of 1.5 out of 5 to 5 out of 5. It also appeared that
individual asthma apps varied in their user rating between
Android and iOS platforms. These findings may call into
question the long-term engagement with asthma apps, a crucial
factor for determining their value [32,33]. In other domains
such as diabetes self-management, researchers have observed
that long-term engagement of app users is generally limited
[34]. However, chronic diseases such as asthma require
long-term self-management.

Recommendations for App Features and Functions
With the N-grams model, we were able to capture several
characteristics related to features and functionality that users
like or dislike about the apps; for example, peak flow and action

plan were frequently mentioned among features, whereas easy
to use and doesn’t work were frequently mentioned around
functionality. Previous studies of asthma apps confirmed peak
flow tracking, symptom tracking, and medication tracking as
some of the most common functions in highly rated apps [25].
Additional function recommendations which were not captured
in our sentiment analysis but have been identified in previous
studies of asthma apps include medical appointment tracking,
health snapshots, and clinical asthma questionnaires [20,26,35].
Additional categories which have been identified through
formative research of specific asthma apps include the
incorporation of notification features such as those related to
medication reminders, medical appointment reminders, and
peak flow reading reminders [36-40].

One potential way to improve long-term engagement, which
has been successfully applied to physical activity, is interactions
with virtual coaches [41,42]. Thus, developers of upcoming
asthma apps might consider the implementation of virtual
coaches to enhance long-term engagement. Another potential
method of improving long-term engagement, in particular among
children and adolescents with asthma, could be through
gamification and use of contingent rewards [43-45]. Lastly,
application of behavior change techniques including specific
goal setting, provision of performance feedback, and barrier
identification may also improve acceptability and long-term
engagement with asthma apps [46-48].

Limitations
Our study did have several limitations, which should be
considered when interpreting its findings. The popularity of an
asthma app may not yield information regarding the quality of
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the asthma content presented in the app with respect to the
clinical or scientific literature. Prior studies have observed
variability in the quality of asthma information with respect to
its consistency with National Asthma Education and Prevention
Program guidelines [3]. Future studies should examine the
concordance between asthma education and asthma management
clinical tools within popular asthma apps.

Limitations of sentiment analysis include its sensitivity to review
content; as such, user ratings may not always correspond to
descriptive reviewer feedback. Further, displays of reviews were
limited to downloads with a minimum threshold of 10 reviews.
However, sentiment analysis has been increasingly applied
across a variety of health outcomes [49-52]. Finally, this study
did not include assessment of apps using a validated instrument
(eg, Mobile Application Rating Scale). However, this type of
analysis was conducted in a previous review of asthma apps
[25].

Conclusions
Our study extends previous research in this field by focusing
on the experiences and reviews of asthmatics’ interactions with
publicly available asthma apps. Our study results have several
implications with respect to informing the development of
asthma mobile apps and their recommendation for clinical use.
As use of asthma apps have been found to have an impact on
several clinical outcomes, including but not limited to control,
quality of life, medication adherence, and patient-reported
outcomes, improvements to asthma apps should include a focus
on user-centered design and experiences. Combining big-data
analytic approaches with qualitative data from users may yield
additional insights to improve usability and long-term
engagement with asthma apps. Further, collaborations between
asthma app developers, clinicians, and researchers should
include considerations regarding data security, privacy features,
and sharing of personal health information which would also
increase patient and provider confidence regarding
recommending the use of asthma mobile apps to improve asthma
self-management.
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Abstract

Background: Many people with Parkinson disease do not have access to exercise programs that are specifically tailored to their
needs and capabilities. This mobile app allows people with Parkinson disease to access Parkinson disease–specific exercises that
are individually tailored using in-app demographic questions and performance tests which are fed into an algorithm which in turn
produces a video-guided exercise program.

Objective: To test the feasibility, safety, and signal of efficacy of a mobile app that facilitates exercise for people with Parkinson
disease.

Methods: A prospective, single-cohort design of people with Parkinson disease who had downloaded the 9zest app for exercise
was used for this 12-week pilot study. Participants, who were recruited online, were encouraged to exercise with the full automated
app for ≥150 minutes each week. The primary endpoints were feasibility (app usage and usability questions) and safety (adverse
events and falls). The primary endpoints for signal of efficacy were a comparison of the in-app baseline and 8-week outcomes
on the 30-second Sit-To-Stand (STS) test, Timed Up and Go (TUG) test, and the Parkinson’s Disease Questionnaire 8 (PDQ8).

Results: For feasibility, of the 28 participants that completed the study, 12 participants averaged >150 minutes of app usage
per week (3 averaged 120-150, 4 averaged 90-120, and 9 averaged less than 90 minutes). A majority of participants (>74%) felt
the exercise was of value (16/19; 9 nonrespondents), provided adequate instruction (14/19; 9 nonrespondents), and was appropriate
for level of function (16/19; 9 nonrespondents). For safety, there were no serious adverse events that occurred during the app-guided
exercise. There were 4 reports of strain/sprain injuries while using the app among 3 participants, none of which necessitated
medical attention. For signal of efficacy, there was improvement for each of the primary endpoints: STS (P=.01), TUG (P<.001),
and PDQ8 (P=.01).

Conclusions: Independent, video-guided exercise using a mobile app designed for exercise in Parkinson disease was safe and
feasible though there was variability in app usage. Despite this, the results provide evidence for a signal of efficacy as there were
improvements in 3 of the 3 outcomes.

Trial Registration: ClinicalTrials.gov NCT03459586; https://clinicaltrials.gov/ct2/show/NCT03459586

(JMIR Mhealth Uhealth 2020;8(10):e18985)   doi:10.2196/18985
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Introduction

Exercise is an important therapy for people with Parkinson
disease. It has a positive effect on physical capacity and
physical/cognitive function, including improvements in gait,
mobility, posture, and balance [1]. In addition, several
meta-analyses and systematic reviews have concluded that
exercise and physical therapy improve many Parkinson
disease–specific motor and nonmotor symptoms [2-6].
Importantly, there are several lines of evidence, using rodent
Parkinson disease models and in humans with Parkinson disease,
that suggest a possible disease-modifying effect of exercise on
Parkinson disease [7-22].

Despite the evidence revealing the benefits of exercise in
Parkinson disease, many people with Parkinson disease do not
participate regularly in exercise and the reasons for this are
complex [23]. First, people with Parkinson disease have many
of the same type of inherent intrinsic and extrinsic barriers that
are present in healthy, older adults. These include a lack of
motivation, finances, knowledge, skill, accessibility to exercise
facilities, and transportation, among other things [24-26]. Many
of these issues are compounded in Parkinson disease because
of Parkinson disease–specific nonmotor symptoms, including
fatigue [27] and depression [28]. In addition, low outcome
expectation, lack of time, and fear of falling have been identified
as important perceived barriers to exercise in people with
Parkinson disease [29].

While exercise is not routinely recommended by neurologists
in the early course of Parkinson disease treatment [30],
neurologists are frequently the first to introduce the importance
of exercise to people with Parkinson disease. Typically, the
patient is referred to a physical therapist who will prescribe an
exercise program that is scaled to the person’s health and
functional status. Ideally, people with Parkinson disease will
continue to exercise independently or in a community program
after they have finished their therapy and then return to their
physical therapist every 6-12 months to recalibrate the exercise
program to meet the challenges of new and increasing
impairments brought on by disease progression. Unfortunately,
many have difficulty sustaining regular engagement in an
exercise program between physical therapy visits [24,31].
Therefore, a relatively large proportion fall back into previous
habits and discontinue their exercise after discharge from
supervised therapy. Subsequently, gained benefits are lost and
prospective benefits of continuing exercise therapy are
unrealized [32].

One solution that addresses many of the aforementioned barriers
to sustained exercise participation is a recently developed,
commercially available mobile app (9zest Parkinson’s Therapy
[33], a subsidiary of Moterum Technologies [34]), which was
developed by a software engineer with Parkinson disease. This
app uses self-report questions and app-guided performance tests
to assess status at baseline and progress the exercise program
over time. Using these self-report and performance metrics, the
app constructs a customized exercise program using a
proprietary algorithm. The app selects exercises from a library
of exercise videos specifically designed for people with

Parkinson disease and is calibrated to one’s current level of
function. The 9zest app also includes several behavior change
techniques, including prompts/cues, goal setting, graded tasks,
and performance feedback. Currently, there are a limited number
of apps reported in the literature that promote exercise or
physical activity for people with Parkinson disease [35,36].

The 9zest app specifically aims to mitigate many of the barriers
to exercise participation. First, the app can be used in the privacy
of one’s home. Because prominent barriers to participation
include lack of accessibility and limited time, this app allows
those with transportation problems or those in rural areas and
“medical/exercise deserts” to have access, at a convenient time,
to a semicustomized exercise program for people with Parkinson
disease. In addition, because it has periodic assessments, it helps
improve participant motivation through goal setting and
feedback [29]. Lastly, because the app is relatively low cost, it
is ideal for financially disadvantaged populations. While the
9zest app appears promising, it has not been evaluated
scientifically to determine its utility for people with Parkinson
disease. Therefore, Aim 1 was to test the feasibility (adherence
and user feedback) of using the app for independent exercise
over 12 weeks for people with Parkinson disease. Aim 2 was
to test the safety (adverse events and falls) and Aim 3 was to
detect a signal of efficacy for lower extremity strength,
functional gait, and quality of life in people with Parkinson
disease. Identifying signals of efficacy is important in early
studies, such as that described here, as they allow inference
about proof of concept and whether continued scientific
exploration using more rigorous clinical trials is warranted [37].

Methods

Study Design
A prospective, single-cohort design was implemented for this
pilot study wherein participants who had downloaded the
commercially available 9zest app were invited to participate in
this study via an in-app message. Based on responses to the
inclusion and exclusion criteria during in-app consenting,
qualified participants were invited to complete the in-app
baseline assessment (detailed later). These measures were used
by the app to construct an individualized 12-week exercise
program. All study-related tasks were conducted without direct
contact from a member of the research team. Participants were
instructed to be tested in the “on” Parkinson disease medication
state for testing and app-guided exercise. For Aim 1 (feasibility),
participation data (minutes of use) were recorded by the app
and analyzed over the 12-week intervention period. Additionally,
participants were asked questions about the usability of the app
at the conclusion of the 12-week study. For Aim 2 (safety),
adverse events data were tracked via an in-app question every
2 weeks of the 12-week study. Fall data were tracked via an
in-app question after every exercise session. Outcomes for Aim
3 (signal of efficacy) were assessed at baseline, 8 weeks, and
12 weeks. However, the primary endpoint for the signal of
efficacy was the 8-week measurement point as it was thought
that waning adherence or more drop outs would occur over time;
therefore, 8 weeks was chosen to optimize the ability to detect
a signal of efficacy. The 12-week measurement was secondary.
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Participants
People with Parkinson disease who had downloaded the
commercially available app were automatically invited to
participate in the study. Those meeting all inclusion criteria
(English speaking, between 40 and 75 years old, self-report
neurologist-diagnosed Parkinson disease, willingness to
participate in a 12-week study, able to stand unassisted for 10
minutes, and stable on Parkinson disease medications and deep
brain stimulation for 3 months prior to participation) and not
having any of the exclusion criteria (diagnosed with dementia;
comorbidities that would preclude exercise participation or
increase participant risk [eg, severe osteoarthritis/pain, stroke,
severe respiratory problems, traumatic brain injury,
neuromuscular disease, atrial fibrillation, poorly controlled
cardiovascular disease, limb amputation, osteoporosis]; vision
or hearing impairment that would interfere with app use; fall
that required physician evaluation [emergency visit, urgent care,
or hospitalization] within the past year; use of an assistive device
for walking; and currently exercising more than 60 minutes per
week on average) were invited to advance to consent using an
online form. This study was approved by the University of
Nevada, Las Vegas Institutional Review Board. Participants
were recruited online from a sample of convenience from July
2018 to May 2019, clinical trial registry (clinicaltrials.gov
[NCT03459586]) using social media advertisements, health
care provider referrals, and snowball recruitment strategies
wherein participants were encouraged to recruit other
participants among their acquaintances.

Sample Size Calculation
The sample size was estimated using Aim 3 and was calculated
with the “paired t tests using effect size module” in PASS 19.0
[38] (NCSS, LLC). The sample size estimation was based on
an effect size between 0.39 and 0.52 for the 30-second
Sit-To-Stand (STS) test from another exercise study for people
with Parkinson disease [39]. The analysis was based on a
one-sided test at 80% power with the significance level at .05
and a 15% dropout rate; this estimation was conservatively
based on the same exercise study for people with Parkinson
disease that had an 11.1% dropout rate [39]. With dropouts, a
sample size range between 30 (effect size=0.52) and 53
participants (effect size=0.39) was estimated.

Outcomes
Primary and secondary endpoints were all assessed via the app.
Principal analyses took place at the 8-week point and exploratory
analyses took place at the 12-week point. The primary endpoint
of feasibility (Aim 1) was assessed by in-app tracking of app
exercise in minutes. Usability was assessed using the following

statements at the conclusion of the 12-week study with a 5-point
Likert scale (5=strongly agree, 4=agree, 3=neutral, 2=disagree,
and 1=strongly disagree): (1) I believe this activity could be of
some value to me; (2) I thought the app provided adequate
instruction on the exercises; (3) I enjoyed using the app to help
me exercise; (4) I would recommend this app to others with
Parkinson disease; and (5) The exercises were appropriate for
my level of functioning.

The primary endpoint of safety (Aim 2) was assessed by tracking
adverse events (assessed every 2 weeks over 12 weeks with a
short in-app question asking if they have experienced any app
exercise–related adverse events). Participants were asked
questions about the occurrence of the following while doing
the app-guided exercises: strains/sprains, chest pain, shortness
of breath, and dizziness. If an event was reported, participants
were asked follow-up questions to record the details (ie, pain
rating, if it required medical attention, outcome). Safety was
also measured by asking about the occurrence of a fall/s and
other medical issues/events that occurred during the exercise
(assessed after every app exercise session using an in-app
question). In addition, at the conclusion of the 12-week study
participants were asked the following statement with a 5-point
Likert scale (strongly agree, agree, neutral, disagree, and
strongly disagree): I felt safe doing the exercises using the app.

The following endpoints for Aim 3 (signal of efficacy) were
assessed at baseline, and at the 8-week (primary) and 12-week
(secondary) measurement points as part of the in-app
assessment:

• 30-second STS, which is a measure of functional lower
extremity strength with good reliability in people with
Parkinson disease [40,41] and a minimal detectable change
(MDC) of 3 [40];

• Timed Up and Go (TUG), which is a test of mobility and
dynamic balance with evidence for good reliability in people
with Parkinson disease [42-44] and an MDC of 4.85 [45];
and

• Parkinson’s Disease Questionnaire 8 (PDQ8), which is a
shortened version of the PDQ39, a Parkinson
disease–specific quality of life measure, which has good
reliability in people with Parkinson disease [46-49] and an
MDC of 5.43 [45].

The STS and TUG tests were preceded by a demonstration video
and an explanation of the test prior to the assessment using a
built-in timer (Figure 1). In addition to the STS, TUG, and
PDQ8, the Global Rating of Change score was asked at the
conclusion of the 12-week study.
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Figure 1. An example (30-second Sit-To-Stand test) of the in-app performance-based assessment used as a primary endpoint for the study and also
used by the 9zest Smart to construct the exercise routine.

Exercise Intervention
Participants were encouraged to use the app on their phone or
tablet for at least 150 minutes per week (eg, 3-5 days per week
at 30-60 minutes each session) for 12 weeks. After registering
on the app and completing several self-report Likert scale
questions (ie, standing posture, tremors, balance, fall history,
turning in bed, body movements with activities of daily living;
Figure 2) and performance-based assessments (ie, STS, timed
360 degree turn, TUG, timed shirt removal), the 9zest app, using
a proprietary algorithm (9zest Smart), constructed an exercise
regimen for the participant’s level of function. The customized
exercise regimen was constructed from a library of over 1000
original exercise videos, developed by physical therapists. The
library consisted of exercise in the following categories: aerobic,
strengthening, balance, yoga based, range of motion/stretching,
meditation based, and speech therapy exercises. However,
because mobility was assigned as the in-app goal for each
participant, the 9zest Smart algorithm drew exercises from the

strengthening, balance, and stretching categories. The 9zest
Smart, the app’s intelligent engine, determined the regimen and
levels of exercises for a user based on the most recent
assessment (Figures 3 and 4). Thus, the app chooses the exercise
program based on the primary goal (ie, mobility) and then uses
the responses from self-report questions and the data from
performance-based tests to determine the severity of the
Parkinson disease. From this information, the app selects
exercises that are consistent with the primary goal and at the
appropriate level of function based on one’s severity of
Parkinson disease. At preset intervals (generally after 2 weeks),
the app reassessed functional capacity using the same self-report
questions and performance-based measures. The 9zest Smart
algorithm adjusted the type, duration, and intensity of each
exercise in the constructed exercise regimen. All of the exercises
and dosing features are consistent with contemporary,
clinical-based physical therapy practice as determined by the
physical therapy development team who helped build the
exercise library.
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Figure 2. An example of an in-app self-report question that is used in the algorithm to construct the exercise program.

Because app-guided exercises are typically performed
independently, safety was a primary concern in the development.
All exercises in the library were deemed safe for people with
Parkinson disease by the physical therapy development team
for level of impairment and function. However, because this
had not been scientifically vetted, it became a primary aim of
this study. An additional safety feature was an audiovisual
demonstration of each exercise to ensure that the exercise was
performed with the proper technique. After the demonstration,
the participant would then follow along with the audiovisual of
the exercise in real time (Figures 3 and 4). If participants were
deemed a fall risk by the in-app assessment, then all balance
exercises would be scaled to level of function. For example, the

balance exercise may be performed in sitting or at a
counter/chair with hand contact (Figure 5). The exercise library
consists of many variations of the same exercise (eg, standing,
standing with support, sitting and lying down) and the decision
on which exercise is selected for the exercise regimen is
determined by the in-app assessment. Thus, the 9zest Smart
algorithm would select an appropriate exercise variation with
the intent of minimizing the risk for an injury or a fall.
Additionally, before the session started, a warning message was
displayed asking the participant to skip any exercises that might
cause any pain or imbalance. Lastly, the in-app instruction
reminded participants to work within their own limits to avoid
any injury or fall.
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Figure 3. An example of an exercise program.

Figure 4. An example of a specific app-guided exercise (b).
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Figure 5. An example of graded exercises based on level of function.

Data Analysis
Data were analyzed using SPSS version 24.0 (IBM SPSS
Statistics for Windows) and α=.05 (where α is a priori level of
significance). For Aim 1 (feasibility), basic descriptive statistics
were used for in-app tracked exercise minutes and participants’
responses to Likert scale questions. For Aim 2 (safety), basic
descriptive statistics were used for the number of adverse events,
falls, and a Likert-style question on whether the app was safe.
For Aim 3 (signal of efficacy), the primary endpoint of the pre
and 8-week outcome measures were analyzed using paired t
tests to determine if app-guided exercise improved outcomes
over the first 8 weeks of the study. In addition, the number of
participants who improved beyond the MDC was tabulated for
each of the primary endpoints. For the secondary endpoint of
the 12-week outcomes and to determine if improvement
continued after the 8-week measurement point, a one-way
repeated measures ANOVA was used to compare the pre,
8-week, and 12-week outcomes. Descriptive statistics were used
to report the results of the Global Rating of Change responses.

To determine if there was a dosing effect, those who used the
app as instructed (≥150 minutes per week) were compared with
those who did not using a 2 (≥150 minute average per week:
yes or no) × 2 (time: premeasurement, 8-week measurement)
mixed factorial ANOVA. To explore this further, Pearson
correlational coefficient analyses were performed to determine
if the minutes of app use was associated with overall
improvement (8-week measurement – premeasurement) for
each of the 3 primary endpoints (ie, STS, TUG, and PDQ8).

Results

Recruitment
A total of 28 participants (mean age in years 62.1 [SD 9.6],
mean years since diagnosis 3.3 [SD 2.5]; males=6; females=14,
and unknown=8) completed the 12 weeks of the study (Figure
6). There were no statistically significant differences between
the dropouts and participants that completed the trial for age,
sex, and years since diagnosis (Table 1).
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Figure 6. CONSORT flow diagram of study participants.

Table 1. Means, proportions, and statistical comparisons for participant demographics for those who completed the trial and dropouts.

P valueDropoutsParticipants who completed the trialDemographics

NAa1928N

.4259.7 (8.6)62.1 (9.6)Age (years), mean (SD)

.13Sex

26Male, n

1714Female, n

08Not reported, n

.244.7 (4.4)3.3 (2.5)Years since diagnosis, mean (SD)

aNA: not applicable.

Aim 1 (Feasibility)
As much as 12 of the 28 participants averaged more than 150
minutes of app usage per week. The remaining 16 participants
averaged the following: 120-150 minutes (n=3), 90-120 (n=4),
and <90 minutes (n=9). Of the 19 respondents (9 did not
respond), a majority felt the app exercise was of value (47%
[9/19] strongly agreed, 37% [7/19] agreed, 5% [1/19] neutral,
11% [2/19] strongly disagreed), provided adequate instruction
(53% [10/19] strongly agreed, 21% [4/19] agreed, 11% [2/19]
neutral, 5% [1/19] disagreed, 11% [2/19] strongly disagreed),
was enjoyable (47% [9/19] strongly agreed, 26% [5/19] agreed,
16% [3/19] neutral, 11% [2/19] strongly disagreed), would
recommend to other people with Parkinson disease (53% [10/19]
strongly agreed, 26% [5/19] agreed, 5% [1/19] neutral, 16%

[3/19] strongly disagreed), and was appropriate for my level of
function (37% [7/19] strongly agreed, 47% [9/19] agreed, 5%
[1/19] disagreed, 11% [2/19] strongly disagreed).

Aim 2 (Safety)
There were no reported bouts of dizziness, falls, chest pain, or
other medical events/issues during the app-guided exercise but
there was 1 report of shortness of breath that resolved without
the need for medical attention. There were 4 reports of
strain/sprain injuries (3 participants: low back pain and 3
episodes of knee pain), none of which necessitated medical
attention. Of the 19 respondents (9 did not respond), a majority
felt the app exercise was safe (63% [12/19] strongly agree, 21%
[4/19] agree, 5% [1/19] neutral, and 11% [2/19] strongly
disagree).

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e18985 | p.480https://mhealth.jmir.org/2020/10/e18985
(page number not for citation purposes)

Landers & EllisJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Aim 3 (Signal of Efficacy)
There was a statistically significant improvement for each of
the 3 primary endpoints. The STS improved from the
premeasurement, mean 11.6 (SD 4.0), to the 8-week
measurement, mean 14.3 (SD 4.7; P=.01; Hedges g=0.59; 95%
CI 0.16-1.04). At the 8-week point, 15/28 (54%) improved
beyond the MDC on the STS. The TUG improved from the
premeasurement, mean 11.2 (SD 3.9), to the 8-week
measurement, mean 8.5 (SD 2.6; P<.001; Hedges g=.80; 95%
CI 0.46-1.18). At the 8-week point, 8/28 (29%) improved
beyond the MDC on the TUG. Lastly, the PDQ8 improved from
the premeasurement, mean 6.8 (SD 5.0), to the 8-week
measurement, mean 4.1 (SD 5.0; P=.01; Hedges g=0.53; 95%
CI 0.14-0.94). At the 8-week point, 6/28 (21%) improved
beyond the MDC on the PDQ8.

At the conclusion of the 12-week study, 63% (12/19, 9
nonrespondents) felt their condition was better using the Global
Rating of Change score. The results of the ANOVAs
(premeasurement, 8-week, and 12-week measurements) suggest
that there were no additional improvements from the 8-week
to the 12-week measurement points for the STS (P>.99), TUG
(P>.99), and PDQ8 (P=.94). There were no statistically
significant interactions for the factorial ANOVAs to test dosing
effect: STS (P=.39), TUG (P=.41), and PDQ8 (P=.86).
Likewise, there were no statistically significant correlations for
the average time of app exercise usage and change scores on
the STS (r=–0.148, P=.45), TUG (r=0.113, P=.57), and PDQ8
(r=–0.017, P=.93).

Discussion

Principal Findings
The main purpose of this study was to test the feasibility, safety,
and signal of efficacy of the 9zest app for people with Parkinson
disease. Results of this study suggest that independent,
video-guided exercise using the 9zest mobile app, designed for
exercise for people with Parkinson disease, may be safe and
feasible with considerable variability in app usage. A majority
of participants felt the app-guided exercise was of value and
enjoyable, and would recommend it to other people with
Parkinson disease. A majority of participants (16/19, 84%) felt
the app-guided exercise was not only safe but also appropriate
for their current level of function. Despite the variability in app
usage, the results suggest a signal of efficacy as there were
statistically significant improvements on all 3 outcome
measurements (P=.01 for STS; P<.001 for TUG; and P=.01 for
PDQ8). Additionally, a majority of participants (12/19, 63%)
felt that their condition had improved over the 12 weeks of the
study. Based on these promising data, the 9zest app may be a
safe, feasible, and useful technology for people with Parkinson
disease as an adjuvant to a formalized physical therapy program
or for those who wish to exercise independently or who do not
have access to a physical therapist or Parkinson disease–specific
exercise instruction because they live in a rural or underserved
community. However, caution is warranted as larger,
well-controlled trials are needed to draw more definitive
conclusions. While the study was not designed to make cause
and effect inferences, the results suggest an association between

exercising via the app and improvement in lower extremity
strength (STS), dynamic balance and mobility (TUG), quality
of life (PDQ8), and overall improvement (Global Rating of
Change). These results are consistent with a beneficial effect
of independent exercise using other smartphone apps in other
clinical populations [50].

It is important to note that the design of this study was such that
participants did not have any contact with members of the
research team and all assessments and training were done with
in-app programming. This was certainly advantageous from a
research resource perspective and it does mimic real-world use
of this commercially available app; however, the lack of direct
researcher contact/interaction and the requests to carry out
assessments may have contributed to the poor on-boarding rate
(Figure 6). The major reason for the poor onboarding rate may
be that the request to provide demographic information and to
perform assessments may have deterred participation as 436
prospective participants expressed interest in participating in
the study but only 74 participants provided demographic data
and completed outcome measures. This may be due to
participant burden or concerns related to privacy (eg, not
wanting to share demographic information). Losing 27 after
completing assessments (ie, not starting the intervention) may
be due to lack of interest or lack of follow through. The lack of
interaction with a health care professional or coach may have
contributed to the poor on-boarding and retention/adherence
rates.

It is noteworthy that only 43% (12/28) of the participants
reached the target of at least 150 minutes of app-guided exercise
per week. There was considerable variability in usage of the
app for exercise. Because the app was used independently with
no supervision, it is possible that some participants may have
had the app on and running but were not actually performing
the exercise along with the video, thereby inflating participation
rates. However, due to the study design, there is no way of
knowing whether this occurred or not. Additionally, there is no
way of knowing if participants “dropped-in” to another exercise
program during the 12-week study. Regardless, 2 analyses
(mixed factorial ANOVAs and correlational analyses) were
conducted to determine if there was a dose effect of app usage
on the outcome measures. The results of these analyses did not
indicate that there was a dose effect and the very low
correlations support this notion despite the fact that other
exercise and smartphone app studies have linked exercise
exposure to efficacy [51]. Further investigation into the dosing
of the 9zest app-guided exercise using a more rigorously
controlled design is warranted.

Based on the results of Aim 3, it is clear that the associations
of improvement in the 3 main outcomes measures occurred
during the first 8 weeks of the study. There were no statistically
significant improvements from the 8-week measurement point
to the 12-week measurement point for any of the outcome
measures. This suggests that the improvement may have
plateaued by the 8-week measurement point. However, the
Global Rating of Change question, asked at the 12-week
measurement point, indicates that a majority felt their condition
had improved over the duration of the study.
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Behavior change elements integrated into the app may have
helped adherence to the app-guided exercise. For instance,
incorporating remote Parkinson disease–specific peer coaching
[52] or remote supervision by a physical therapist [53] to
promote app use may be a helpful way to encourage adherence
and promote accountability [52]. While the app currently has
several behavior change techniques, including prompts/cues,
goal setting, graded tasks, and outcome feedback, to promote
exercise that are consistent with other apps for exercise [54,55],
these may have been less personalized compared with
approaches implemented by someone trained to address behavior
change like a physical therapist. By contrast, it is possible that
the behavior change elements in the study were ineffective at
promoting adherence to the research study or the exercise
program. It is also plausible that the app was not engaging
enough or lacked the optimized motivational prompts to promote
adherence.

Limitations
The most prominent limitation of the study was the poor
onboarding rate entering the study. There was a poor yield from
those who were invited to participate (74/436, 16.9%) and a
high dropout rate once participants had completed the baseline
measurements and started the exercise (19/47, 40%). These
challenges are not unique to this study as other app-based studies
have also had similar struggles with recruitment/yield and
dropout [56]. As much as 7 of the 19 dropouts had problems
with the app or technology, which may be an inherent
app-related problem or simply a challenge for older adults using
unfamiliar technology. This suggests that some human
interaction (eg, a remote health care professional/coach) in
studies like this, especially in the early stages of research, may
be important design elements to promote better onboarding and
adherence. The poor yield and high dropout rate resulted in a
considerably smaller sample size than was estimated and was
also smaller than the a priori sample size estimate. The study

participants were also a sample of convenience which may have
resulted in a biased sample of those comfortable with the
technology and those who were already motivated to exercise.
While the sample size was sufficient for the primary endpoints
of the study, it was likely underpowered for the Aim 3 factorial
ANOVAs. It is also important to note that low levels of app use
do not necessarily equate to actual exercise levels as it is
possible that participants were exercising without the app.
Another limitation of the study was the remote testing of
performance-based measures such as the STS and TUG, which
have not been psychometrically vetted using a remote test. Two
participants strongly disagreed that the app was safe. In fact,
these same 2 participants strongly disagreed on every Likert
question despite both being regular users of the app and both
improving over the course of the study. There were no consistent
characteristics, patterns, or themes in these participants’ data.
It is possible that they may have misinterpreted the direction of
the scale. Lastly, adverse events were only asked every 2 weeks
and this length of time may have increased the chance for recall
bias (ie, under- or over-reporting because of poor memory).

Conclusion
For those participants who completed this study, independent,
video-guided exercise using the 9zest mobile exercise app for
people with Parkinson disease was safe and feasible and a
majority of participants felt the app-guided exercise was
enjoyable, provided adequate instruction, and would recommend
it to others. While this study was not designed to determine
cause and effect, the results provide evidence for a signal of
efficacy as there were improvements in lower extremity
functional strength, mobility and dynamic balance, and quality
of life after 8 weeks of participation which were sustained at
12 weeks. The poor onboarding and adherence may suggest a
limited generalizability only to those that are able to interact
successfully with the technology.
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Abstract

Background: Worldwide, hypertension control rates remain suboptimal despite clinically effective antihypertensive drug
therapy. Patient failure to take medication as prescribed (ie, nonadherence) is the most important factor contributing to poor
control. Smartphone apps can facilitate the delivery of evidence-based behavior change techniques to improve adherence and
may provide a scalable, usable, and feasible method to deliver self-management support.

Objective: The aim of this study is to explore patients’ experiences of the usability and feasibility of smartphone apps to support
self-management and improve medication adherence in hypertension.

Methods: A qualitative descriptive study was conducted. A total of 11 people living with hypertension from the West of Ireland
were sampled purposively and interviewed about their experience of using a self-management app for a 4-week period, which
included two key functionalities: self-monitoring of blood pressure (BP) and medication reminders. Thematic analysis was carried
out on the semistructured interview data.

Results: Participants’ age ranged from 43 to 74 years (mean 62 years, SD 9.13). Three themes were identified: digital
empowerment of self-management, human versus digital systems, and digital sustainability. Although patients’ experience of
using the technology to self-monitor BP was one of empowerment, characterized by an enhanced insight and understanding into
their condition, control, and personal responsibility, the reminder function was only feasible for patients who reported unintentional
nonadherence to treatment. Patients experienced the app as a sustainable tool to support self-management and found it easy to
use, including those with limited technological competence.

Conclusions: The study’s findings provide new insights into the experience of using apps to support medication adherence in
hypertension. Overall, the data support apps as a usable and feasible method to aid self-management of hypertension and highlight
the need for personalized functionality, particularly with regard to medication adherence reminder strategies. The study’s findings
challenge the perspective that the use of these technologies to support self-management can inevitably add to the burden of
treatment experienced by patients.

(JMIR Mhealth Uhealth 2020;8(10):e17470)   doi:10.2196/17470
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Introduction

Hypertension has been identified as the leading modifiable risk
factor for cardiovascular disease and consequently represents
a major cause of premature morbidity and mortality due to
adverse cardiovascular and cerebrovascular events [1]. Blood
pressure (BP) control and management of hypertension can be
achieved through antihypertensive drug treatment, which has
proved to be clinically effective [2,3]. However, recent evidence
(including control rates across 12 countries) suggests that BP
control through antihypertensive treatment is suboptimal, with
at least 20% of those prescribed treatment failing to achieve
control [4]. Findings from nationally representative
community-based studies, such as The Irish Longitudinal Study
on Ageing, report control rates as low as 50% [5]. Patient
nonadherence (ie, failure to take medication as prescribed)
continues to be recognized as the most critical variable in
suboptimal BP control through antihypertensive treatment [6].

Some intervention approaches to support self-management of
hypertension and enhance adherence have been shown to be
effective in improving BP control [7] and increasing adherence
[8]. These interventions have included a heterogeneous range
of behavior change techniques to improve medication adherence
[9]. Systematic and meta-analytic review evidence supports
self-monitoring of BP as a successful intervention component
to reduce mean systolic and diastolic BP readings [10,11] and
increase adherence to antihypertensive therapy [12]. Automated
medication reminders (ie, environmental prompts or cues) offer
a simple, yet empirically established intervention component
associated with enhanced adherence and improved BP control
among high-risk patients with hypertension [13]. It is clear that
such active intervention ingredients can be delivered using
innovative digital technologies, including smartphone apps,
which might constitute a scalable, potentially usable, and
feasible method to deliver self-management support to patients
with hypertension [14,15].

Despite the potential of such devices to improve adherence, a
contemporary theoretical perspective proposes that newer
technologies that encourage a proactive approach to patient care
and can be easily shifted from the clinic to the community may
serve to place new demands on patients, causing them to
experience an increased burden of treatment [16]. Furthermore,
an exploration of patients’perspectives on the possible adoption
of smartphone apps to support self-management and improve
adherence in hypertension has revealed important concerns,
including the potential of such technologies to increase
health-related anxiety, and the authors have cautioned that the
current patient perspective might be best characterized as one
of ambivalence [15]. An exploration of the patient experience
of using these technologies in an ongoing community context
is now warranted to provide timely insights into these concerns.
Therefore, the aim of this study is to explore patients’
experiences of the usability and feasibility of smartphone apps
to support self-management and improve medication adherence
in hypertension.

Methods

Design
A qualitative descriptive study was conducted. The Consolidated
Criteria for Reporting Qualitative Research Checklist was used
to ensure explicit reporting on how this study was carried out
(Multimedia Appendix 1) [17].

Participants and Recruitment
Participants were recruited through Croí (the West of Ireland
Cardiac Foundation), a heart and stroke charity located in
Galway city. Recruitment emails advertising the study were
sent to database records of individuals who had used the
charity’s service until March 2019. Interested patients living
with hypertension contacted the primary researcher by telephone
or email to obtain further study information and ensure
eligibility. To be eligible for participation, patients must have
been prescribed at least one form of antihypertensive therapy
and own an Android smartphone. Purposive sampling was used
to achieve adequate variability in age, sex, and complexity of
the medication regime.

The App
The smartphone app used is called BP Journal. BP Journal is
commercially available (Google Play Store), serves as a
companion app to a clinically validated home BP monitor, and
was chosen by the research team as it is typical of medication
management apps for hypertension in that it includes two key
functionalities: self-monitoring of BP and medication reminders.
Users of the app create a personal profile and set daily reminders
to take BP medication and readings. The app allows for the
self-reporting and storage of BP readings, producing feedback
of BP measurements in the form of statistics and interactive
charts. An export function provides users with an opportunity
to print or send via email BP data in comma-separated values
or PDF format.

Procedure
Participants attended an initial session during which they
downloaded the app and created their personal profile. They
were then provided with a home BP monitor (A&D Medical
model UA-767S-W) and shown how to navigate the equipment.
Participants were requested to use these materials to support
hypertension self-management for 4-weeks. To ensure
participants became familiar with app functionalities, it was
recommended that they took BP readings at least twice per week
(unless they had a pre-established self-monitoring routine). The
1-month feasibility duration was based on previous mobile
health feasibility studies using 2- to 4-week periods [18,19].

Semistructured, face-to-face interviews were facilitated and
audio-recorded by the primary researcher (CM, a female MSc
graduate in health psychology with experience and training in
qualitative research methods of both collection and analysis) to
elicit patients’ experiences of using the app. The interview topic
guide, which was centered around questions relating to
feasibility and usability, was composed by reviewing qualitative
research in the area and revised during the data collection
process to be responsive to unforeseen issues. Therefore, an
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iterative approach was adopted to ensure that the researcher did
not restrict the analysis to only issues anticipated as relevant
[20]. Feasibility was defined in terms of practicability of using
the app to self-manage hypertension and the extent to which
participants successfully (or unsuccessfully) used the BP Journal
app for the 4-week period (Multimedia Appendix 2). The
interviewer had no previous relationship with participants before
the study commenced, and the duration of the interviews ranged
from 9 to 29 min. All data were collected at Croí House, the
charity’s dedicated facility. No nonparticipants were present
during the data collection process other than the primary
researcher.

The System Usability Scale (SUS) [21] was distributed to
participants before the commencement of interviews to provide
descriptive data on the perceived usability of the app. Scores
on the SUS range from 0 to 100, with higher scores indicating
greater perceived ease of use. A score of 68 or above is
considered above average [22].

Data Analysis
Interviews were transcribed verbatim and analyzed using
thematic analysis, following the six phases proposed by Braun
and Clarke [23]. “Thematic analysis is a method for identifying,
analyzing, and reporting patterns (themes) within data” and is
celebrated for its accessible and theoretically flexible approach
to analyzing qualitative data. A realist inductive approach, a
data-driven approach to analysis that reports on the experiences
of participants without trying to fit into an existing coding frame
or follow prior theoretical conceptions, was taken [23]. During
phase one, the familiarization process involved active reading
of the transcripts. Phase two involved the generation of an initial

list of codes and involved the assignment of sections of the
transcripts to descriptive codes. Phase three involved refocusing
the analysis by sorting codes into potential themes. This
involved the creation of preliminary categories comprising codes
that were conceptually linked. Phase four included refining a
set of candidate themes produced during phase three, and phase
five involved defining and naming the themes. Phase six
included the write-up of the analysis in a concise, coherent, and
logical manner [23]. The refinement of themes during phase
five resulted in the organization of patterns within each theme
into subthemes, which also enhanced the coherence and
presentation of the results. In an effort to enhance reflexivity,
2 members of the research team (2 health psychologists) joined
the primary researcher to review preliminary categories, refine
candidate themes and subthemes, and each contributed to the
analysis [24]. NVivo version 12 (QSR International) was used
to facilitate the analysis.

Ethical Approval
Ethical approval was sought and granted for this study by the
School of Psychology Research Ethics Committee at the
National University of Ireland, Galway.

Results

Participant Characteristics
Patient characteristics are summarized in Table 1. Three themes
were identified in the data: digital empowerment of
self-management, human versus digital systems, and digital
sustainability. To reflect patients’ perceived usability of the
technology, the SUS score of each participant complements
supporting quotations below.
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Table 1. Patient characteristics (N=11).

ValuesCharacteristics

Demographic characteristics

62 (43-74)Age (years), mean (range)

6 (54)Female, n (%)

8 (73)Urban, n (%)

9 (82)Married, n (%)

2 (18)Single, n (%)

4 (36)Working full-time, n (%)

1 (9)Working part-time, n (%)

1 (9)Unemployed, n (%)

5 (46)Retired, n (%)

5 (46)Private health insurance, n (%)

Clinical characteristics

1.73 (1-3)Number of antihypertensive medications, mean (range)

11 (100)>12 months since diagnosis, n (%)

9 (82)Presence of multimorbid conditions, n (%)

Other

1 (9)Previous use of a smartphone to manage hypertension, n (%)

89.1 (70-97.5)SUSa score, mean (range)

Self-rated technology literacy, n (%)

7 (64)High

4 (36)Medium

aSUS: System Usability Scale.

Digital Empowerment of Self-Management
The theme of digital empowerment of self-management refers
to patients’ experiences of using the technology to self-monitor
BP and is represented by two subthemes: insight and
understanding and control and responsibility Although none
of the participants had a regular self-monitoring routine at the
time of study commencement, some reported prior occasional
use of monitoring equipment. For others, the study provided
their first experience of self-monitoring BP. Many patients who
reported prior use of monitoring devices described how using
the app had provided them with a better monitoring system,
when compared with previous ad hoc systems:

The thing about [using the app] is that it is more
regular...up to this I would only use the monitor when
I felt I had high BP...doing it on regular basis is a
better monitoring system, whereas mine was ad hoc.
[Male, 65 years; SUS 87.5]

Insight and Understanding
Several patients valued the output information produced by the
self-monitoring function and felt it provided them with a greater
insight into the state of their BP. The retrieval of visual feedback
in the charts offered to participants more meaningful information
and a feeling of empowerment:

The good thing about the app was I could see it
visually; visual things mean a lot more to me. [Male,
65 years; SUS 87.5]

All the information it gave me about the state of the
BP [was the most helpful aspect of the app]...I could
see the different measurements myself and see the
charts up and down. [Female, 63 years; SUS 97.5]

Many participants expressed how visualizing BP data in the
charts made their condition more tangible, whereas the visual
qualities in the app helped others make sense of and interpret
BP readings. Some acknowledged that using the self-monitoring
function had provided them with an enhanced understanding
of the asymptomatic nature of hypertension and the hazards of
judging their condition by how they felt, thereby reconstructing
the way they perceived their condition:

You are getting an accurate account of what’s
happening in your body...normally you are judging
yourself by how you feel...I was surprised my BP was
higher than I thought...that made me aware sometimes
I might feel good and be busy, but I was overlooking.
[Male, 65 years; SUS 87.5]

Visualizing fluctuations in BP readings was perceived as
interesting by several and sparked curiosity. Fluctuations in
readings despite feelings of accurate medication-taking
behaviors evoked a sense of concern in some patients regarding
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whether their medication was working to control their BP. For
others, the retrieval of consistent readings verified that their BP
was under control:

It was a nice app...it told me my BP was fluctuating
even though it was the same time of day. I am
considering going back to my doctor and showing
him the results on my follow-up...there might be
another tablet that might be better. [Female, 71 years;
SUS 97.5]

Control and Responsibility
Many patients expressed how their newly established
self-monitoring regime had provided them with an improved
feeling of control over their condition between consultations in
primary care. They described how this had offered them
reassurance and had promoted an increased feeling of
responsibility for one’s health. One participant described how
she thought this improved feeling of control might function to
decrease health anxiety in patients who were worried about their
BP:

When you go and get your BP taken and you’re put
on medication if everything is going as it should you
may not go back to the doctor, you don’t know what’s
going on...six months can make a big change. I just
heard of another person, they are panicked about
their BP and ringing the doctor...if you had this at
home you might calm down...you have this back up
to know that everything is controlled...you’re looking
after yourself and have your own check. [Female, 50
years; SUS 95]

Several of the participants described how their improved feeling
of responsibility would help them take action if their BP
readings were consistently out of range. Many patients for whom
the study provided them with their first experience of
self-monitoring BP discussed how their new sense of
responsibility was stronger than what they had felt with the
conventional standard office monitoring system in primary care:

If there were any unusual stuff happening, I’d pick it
up...sometimes you go to a GP to get a check-up, but
you wouldn’t pick it up there and then...if you are
doing this self-checking yourself...if there is something
unusual happening you could take action. [Male, 56
years; SUS 92.5]

Feeling empowered, some reported instances during which the
app had encouraged them to play an active role in consultations.
This occurred when patients used the app to guide conversation
with their general practitioner (GP). A few patients underwent
ambulatory monitoring, followed by the detection of
uncontrolled BP and, in turn, experienced changes to their
medication:

I showed it to my doctor, and she did a blood pressure
monitor...[It] advised that my blood pressure was
very high...I feel glad I found it out. [Female, 63 years;
SUS 97.5]

Human Versus Digital Systems
The theme of human versus digital systems focuses on patients’
experiences of the technology to support reminder strategies in
daily self-management and is represented by two subthemes:
utility of the digital system and interference of the digital system.

Utility of the Digital System
For those patients who reported they might frequently forget to
take medication (ie, unintentional nonadherence) and could
recognize their current medication-taking system was not
perfect, the medication reminder was experienced as useful:

Some mornings I was rushing and only for it did beep
I probably would have forgotten to take them...it’s a
tool, it helps because we can forget easily. [Female,
50 years; SUS 95]

I mean the reminder was good because it told you at
the time to take your medication and there is a chance
with me, I would forget...there was a couple of times
I totally forgot. [Male, 74 years; SUS 70]

One participant described how the medication reminder was
becoming integrated into his everyday routine:

The reminder was excellent...I’d look at the clock and
say it wasn’t some message coming in...I knew it was
time to take my medication. [Male, 65 years; SUS
87.5]

Interference of the Digital System
The medication reminder was experienced as less practical
among patients who expressed a strong satisfaction with their
current human system, linking medication taking to events in
their daily routines. These patients varied in future intent to
engage with the reminder. Although several patients could see
the benefit of using the reminder if they were out of routine,
others considered the reminder as unnecessary:

I didn’t need reminding about my tablets in all the
years I’m on them I’ve probably forgotten to take
them twice ever...it’s part of my routine after breakfast
and before I go to bed...having said that I am going
on holidays in a few weeks, it will be good for that.
[Female, 43 years; SUS 87.5]

One patient described how she had tried to stick to the
time-based reminder but reverted to old habits out of fear that
she might forget to take her medication. In this way, the digital
system interfered with the patients pre-established medication
routine. This patient expressed how she thought the reminder
would be more feasible for patients who did not have strong
habits:

I thought the reminder was good...if I was somebody
starting off that hadn’t made all these habits...but for
me after 25 or 30 years I couldn’t do it, I think it’s
just old habits die hard. [Female, 63 years; SUS 97.5]

Digital Sustainability
The final theme to be identified was digital sustainability. The
theme of digital sustainability refers to participants’ thoughts
and ideas about the use of the technology in the future to support
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hypertension self-management and suggestions to improve app
functionality. This theme is further represented by two
subthemes: long-term use of the digital technology and
improvement suggestions.

Long-Term Use of the Digital Technology
Most participants reported no concerns about using the
technology going forward. Several reported that the app and
monitor were easy to use despite limited technological
competence:

Technology over the last couple of years...what I
could do before I have kind of forgotten. I mean I
[still] found the app very...once you did one or two
testings with it, it became automatic. [Male, 74 years;
SUS 70]

Most participants expressed that they intended to continue using
the technology after the study. The self-monitoring function
was a major motivation for continued use. Many patients who
did not own a monitoring device acknowledged that they
intended to buy one. Perceiving the app as being beneficial in
consultations encouraged sustainability:

I am actually going to buy a monitor of my own and
if the app stays there I am going to continue taking
readings...I will have it there to show the trend in my
blood pressure, so I can pass it on to a doctor. [Male,
63 years; SUS 92.5]

Improvement Suggestions
Important improvement suggestions included making the
reminder more intrusive by adding an audio signal or a snooze
function. Another suggestion included making the reminder
function more comprehensive by allowing patients to confirm
in the app that they had taken their medications. The utility for
more comprehensive app functionalities, including components
to promote adherence to subsequent lifestyle behaviors such as
physical activity and diet, was also mentioned. Suggestions to
increase the complexity of the app were weighed against a strong
emphasis to keep app functionalities simple to ensure that the
app was suitable for all users, particularly those who might not
be savvy:

I find in life, it’s called the KISS principle...keep it
straight and simple...and the app in my opinion is
easy to use...you have to make it easy to
use...remember your clients that you are giving it to
are not savvy... [Male, 63 years; SUS 92]

Discussion

Principal Findings
The data from these interviews provide new insights into
patients’ experiences of the usability and feasibility of
smartphone apps to improve adherence to hypertension. The
patient experience of using the technology to support
self-monitoring of BP was one of empowerment, characterized
by an enhanced insight and understanding of hypertension, an
improved feeling of control over health, reassurance, and
increased patient responsibility. Patients’ experiences of using
the technology to support reminder strategies were more varied;

although the reminder function was useful for patients who
reported unintentional nonadherence to treatment, it was less
practical for those who reported existing context-based
medication-taking habits. Overall, most patients experienced
the technology as sustainable, reporting that they intended to
continue to engage with the app in the future. Patients were
confident in their use of the technology by the end of the
feasibility period despite limited digital competence. This was
complemented by descriptive data, which demonstrated that all
participants scored above average on the SUS, a robust
evaluation tool of perceived ease of use [25].

Strengths and Limitations
This study provides timely data on the use of technology to
support self-management of hypertension and to the researcher’s
knowledge is the first to use qualitative methods to examine
patients’ experiences of the usability and feasibility of
smartphone apps specifically for medication adherence in
hypertension. This extends research in this area [15] that focused
on initial impressions of smartphone app use rather than using
them over an extended period. This provides the perspective of
users beyond an early novelty phase and provides new findings
that have enhanced ecological validity. Semistructured,
face-to-face interviews were appropriate because they prevented
the loss of contextual and nonverbal data, allowing the
interviewer to pick up on visual cues, such as how to proceed
with dialogue [26]. In addition, individual interviews were
appropriate as they allowed patients to express their own
individual opinion, avoiding the social desirability bias, which
might concern group-based methods of data collection. It is also
likely that the research team members with different levels of
expertise coming together to each contribute to the analysis
heightened reflexivity, which is another potential methodological
strength.

One limitation is the potential of sampling bias. Although
purposive sampling was used, the sample was from a single
geographic location and limited to Android smartphone users.
It is also possible that this sample captures a more positive
patient experience of self-management technologies, as it is
based only on a subsample of patients who volunteered to
participate and who had prior involvement with Croí, the Irish
heart and stroke charity. This is due to the potential likelihood
of the participants reflecting a more motivated, technologically
inclined, and adherent group. It must also be recognized that
all the patients had a hypertension diagnosis of >12 months,
which could have influenced the findings.

Comparison With Prior Research
Our findings support previous research investigating patients’
experiences of self-management technologies across other illness
contexts. A metaethnography on digital interventions to support
self-management covering a range of conditions (eg, asthma,
chronic obstructive pulmonary disease, diabetes) has found that
patients monitoring their health felt reassured by the insight
provided and felt they had more meaningful conversations with
health care practitioners [27]. The review also found that patients
who could understand self-monitored data in the context of
lifestyle behaviors (eg, medication adherence) felt an improved
sense of control over their condition, which allowed them to
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find meaning in physiological self-monitored data. This is
reflected in our theme of digital empowerment of
self-management wherein patients expressed a sense of
reassurance, played a more active role in consultations (or
believed self-monitored data would allow them to do so), and
ascribed meaning to visual feedback. Similarly, many patients
linked readings to medication-taking behavior and felt improved
control over their BP. Our theme of digital empowerment of
self-management is also consistent with the findings of a
thematic synthesis by Fletcher et al [28], which focused
specifically on self-monitoring of BP in hypertension and found
that increased control, autonomy, and self-efficacy enabled
patients to move from a passive to an active role in
consultations, promoting patient involvement in care.

Our findings support previous literature from a number of areas
including information visualization, human-computer
interaction, and medicine, which argues that making health data
visible creates opportunities for patients to make sense of their
illness, which in turn may lead to more effective
self-management [29]. In our data, visualizing self-reported BP
data made hypertension more tangible for patients and
reconstructed the way they perceived their condition. These
findings are consistent with the findings of a study by Hallberg
et al [30], who found that using a mobile phone–based
self-management system that included visual feedback of
self-monitored BP data caused patients with hypertension to
experience changes to illness perceptions, including timeline
and treatment beliefs. These theoretical constructs from the
Common-Sense Self-Regulation Model (CS-SRM [31]) have
been consistently shown to predict adherence to antihypertensive
therapy in quantitative studies [32,33]. These findings have also
been supported in qualitative studies [34].

The findings of this study also lend support to emerging research
that points to the possible utility of digital technology, especially
smartphone apps, to support reminder strategies in some patients
who report unintentional nonadherence to treatments (eg, [35]).
This is reflected in our theme human versus digital systems
wherein patients who reported unintentional nonadherence to
antihypertensive medication found the digital reminder useful,
whereas those who reported contextual-based habits did not.

Implications for Practice, Research, and Design
Ineffective communication with patients with hypertension is
correlated with poor adherence to antihypertensive therapy, and
effective communication has been identified as an important
obstacle for practitioners, largely due to a lack of understanding
of hypertension in patients [36]. In our data, use of the
technology enhanced patients’ understanding of hypertension
and many reported uses of the app in consultations to facilitate
discussion. The use of the app in consultations helped to engage
patients in shared decision making regarding treatment. These
findings suggest that the use of the technology can promote
more effective interaction in practice, potentially inadvertently
increasing adherence and patient involvement in care, and
helping to bridge a gap in the traditional doctor-patient
relationship. Despite this implication of this finding for practice,
previous inquiries have shown that this shift in power balance
is not always viewed as a positive thing by practitioners [37,38].

Another important consideration highlighted by a recent study
on GPs’ perspectives that must be addressed in relation to the
doctor-patient relationship and such technologies in practice
concerns the issue of who holds the responsibility for
self-monitored BP data [37].

The findings of this study have important implications for
optimizing technological design. In addition to considering the
feasibility of the suggestions made by these patients to promote
the sustainability of the app, the authors recommend that future
developers of adherence technologies for hypertension design
contextual-based reminder functionalities to support habit
development in patients who report unintentional nonadherence.
Prospective memory is an important component of medication
adherence and is supported by context-based cues more
effectively than time-based cues [39]. This is reflected in our
findings, as patients who were satisfied with their human system
linked medication taking to events in their everyday lives. The
potential capacity of such devices to support habit formation in
hypertension may represent a key mechanism whereby
adherence can be enhanced, as the extended CS-SRM has
emphasized that habit strength is a significant theoretical
predictor of unintentional nonadherence, and related evidence
indicates that it may be the most potent predictor of long-term
adherence to antihypertensive therapy [40].

Finally, it is noteworthy that a large proportion of participants
who were living with hypertension in this study reported the
presence of multimorbidity (defined as the presence of two or
more chronic health conditions coexisting in one individual).
Epidemiologic evidence suggests that multimorbidity is now
the norm, rather than the exception [41]. Although the
prevalence of multimorbidity in the study sample is higher than
that reported in other studies, including community-based
samples of patients with hypertension [42], the high prevalence
reflects a need for medication management technologies to take
such findings into account. Although the current focus was on
hypertension self-management, it remains undetermined whether
patients’experience of self-managing hypertension in this study
had an impact on their management of coexisting conditions.
It is a potential avenue for future research to develop scalable
methods to support the management of polypharmacy (use of
multiple medications) to promote adherence in patients with
multimorbidity. The authors are aware that preliminary research
efforts are being made in this area (eg, [43]). However, a recent
Cochrane review [44] examining interventions to manage
multiple medications in older adults included limited studies
that currently use digital technology to support self-management
of multimorbidity. Careful development is required, which
integrates behavior change science.

Conclusions
The patients in this qualitative study experienced the technology
as a usable and feasible method to support self-monitoring of
BP. However, to experience the technology as feasible to support
reminder strategies, this study’s findings suggest that the patients
must first have found a need that their current medication-taking
systems could not fill. The technology was generally
experienced by these patients as a sustainable tool to support
hypertension self-management in the long term. Overall, the
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data support apps as a usable and feasible method to support
self-management and highlight the need for personalized
functionality in relation to medication adherence reminder
strategies. This study adds to a growing body of literature that

challenges the perspective that the use of such self-management
technologies will inevitably add to the patient burden of
treatment [16].
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Abstract

Background: The Special Supplemental Nutrition Program for Women, Infants, and Children (WIC) is one of the most important
food assistance programs in the United States, serving 6.4 million low-income, eligible women, infants, and children under 5
years of age in 2019. In the program, participants are prescribed a list of food benefits, which can be redeemed in WIC-authorized
stores. However, there are multiple behavioral barriers in the program and the stores that prevent participants from redeeming
the benefits fully.

Objective: This study aims to examine the relationship between the use of a widely used mobile phone app, WICShopper, and
the redemption of the prescribed food packages.

Methods: WIC administrative data were obtained from West Virginia for the period January 2019 to January 2020 and included
30,440 WIC households that had received food benefits in that period. The redemption rates of 18 WIC food benefits were
compared between app users and nonapp users, that is, those who never used the app in the study period. The use behaviors were
defined for the app users, including the number of active use benefit cycles, active benefit cycle rates, number of active use days
in the cycle, and proportion rates of daytime use. Panel linear regressions were applied to examine how the redemption rates were
related to these behaviors over time.

Results: App users consistently had higher average redemption rates than nonapp users; the difference ranged from 3.6% (4.8%
relative) for infant formula to 14.3% (40.7% relative) for fish. After controlling for sociodemographics, the coefficients of app
use were significantly positive for all benefit categories except for WIC-eligible nutritionals. More active cycles and active days
in the cycle were significantly related to redemption rates for all categories, except for frozen juice (coefficient=−0.002, P=.09).
Daytime app access was positively associated with redemption rates for most food benefits except only a few, such as infant
formula (coefficient=−0.03, P<.001).

Conclusions: Use of the WIC app was significantly related to higher redemption rates across food benefits, although the
association varied across benefit categories. More active days were positively related to benefit redemptions across food categories,
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and the app’s daytime use was positively associated with the redemption of most benefit categories. These findings suggest that
the WIC app can be an important tool for the promotion of benefit redemption among WIC participants.

(JMIR Mhealth Uhealth 2020;8(10):e20720)   doi:10.2196/20720

KEYWORDS

mobile phone app; WIC; EBT; benefit redemption; mobile phone

Introduction

The Special Supplemental Nutrition Program for Women,
Infants, and Children (WIC) is one of the most successful food
assistance programs in the United States, serving approximately
6.4 million low-income pregnant, breastfeeding, postpartum
women, infants, and children under 5 years of age in the fiscal
year 2019 [1]. The WIC program plays an important role in
improving the health and developmental outcomes of infants
and children during critical developmental stages, promoting
healthier eating, better birth outcomes, lower risk of childhood
obesity, and improved household food security [2-7].

To achieve its goal, WIC certifies its enrollees for a certain
number of months, that is, the certification period. During that
period, an enrollee is prescribed a maximum quantity of
supplemental foods, such as breakfast cereal and milk, for each
monthly benefit issuance cycle, either a calendar month (eg,
July 1-31) or a rolling month (eg, July 15-August 14) [8]. The
prescribed food benefits can be redeemed in WIC-authorized
stores before the benefits expire [9]. A WIC enrollee becomes
a participant only after he or she redeems some or all of the
prescribed food packages [8].

Although the WIC food benefits are free for participants, there
are barriers in the retail and clinic environment that prevent
participants from redeeming their benefits [9-11]. For example,
it is challenging for participants to remember the specific eligible
brand names or product types in each food category and identify
them correctly in stores (eg, Great Value 100% apple juice is
authorized in West Virginia, but Minute Maid 100% natural
flavor fruit punch is not). Incorrect identification of eligible
food may result in denial of the redemption in the checkout
process, which may create embarrassment or frustration among
WIC participants [12]. Other barriers include difficulty in
remembering the benefit expiration date or clinic appointment
times [13]. These barriers could contribute to the
under-redemption of food benefits. As a result, only 12.6% of
the WIC households in Kentucky, Michigan, and Nevada
redeemed all their benefits in 2012 [14]. It is expected that when
participants are not able to fully redeem the benefits they need
and/or when they have negative redemption experiences, some
of the unsatisfied participants may drop out of the WIC program.
The national rate of participation in the WIC program steadily
decreased from a peak in 2011 (64%) to the bottom in 2017
(51%) [15]. Various interventions have been implemented at
the national and state levels to improve participation rate and
participant satisfaction with the WIC program [16].

Electronic benefits transfer (EBT) is one of the most significant
changes implemented to improve WIC administration [17].
Compared with the traditional WIC paper voucher, the EBT

card, similar to a debit card, is thought to be easier and more
convenient for WIC participants, vendors, and the WIC program.
The implementation of the EBT system has been completed in
most states; the deadline for all states to make the transition is
October 1, 2020. Transition to EBT has been associated with a
higher redemption of food benefits, reduced stigma at checkout,
and improved overall retail experience [12,18]. More
importantly, EBT allows integrating the electronic transaction
system and other WIC administrative systems, which can
provide an eWIC platform that makes it possible for redemption
data mining and future technology innovations.

On the basis of the eWIC system, WIC apps have become a
prevalent innovation across WIC state agencies. Although a
federal agency funds the WIC, the program is operated at the
state level in 50 states, among 34 Indian tribal organizations,
in the District of Columbia, and in five US territories [19]. A
recent review indicated that 17 different apps were used by
participants in 37 state WIC agencies [20]. These apps include
some or all of 4 main features: facilitating benefit redemption
in stores, such as identifying eligible food, facilitating clinical
experience, such as scheduling reminders, supplemental
information (eg, recipes), and nutrition education required by
the WIC program [20]. Although many WIC participants have
used these apps, little research has been conducted to rigorously
evaluate them, except for 1 small-scale qualitative study that
demonstrated a high priority among WIC participants to access
information through a WIC app [21].

Evaluating the effectiveness of WIC apps is critical for WIC
agencies, participants, and researchers. First, evaluation can
assist the decision making of the state agencies that have not
adopted the app. Second, evaluation can help app creators
identify gaps and improve app functions for WIC participants.
Third, the WIC app has the potential to become a health
promotion platform. Specifically, evaluation helps researchers
understand WIC participants’ health-related behaviors. This
information can be used to develop future intervention and
health promotion programs. Finally, all these improvements
can eventually help WIC participants navigate within the
program more easily so that they can benefit more from it.

This study aims to evaluate the effectiveness of WIC apps to
fill this knowledge gap. To the best of our knowledge, this is
the first state-level WIC app evaluation in the United States that
compares the redemption outcomes between WIC app users
and nonapp users. We selected the WICShopper app as the
research context because it has been adopted by 32 state WIC
agencies, 3 Indian tribes, and 1 US territory [22], having the
largest market share and the highest number of installations
among all WIC apps reviewed by Weber et al [20]. In contrast,
most of the other WIC apps, such as the California WIC App,
are limited to 1 state and have fewer users. The WICShopper
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app allows the participants to check real-time benefits, eligibility
of food products, WIC vendor and office locations, and recipes.
The app was rated 4.5 in the Apple app store and 4.5 on Google
Play, one of the highest ratings among the WIC apps, with the
ratings ranging between 2 and 5; for example, Alabama WIC
was rated 2.3 in the Apple app store and Arizona WIC was rated
4.7 on Google Play. Therefore, the WICShopper app is an
appropriate candidate for a large-scale evaluation.

As the main purpose of the WICShopper app is to facilitate
benefit redemption via multiple features, such as checking
benefit balance and scanning the bar code to check eligibility,
this study aims to examine how the WICShopper app usage is
associated with redemption in various food benefit categories
by comparing the redemption outcomes between WICShopper
app users and nonapp users.

Methods

Study Design and Sample Selection
To examine the relationship between app usage and WIC benefit
redemption, we adopted a mix of cross-sectional and
longitudinal study designs. The data source was the
administrative data from the West Virginia WIC agency merged
with the app usage data provided by JPMA, Inc, the developer
of the WICShopper app. The West Virginia WIC agency was
one of the first 3 state agencies to adopt this app (in 2013).

The WIC administrative data included participants’
sociodemographics, participation status, food benefit
prescriptions, and redemption records. The redemption data set
contains detailed transaction information, such as transaction
dates, description of the food categories, units redeemed, and
the number of units redeemed. The app activity data have a
timestamp that records when a user turns on the app. The WIC
administrative data were linked with the app data by WIC
household identification number. As 1 household normally has
1 EBT card, which can have multiple packages for multiple
participants, such as a mother and her children, we used the
household as the unit of analysis. The study period was from
January 19, 2019, to January 18, 2020, because of the archiving
cycles of the app data.

Statistical Analyses

Measures
The main outcome was the redemption rate of a household in
a benefit cycle, which is defined as the sum of the redeemed
amount for a food category divided by the prescribed amount
for that food category per household in a benefit cycle. The
benefit cycle is usually a month, but it could be shorter than a
month if a participant has a late visit to the WIC clinic for
benefit renewal. The redemption rate was calculated using the
following 18 food categories: infant meats, frozen juice,
legumes, whole-grain bread, infant cereal, fish, adult cereal,
WIC-eligible nutritionals, yogurt, shelf-stable juice, low-fat
milk, infant fruit and vegetable, eggs, cheese, whole milk,
exempt infant formula, infant formula, and cash value benefits.
Each participant’s prescribed food package may vary based on
participation circumstances. For example, the prescribed benefits

for pregnant women are different from those prescribed for
breastfeeding women [23].

The primary explanatory variable was the indicator of app users
versus nonapp users, which was defined by whether a
participating household had ever used the app during the entire
study period or not. For example, if a WIC household used the
app in March but not in April, it was still classified as an app
user in the year. Secondary explanatory variables calculated
among the app users were: the number of active app cycles,
defined as the number of benefit cycles in which the participant
actively used the app; active cycle rate, defined as the percentage
of active app cycles out of all benefit cycles for that household
in the study period; the number of active app days, defined as
the number of days in a benefit cycle the participant used the
app; and daytime rate, defined as the percentage of app usage
from 6 AM to 5 PM in a benefit cycle. As each household has
a unique ID to log into the app, activity was recorded at the
household level, regardless of how many individual users
accessed it.

The control variables included the participants’ demographic
information: race (White or non-White), whether the household
had infant, child, or female participants, and the number of WIC
participants and overall household size, including members not
participating in WIC. According to the US Census, 92% of
residents in West Virginia in 2019 were non-Hispanic Whites
[24]. In our study sample, 26,630 of the 30,440 households
(87.5%) were non-Hispanic Whites. If the non-White households
were further broken down, the sample size would be too small
to be representative of the specific groups. Therefore, we
combined all non-Whites into 1 racial or ethnic group. These
control variables were at the household level; in the case of a
household with multiple participants, for example, a mixed-race
household, we used the race of the eldest WIC participant.

Statistical Methods
We first estimated the descriptive statistics for
sociodemographics and app usage. Differences in
sociodemographics between app users and nonapp users were
then tested using Chi-square or Wilcoxon rank-sum tests. App
usage activities were also tested across the sociodemographics.
Next, we estimated the average redemption rates across food
categories and tested the difference in the redemption rates
between app and nonapp users by using the Wilcoxon rank-sum
test. The absolute difference in the redemption rates between
app and nonapp users was calculated as the app users’ average
redemption rate minus that of nonapp users, whereas the relative
difference was calculated as the absolute difference divided by
the average nonapp users’ redemption rate. We divided the 18
food groups into low, medium, and high redemption groups
with 6 food categories per group. We plotted the average
redemption rates by app usage and groups with absolute and
relative differences.

To examine the relationship between the redemption rate and
app usage behaviors, we applied 3 sets of linear regressions
across food categories. First, we regressed the average annual
redemption rate on the app usage indicator among all households
(app users and nonusers) in the study period. We then focused
only on app users with additional analyses. The second set of
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regressions examined how the average annual redemption rate
was related to the number of active app cycles or the active app
cycle rates. The third set of regressions were panel analyses
across benefit cycles. Random-effects models with an
unbalanced panel were employed in our empirical evaluation
of WIC participants’ redemption behaviors. Sociodemographics
were controlled in all sets of regressions. Statistical significance
was set at P<.05, and the R software was employed to conduct
the statistical analyses [25]. This study was approved by the
institutional review board of the Old Dominion University.

Results

Descriptive Statistics
Table 1 compares the descriptive statistics of the WIC
participants’ sociodemographics between app users and nonapp
users. The entire study sample included 30,440 WIC households
in West Virginia during the study period. Non-Hispanic White
accounted for 87.48% (26,630/30,440) of the participating

households. The prevalence rates of infants, children, and
women were 29.05% (8844/30,440), 76.17% (23,187/30,440),
and 70.85% (21,567/30,440), respectively. Of the 30,440
households, 13,925 (45.75%) had 2 WIC participants;
households with 1 WIC participant and 3 or more participants
accounted for a similar percentage of the study sample
(8015/30,440, 26.33%, and 8500/30,440, 27.92%, respectively).
On average, the household size was 3.84. Of the study
population, 72.26% (21,996/30,440) of the households used the
WICShopper app at least once in the study period. Non-Hispanic
White households had a significantly higher percentage of app
users (19,496/26,630, 73.21%) than non-White households
(2500/3810, 65.62%; P<.001). The percentage of app users
increased when there were more participants in a household
(5070/8015, 63.26%; 10,358/13,925, 74.38%; and 6568/8500,
77.27% for households with 1, 2, and 3 or more participants,
respectively; P<.001), which is consistent with the result that
app users, on average, tended to have a larger household
(P<.001).

Table 1. Descriptive statistics of the sociodemographics from participants of the Special Supplemental Nutrition Program for Women, Infants, and
Children in West Virginia (N=30,440).

P valueaApp users (n=21,996), n (%)Nonapp users (n=8444), n (%)Whole sample, nVariables

<.001Racial group

19,496 (73.21)7134 (26.79)26,630White

2500 (65.62)1310 (34.38)3810Non-White

<.001Did the household have an infant participant?

6752 (76.35)2092 (23.65)8844Yes

15,244 (70.59)6352 (29.41)21,596No

.92Did the household have a child participant?

16,751 (72.24)6436 (27.76)23,187Yes

5245 (72.31)2008 (27.69)7253No

<.001Did the household have a female participant?

16,301 (75.58)5266 (24.42)21,567Yes

5695 (64.18)3178 (35.82)8873No

<.001Number of WICb participants

5070 (63.26)2945 (36.74)80151

10,358 (74.38)3567 (25.62)13,9252

6568 (77.27)1932 (22.73)8500≥3

<.0013.88 (1.56)3.73 (1.69)3.84 (1.60)Household size (people), mean (SD) 

aStatistical tests performed: Chi-square test of independence and Wilcoxon rank-sum test.
bWIC: The Special Supplemental Nutrition Program for Women, Infants, and Children.

App Usage Behaviors
Table 2 presents the pattern of WIC app users’ app usage
behavior across key demographic variables. At the aggregated
level, these app users actively used the WIC app in 7.93 benefit
cycles, which was equivalent to 85.8% of all their benefit cycles
in the study period. App users activated the app for 4.05 days
per monthly benefit issuance cycle, which is, on average,
equivalent to once per week. On average, 63.3% of app usage

behaviors occurred during the daytime. White households were
more active in app usage than non-White households, except
for the number of active app days (P=.70).

In addition, households with infant or woman participants tended
to be more active in terms of using the WIC app in a prescribed
benefit cycle. For example, households with infants and
households with woman participants used the WIC app about
4.38 days and 4.11 days in 1 benefit cycle, respectively, whereas
households without infants and households without woman
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participants averaged 3.91 days and 3.90 days, respectively
(P<.001). In addition, households with children were less active
in using the WIC app, averaging 4.01 days of WIC app use in

a prescribed benefit cycle compared with 4.19 days for
households without children (P<.001).

Table 2. The Special Supplemental Nutrition Program for Women, Infants, and Children app users’ characteristics at the household level (n=21,996).
Statistics are presented as mean (SD), and the tests performed were the Wilcoxon rank-sum test and Kruskal-Wallis test.

P valueDaytime
rate, n (%)

P valueNumber of
active app
days

P valueActive cycle
rate, n (%)

P valueNumber of ac-
tive app cycles

Variables

N/A63.3 (22.8)N/A4.05 (2.05)N/A85.8 (23.5)N/Aa7.93 (3.35)Whole sample

<.001N/A.70N/A.02N/A.005Race group

63.6 (22.8)4.05 (2.04)85.9 (23.4)7.97 (3.34)White

61.1 (22.9)4.08 (2.09)84.6 (24.2)7.78 (3.38)Non-White

<.001N/A<.001N/A.40N/A<.001Did the household have an infant participant?

62.4 (22.2)4.38 (2.08)85.7 (23.5)7.94 (3.07)Yes

63.7 (23.1)3.91 (2.01)85.8 (23.5)7.95 (3.46)No

<.001N/A<.001N/A.007N/A<.001Did the household have a child participant?

64.2 (22.6)4.01 (2.03)86.1 (23.2)8.40 (3.23)Yes

60.3 (23.3)4.19 (2.07)84.6 (24.2)6.50 (3.29)No

<.001N/A<.001N/A.90N/A.20Did the household have a woman participant?

62.9 (22.5)4.11 (2.04)86.0 (23.2)7.98 (3.31)Yes

64.5 (23.6)3.90 (2.05)85.2 (24.4)7.87 (3.44)No

<.001N/A<.001N/A<.001N/A<.001Number of WICb participants

62.3 (24.4)3.82 (2.07)84.4 (24.8)6.65 (3.63)1

62.5 (22.7)3.94 (1.95)85.3 (23.6)8.13 (3.20)2

65.3 (21.7)4.42 (2.13)87.5 (22.1)8.66 (3.04)≥3

aN/A: not applicable.
bWIC: The Special Supplemental Nutrition Program for Women, Infants, and Children.

Redemption Rates and App Usages
Multimedia Appendices 1-3 present the average redemption
rates of 18 WIC food categories among app users and nonapp
users. We divided the food benefits into 3 groups (low, medium,
and high redemption) according to the rankings of their
redemption rates from the lowest to highest (infant meat, 27.4%,
to infant formula, 77.9%). In all groups, app users had a higher
redemption rate than nonusers, and the difference was
statistically significant in all food categories except in
WIC-eligible nutritionals (P=.12).

Multimedia Appendices 4 and 5 compare the differences in the
redemption rates between app users and nonapp users across
food benefits. First, the 18 food benefits were divided into 3
groups based on the redemption rates (6 benefits in each group:
low, medium, and high redemption rate groups). The figure
marked these food benefits with red, yellow, and green bars,
respectively. These bars were then ordered based on the
magnitude of the differences, from the smallest to the largest
difference. In Multimedia Appendix 4, the 3 groups of colored
bars were almost evenly distributed. However, in Multimedia
Appendix 5, high (green bars) and medium (yellow bars)
redemption groups were more concentrated toward the left end

of the axis, whereas the low redemption groups (red bars) were
more concentrated toward the right end of the axis. For example,
the bottom 5 food groups in terms of relative differences were
either high or medium redemption groups (green or yellow bars
toward the left: infant formula, exempt infant formula,
WIC-eligible nutritionals, low-fat milk, and whole-grain bread),
whereas the top 5 groups in relative difference were all in low
redemption groups (red bars toward the right: fish, frozen juice,
infant cereal, infant meats, and legumes). The patterns indicate
that the WIC app may be more helpful in improving redemption
rates relatively for the food benefits with lower redemption
rates, that is, less-popular food benefits.

The regression results for all food categories are presented in
Tables 3 and 4. Model 1 examined the association between the
annual redemption rate and the app usage indicator for all
households, including app users and nonapp users. Models 2
and 3 focused only on app users, with the goal of examining
the effect of the number of active app cycles and the percentage
of active app cycles in the study period. Models 4 and 5 in Table
4 are panel analyses of the relationship between redemption
rates and the number of app active days, and the percentage of
app usage in the daytime across benefit cycles. All models
controlled sociodemographic variables.
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Table 3. Linear regression of the Special Supplemental Nutrition Program for Women, Infants, and Children benefit redemption rates on app activities
by food categories in West Virginia participating households (N=30,440 and n=21,996 for app users only).

App users onlyaWhole sampleaVariables (food category)

Active cycles rate; model 3Number of active app cycles; model 2App use (Yes=1; No=0); model 1

P valueSECoefficientP valueSECoefficientP valueSECoefficient

<.0010.050.30<.0010.0050.02.0450.030.06Infant meats

<.0010.010.24.090.001−0.002<.0010.0070.08Frozen juice

<.0010.010.29<.0010.0010.007<.0010.0050.08Legumes

<.0010.010.27<.0010.0010.006<.0010.0050.07Whole-grain bread

<.0010.020.25<.0010.0010.02<.0010.0080.11Infant cereal

<.0010.040.47.020.0030.007<.0010.020.14Fish

<.0010.0090.29<.0010.0010.005<.0010.0040.07Adult cereal

<.0010.060.23.0460.0050.01.170.030.04WICb-eligible nutritionals

<.0010.010.32<.0010.0010.004<.0010.0050.10Yogurt

<.0010.010.30<.0010.0010.01<.0010.0050.08Shelf-stable juice

<.0010.0090.30<.0010.0010.01<.0010.0050.08Low-fat milk

<.0010.010.25<.0010.0010.02<.0010.0070.10Infant fruit and vegetable

<.0010.0080.33<.0010.0010.01<.0010.0040.10Eggs

<.0010.0090.34<.0010.0010.01<.0010.0040.09Cheese

<.0010.0080.30<.0010.0010.01<.0010.0040.10Cash value benefit

<.0010.010.29<.0010.0010.02<.0010.0070.08Whole milk

<.0010.030.12.0050.0020.006.0010.010.04Exempt infant formula

<.0010.010.09<.0010.0010.009<.001.0050.03Infant formula

aSociodemographics controlled: race, whether the household had an infant, child, female participants, the number of the Special Supplemental Nutrition
Program for Women, Infants, and Children participants in a household, and the overall household size (people).
bWIC: The Special Supplemental Nutrition Program for Women, Infants, and Children.
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Table 4. Panel regression of the Special Supplemental Nutrition Program for Women, Infants, and Children benefit redemption rates on app activities
by food categories in West Virginia participating households (n=21,996 for app users only).

Daytime ratea, model 5Number of active app daysa, model 4Variables (food category)

P valueSECoefficientP valueSECoefficient

.790.02−0.006<.0010.0030.02Infant meats

.040.0060.01<.0010.0010.02Frozen juice

.0030.0040.01<.0010.0010.02Legumes

<.0010.0040.02<.001<0.0010.02Whole-grain bread

.0070.0080.02<.0010.0010.03Infant cereal

.310.020.02<.0010.0020.03Fish

.040.0040.008<.001<0.0010.03Adult cereal

.490.020.02<.0010.0020.02WICb-eligible nutritionals

.030.0050.01<.0010.0010.02Yogurt

.0040.0050.01<.0010.0010.03Shelf-stable juice

.100.0030.006<.001<0.0010.03Low-fat milk

.030.0070.02<.0010.0010.03Infant fruit and vegetable

<.0010.0040.02<.001<0.0010.03Eggs

<.0010.0040.02<.001<0.0010.02Cheese

<.0010.0030.02<.001<0.0010.02Cash value benefit

.350.006−0.005<.0010.0010.03Whole milk

.100.01−0.02<.0010.0010.01Exempt infant formula

<.0010.005−0.03<.0010.0010.008Infant formula

aSociodemographics controlled: race, whether the household had an infant, child, and female participants, the number of The Special Supplemental
Nutrition Program for Women, Infants, and Children participants in a household, and the overall household size (people).
bWIC: The Special Supplemental Nutrition Program for Women, Infants, and Children.

In Model 1, we observed that app usage was significantly
associated with higher redemption rates for almost all food
categories except WIC-eligible nutritionals (coefficient=0.04,
P=.17). After adjusting for sociodemographics, using an app
generated the lowest increase in the average redemption rate,
as in the case of 3 percentage points in infant formula, and the
highest increase, as in the case of 14 percentage points in fish.
In app users (Model 2), a higher number of active app cycles
was significantly associated with a higher redemption rate,
except in the category of frozen juice (48 oz; coefficient=−0.002,
P=.09). The largest number of active app cycles was observed
for infant fruits and vegetables, infant meats, infant cereals, and
whole milk (coefficient=0.02, P<.001), whereas the smallest
coefficients were observed for yogurt (coefficient=0.004,
P<.001). These results indicated that having 1 additional active
app cycle was associated with a 0.4 to 2 percentage point
increase in redemption rates. Similarly, increasing the active
cycle rates by 10% was associated with a 0.9 to 4.7 percentage
point increase (infant formula vs fish) in redemption rates
(Model 3).

In Table 4, Models 4 to 5 present how app activity per cycle
was associated with the redemption rates of the food benefits.
Model 4 indicates that the number of days of the WICShopper
app usage was positively associated with the redemption rates,
with statistical significance in all food categories (P<.001).

Here, again, the smallest and largest coefficients were observed
in infant formula and fish. Model 5 presents the coefficients of
daytime usage. The percentage of use of the WIC app during
the daytime was significantly associated with a higher
redemption rate for most food categories, except for infant
meats, fish, WIC-eligible nutritionals, low-fat milk, whole milk,
and exempt infant formula. Notably, using the app during the
daytime was associated with lower redemption rates in infant
formula (coefficient=−0.03, P<.001).

Overall, the regression results suggest that the use of the
WICShopper app was significantly associated with higher
redemption rates. However, the positive app effect may diminish
with the popularity of the various food benefits; that is, app
usage may not have a large effect on the redemption of some
popular food benefits (eg, infant formula).

Discussion

Principal Findings
To the best of our knowledge, this is the first state-level study
examining the association between WIC app usage and WIC
benefit redemption. We found a significant positive association
between app usage and redemption rates in all food benefit
categories except for WIC-eligible nutritionals. These results
are encouraging for WIC policymakers who had concerns about
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the prevalent underredemption of benefits among WIC
participants [14,26,27]. In general, app user redemption rates
were at least 10% higher than those of nonusers in all food
categories except for WIC-eligible nutritionals, exempt infant
formula, and regular infant formula. Given that WIC-eligible
nutritionals and exempt infant formula require medical
documentation to be prescribed, infant formula was the only
regular food benefit for which redemption was not related to
app usage on a large scale, although the association was still
statistically significant. Given the positive findings of this study,
state WIC agencies may consider increasing access to the app
for participants.

Several factors may explain the weak relationship between app
usage and infant formula. First, infant formula was the most
redeemed food category, with an average redemption rate of
77.9%. Given that the redemption rate was already very high
or near the ceiling, using an app may not be able to further
improve the redemption rate. Thus, this ceiling effect may
diminish the scale of the app effect on this redemption. Second,
infant formula is the most valuable food benefit for participants,
who may treat the redemption of the formula as their highest
priority. Usually, each state agency contracts with only one
formula brand, such as Similac in West Virginia. On the basis
of the findings from behavioral economics, the high priority of
obtaining the infant formula, and the ease in identifying the
formula product may reduce the need for app assistance to
facilitate redemption [12,28]. As a result, app usage is unlikely
to change the infant formula redemption rate on a large scale.

In addition to infant formula, app users had much higher
redemption rates than nonapp users in the rest of the regular
food categories. The relative difference in redemption rate
between app users and nonusers was most evident in the
least-redeemed food categories, including infant meats, frozen
juice, legumes, infant cereal, and fish. There are several potential
theoretical explanations for these results. First, the temptation
bundling theory suggests that combining the less-preferred
activities with preferred activities may increase both activities
[29]. With the WICShopper app, participants can easily check
their remaining benefits for all food categories in their prescribed
food package as a bundle. Creating a bundling effect within the
app may motivate participants to redeem all benefits together,
even though some of the bundled food benefits may not be
among their most preferred. On the other hand, nonapp users
may not have the opportunity to view all the food benefit
balances in real time and in a convenient way. As a result, some
benefits may remain unredeemed. Second, using the app can
help identify the eligible brand and product type more easily
for certain food categories, such as infant cereal, which may
reduce redemption barriers [26]. However, for other food
categories with fewer eligible brands, such as infant formula,
the app may have a limited impact on brand choices. Finally,
the difference may be caused by factors other than app usage.
App users and nonapp users may have different preferences and
behavioral patterns extrinsic to the app itself. For example, app
users may care more about their welfare than nonusers. Thus,
they are more likely to download the app and redeem more
benefits than nonusers, even if certain food categories are not
popular choices. Although extensive research has studied the

self-selection bias in WIC participation, no research has
examined the potential self-selection bias in WIC app usage,
which should be addressed in future studies using a randomized
experiment or statistical methods, such as propensity score or
instrumental variable [30,31].

The panel analyses among the app users further examined how
the app activities across cycles may be associated with
redemption rates. The frequency and timing of app usage per
cycle (eg, in the daytime) were associated with redemption rates
in most food benefits. Given the app’s multiple functions, using
the app may not only improve the participants’ shopping
experience but also help with their food planning, as they can
check the remaining balance at any time. The ability to check
the benefit balance was ranked as the most useful app feature
by WIC participants [32]. About 82% of participants rated it as
very useful, but lower percentage of participants rated other
features as very useful, such as checking the WIC shopping
guide (73%), checking eligible food products (71%), or locating
WIC-authorized stores (62%) [32]. Therefore, the WIC app may
help engage participants in the WIC program and help them
better utilize the resources the program provides in general.

The transition to EBT is deemed one of the most significant
technological changes in the WIC program over the past 4
decades [14]. One of the main purposes of EBT transition is to
facilitate the benefit redemption experience. However, a recent
state-level study suggests that EBT transition did not
significantly change the redemption of produce or infant formula
[18]. Although the EBT system itself may not exert a significant
impact on every aspect of the WIC program, it provides a
necessary base for further technological innovations to improve
WIC operations and participant experience [20,33]. For example,
we found that WIC app adoption and frequent app usage were
positively associated with the redemption of all food benefits,
except WIC-eligible nutritionals, in West Virginia. Researchers
may develop more EBT-based or app-based interventions to
improve participant experience in the WIC program [34].

Limitations
Although this is the first state-level study to provide empirical
evidence of positive relationships between app usage and WIC
benefit redemptions, the results need to be interpreted carefully
because of several limitations. First, the pooled analyses were
essentially cross-sectional, so only the association instead of
the causality can be concluded. More studies are needed to
examine the determinants of app adoption among WIC
participants and how self-selection bias can affect study results.
More rigorous study designs, such as a field experiment or
advanced statistical methods (such as propensity score or
instrumental variable), may help address the self-selection bias
of app users so that the real app effect can be more accurately
estimated. Second, because there are a large number of users
from all states adopting the WICShopper app, app developers
do not archive detailed app activity data, such as the pages
visited or the sequence of the clicks. Therefore, the specific
features the app users used are not known. This creates
challenges in linking app feature usage directly to redemption
behaviors.
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Moreover, there is no information about whether the
participating households ever download the app or even have
smartphones. Finally, WIC administrative data have a limited
number of sociodemographic variables that can be controlled
in regression models. As applicants can be eligible for WIC if
they are participants in other means-tested social welfare
programs, such as Medicaid or the Supplemental Nutrition
Assistance Program (SNAP) [35], income was not required to
be reported in the WIC database, which resulted in 85.3%
(25,973/30,440) of the income data being missing. Therefore,
we did not control for income in the analyses. As redemption
behaviors can be influenced by other individuals, household,
and community factors, more insights might be gained by
linking our data with other state-level data sets, such as SNAP
participant data or Medicaid participant data. However, such a
step would require additional administrative reviews within
other state agencies, which could be challenging. Despite the
above limitations and challenges, this study employed the best
available data set to generate important preliminary findings on
the impact of technology on WIC participation—app users had
greater redemption rates than nonapp users.

Conclusions
Employing WIC administrative data and WIC app usage data
from West Virginia, this study provides important evidence
about the positive association between WIC app usage and the
redemption of WIC food benefits. These results can help the
decision-making process in state WIC agencies that have not
yet adopted the app in their program operations. Moreover,
because more frequent app usage is related to higher redemption
rates in most food categories, state agencies may seek to promote
more app downloads and usage among WIC participants.
Finally, as most state agencies will transition to the EBT system
by October 2020 (although some states have received waivers),
more app-based innovations may be developed and implemented
to improve the participant experience, through which WIC
participant retention can be improved. To maximize the benefits
of the WIC app, state WIC agencies, app developers, and retail
stores need to work together closely to ensure that the latest
approved food products and redemption data are integrated,
updated, and shared in a timely and efficient manner.
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Abstract

Background: Digitalization is a disruptive technology that changes the way we deliver diagnostic procedures and treatments
in medicine. Different stakeholders have varying interests in and expectations of the digitalization of modern medicine. Many
recent digital advances in the medical field, such as the implementation of electronic health records, telemedical services, and
mobile health apps, are increasingly used by medical professionals and patients. During the current pandemic outbreak of a novel
coronavirus-caused respiratory disease (COVID-19), many modern information and communication technologies (ICT) have
been used to overcome the physical barriers and limitations caused by government-issued curfews and workforce shortages.
Therefore, the COVID-19 pandemic has led to a surge in the usage of modern ICT in medicine. At the same time, the eHealth
literacy of physicians working with these technologies has probably not improved since our study.

Objective: This paper describes a representative cohort of German physicians before the COVID-19 pandemic and their eHealth
literacy and attitude towards modern ICT.

Methods: A structured, self-developed questionnaire about user behavior and attitudes towards eHealth applications was
administered to a representative cohort of 93 German physicians.

Results: Of the 93 German physicians who participated in the study, 97% (90/93) use a mobile phone. Medical apps are used
by 42% (39/93). Half of the surveyed physicians (47/93, 50%) use their private mobile phones for official purposes on a daily
basis. Telemedicine is part of the daily routine for more than one-third (31/93, 33%) of all participants. More than 80% (76/93,
82%) of the trial participants state that their knowledge regarding the legal aspects and data safety of medical apps and cloud
computing is insufficient.

Conclusions: Modern ICT is frequently used and mostly welcomed by German physicians. However, there is a tremendous
lack of eHealth literacy and knowledge about the safe and secure implementation of these technologies in routine clinical practice.

(JMIR Mhealth Uhealth 2020;8(10):e20099)   doi:10.2196/20099

KEYWORDS

eHealth; electronic health; mobile health; health apps; mobile health apps; eHealth literacy

Introduction

In the health care sector, there are 2 sides to digitalization: on
the one side, it offers opportunities for significant improvements;
on the other side, it comes along with new and additional
challenges for today’s health care system and those who work
within this system [1].

Economic constraints cause health care professionals to offer
their medical services at a low cost [2]. At the same time,
medical treatment is increasingly personalized, individualized,
and data-based [3-5]. There is also a shortage of qualified
personnel in the medical field, whereas, by contrast,
demographic development has led to an aging, multi-morbid
society with increased medical and nursing needs and efforts.
To make matters worse, the health care system is still divided
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into inpatient and outpatient sectors that are not adequately
interconnected. The tremendous amount of medical data that is
generated every day is still stored in different data silos in
incompatible systems [6]. A major objective of digitalization
is, therefore, to economize scarce capabilities in times of
increasing workload and skill shortage in the health care
business [7]. At the same time, a skill shortage of qualified and
trained information and communication technologies (ICT)
experts exist in the health care field [8].

Technologies with the potential to accomplish this are eHealth
applications [9-11], artificial intelligence (AI) [12,13], and cloud
computing [14-17]. In reality, this aim is still delayed by
frequent technical problems and interface difficulties between
different hardware and software systems [9]. Unfortunately,
this leads to considerable frustration among health care workers
[18-20]. The future aim of reducing workload by digitalization
has not yet been achieved in the present intermediate stage of
digitalization in the German health care system. However,
several funded programs, such as the Medical Informatics
Initiative, exist to overcome these problems [21].

The aim of this study is to analyze the usage of modern
information and communication technologies in everyday
medical practice in the pre–COVID-19 era. Furthermore, this
study examines which of the possible applications are considered
useful and which are considered less meaningful by physicians,
and what knowledge exists regarding the technical and legal
frameworks of these technologies. To our knowledge, this is
the first study on this topic among German physicians. While
data already exist about the specific situation of digital
technology use among German physicians, specific questions
of usage behavior and eHealth literacy have not yet been
addressed [22]. Other international trials have surveyed the
benefits and challenges arising with the usage of smartphone
applications, such as medical apps or consumer messaging apps
in a medical context [23-26].

All data in this trial were obtained in the pre-COVID-19 era. In
our opinion, the sudden need to physically isolate doctors (for
example, in tumor boards, laboratory meetings, and conferences)
has massively accelerated the daily spread of digital devices
and applications within the medical system [27-30]. However,
our study shows that German physicians have limited or even
insufficient knowledge about the safe and efficient use of
eHealth technologies. Improvements in eHealth literacy are
therefore urgently needed.

Methods

A structured questionnaire with 6 categories was developed to
evaluate the participants’patterns of use and level of knowledge
of eHealth applications (Multimedia Appendix 1). Furthermore,
physicians’ attitudes towards the potential benefits and
disadvantages of eHealth applications were analyzed. The
demographic and academic characteristics of the participants
were also collected anonymously. The questionnaire was
developed with the help of a statistician and an expert in data

management, and was tested and validated with a group of 10
persons working at the surgical trial unit in the Department of
Surgery, University Hospital Dresden.

The 6 categories of the questionnaire were as follows: (1)
personal characteristics (age/sex/work experience/academic
degree/specialization); (2) usage profile of eHealth applications;
(3) level of knowledge of eHealth applications; (4) critical
evaluation of medical versus nonmedical apps; (5) critical
evaluation of medical apps for patient use; and (6) critical
evaluation of medical apps for physician use.

Physicians were asked to anonymously answer the questionnaire
on 4 different occasions. Consent for using the anonymous data
was obtained when the participants answered the questionnaire.
Formal approval to conduct the surveys and to use the
questionnaire was obtained from the corresponding heads of
departments or conference organizers before the surveys were
conducted.

The first survey was conducted during grand rounds of the
Department of Visceral, Thoracic, and Vascular Surgery at the
University Hospital Carl Gustav Carus, Technical University
Dresden, in Germany, on August 27, 2018; of the 35
questionnaires distributed, 24 were completed. The second
survey was conducted at an interdisciplinary course on
pancreatic surgery for physicians from the ambulant and clinical
sectors at University Hospital Carl Gustav Carus, Technical
University Dresden, on August 29, 2018; of the 74
questionnaires distributed, 27 were completed. The third survey
was conducted at a gastric cancer course from the Dresden
School of Surgical Oncology (DSSO) on August 30, 2018; of
the 8 questionnaires distributed, all 8 were completed. The
fourth survey was conducted during an interdisciplinary meeting
of the physicians’ association Siegen/Olpe in Kreuztal
Krombach, Germany, on September 5, 2018; of the 80
questionnaires distributed, 34 were completed. The total
response rate of completed questionnaires was 42% (93/197).

All data were pooled, transferred, and analyzed using Excel
(version 14.0; Microsoft). Figures were created with GraphPad
Prism (version 6.07; GraphPad Software Inc). Due to the limited
number of questionnaires, data analysis was descriptive only.

Results

Participant Characteristics
Table 1 shows the participants’ demographic data. Most
participants (37/93, 40%) were 30-45 years old and were men
(45/93, 49 %); 29% (27/93) were women, and 22.6% (21/93)
of participants did not answer the question regarding their sex.
The length of working experience was 5-15 years for 31%
(29/93) of participants, more than 25 years for 30% (28/93) of
participants, and less than 5 years for 25% (23/93) of
participants. The highest academic degrees held by the
participants were state examination for 42% (39/93), a doctorate
of medicine (MD) for 43% (40/93), and board certification for
63% (59/93).
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Table 1. Demographic, professional, and academic characteristics of the study participants (n=93).

Values (%)Participant characteristics

Age (years)

17.2<30

39.830-45

32.345-60

10.8>60

Gender

48.4Male

29.0Female

22.6Missing

Working experience (years)

24.7<5

31.25-15

14.015-25

30.1>25

Highest academic degree

41.9State examination

43.0Medical doctor (MD)

4.3Habilitation (lecturer)

4.3Professorship

6.5Missing

Board-certified specialist

63.4Yes

33.3No

3.2Missing

Usage Profile of eHealth Applications
The participants used eHealth applications in daily life via their
mobile phones. Among the 93 participants, 90 (96.8%) had their
own mobile phone, which was a smartphone in more than 90%
of cases. The system software was Android for 48% (45/93) of

participants and Apple/iOs for 44% (41/93), while 3% (3/93)
used other software. Of the 93 physicians, 67 (72%) carried
their private mobile phone with them during work; only 30%
(28/93) had an official mobile phone provided by their employer
(Table 2).

Table 2. Profile of professional mobile phone usage among study participants (n=93).

Responses (%)Questions regarding mobile phone usage

Missing dataNoYes

0.03.296.8Do you use and own a mobile phone?

0.028.072.0Do you use your own mobile phone during work?

4.365.630.1Do you use a separate professional mobile phone?

1.16.592.5Is your mobile phone a smartphone?

In general, the participants’ mobile phones were used
(professionally and privately) for phone calls (89/93, 96%),
messaging (eg, WhatsApp; 84/93, 90%), surfing the internet

(83/93, 89%), navigation (77/93, 83%), online banking and
financial issues (33/93, 36%), social media (29/93, 31%), and
gaming (16/93, 17%). These results are displayed in Table 3.
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Table 3. Purpose of mobile phone use among study participants (n=93).

Values (%)Purpose of mobile phone use

95.7As a telephone and for SMS text-messaging services

90.3Messaging apps

31.2Social media

89.2Surfing the internet

82.8Route planner/navigation

35.5Online banking/finance

41.9Medical apps

17.2Gaming

7.5Other

Medical apps were used by 42% (39/93) of participants. Of the
93 surveyed physicians, 50% (47/93) used their private mobile
phone for official purposes on a daily basis, 24% (22/93) did
so once per week, 10% (9/93) did so once per month, and 15%
(14/93) never did so. Telemedicine was part of the daily routine
for 33% (31/93) of all participants, while 65% (60/93) did not
use it. A fitness bracelet was used by 12% (11/93) of
participants.

Critical Evaluation of Medical Versus Nonmedical
Apps
To obtain further insights into the interviewees’ attitudes, the
participants were asked to rank their personal levels of
importance for safety, quality, fun, and design factors in medical
versus nonmedical apps. For professionally used medical apps,

63% (59/93) of participants ranked data safety as most
important, while 66% (61/93) ranked quality of content as most
important. The fun factor was of minor importance (ie,
unimportant) to 67% (62/93) of the physicians, as was the fact
that family or friends used the same app (47/93, 51%). Saving
time was seen as important for 66% (61/93) of participants
(Table 4). For nonmedical privately used apps, 65% (60/93) of
the participating physicians ranked data safety, and 62% (58/93)
ranked the quality of content, as most important. Additionally,
saving time (56/93, 60%) and design factors (49/93, 53%) were
very important in the participants’ perceptions. The fun factor
was the least important for 42% (39/93) of participants, while
41% (38/93) stated that family or friends using the same app
was important (Table 4).

Table 4. Evaluations of the importance of professionally used medical apps and privately used nonmedical apps among study participants (n=93).

Evaluation of importance (%)Factor

Missing dataNot applicableVery importantImportantNot important

Professionally used medical apps

4.312.944.126.911.8Design and operation

3.212.965.617.21.1Time saving

4.315.163.415.12.2Data safety

6.521.59.711.850.5Friends/family use the same app

4.315.111.825.843.0Image of provider

4.314.065.612.93.2Quality and topicality of contents

5.418.33.26.566.7Fun factor

Privately used nonmedical apps

1.15.452.735.55.4Design and operation

3.25.460.231.20.0Time saving

2.25.464.524.73.2Data safety

2.28.623.740.924.7Friends/family use the same app

3.29.74.324.758.1Image of provider

2.26.562.429.00.0Quality and topicality of contents

4.38.612.941.932.3Fun factor
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Level of Knowledge of eHealth Applications and Data
Safety
Of the 93 participants, 66% (61/93) believed that less than 30%
of all apps in established app stores conformed with basic
standards for data safety and safe communication; 22% (20/93)
thought that at least 30-60% of apps met these standards.
Furthermore, 39% (36/93) appraised messaging apps (eg,
WhatsApp) as appropriate for professional communication while
53% (49/93) did not, and 89% (83/93) did not know of
alternative safe messaging apps (eg, Siilo, Careflow Connect,
MedCrowd). The participants who rated email communication
as sufficiently safe for professional communication in the health

care business were 28% (26/93), while 62% (58/93) did not
agree. More than 80% of the respondents had never been asked
by patients about medical apps. The findings suggest that
insecurity with regard to issues of data safety is common: 82%
(76/93) admitted that their knowledge was insufficient regarding
the legal aspects and data safety of medical apps and cloud
computing in clinical life, while 65% (60/93) held this belief
about their knowledge regarding technical aspects. Furthermore,
85% (79/93) of participants thought it was necessary to perform
a legally bound certification of medical apps regarding data
safety, and 79% (73/93) felt this was necessary with regard to
the quality of content (Table 5).

Table 5. Questions on the application, state of knowledge, data safety, and legal obligations of medical eHealth apps (n=93).

Responses (%)Question

Missing dataUnknownYesNo

0.08.638.752.7Is it appropriate to use common messaging apps for professional communication (eg, WhatsApp)?

0.00.010.889.2Do you know of safe messaging apps for professional communication (eg, Siilo, Careflow Connect,
MedCrowd)?

1.18.628.062.4Is it appropriate to use common email for professional communication in health systems?

1.112.921.564.5Do you have sufficient knowledge of the technical aspects of medical apps and cloud computing
to evaluate their application in clinical daily work life?

0.014.04.381.7Do you have sufficient knowledge of the technical aspects of medical apps and cloud computing
regarding legal aspects and data safety to evaluate their application in clinical daily work life?

0.02.233.364.5Do you use telemedical applications in your clinical daily work life?

0.01.116.182.8Have you been asked about medical apps by patients yet?

Do you think a legal obligation for external certification of medical apps is required ?

1.19.784.94.3Regarding safe communication and data storage?

2.214.078.55.4Regarding medical effectiveness and quality of contents?

Critical Evaluation of Medical Apps for Patient Use
The use of medication apps, coaching apps for medical issues,
online scheduling apps, and emergency apps for patients was
ranked as a possible idea or good idea by 86% (80/93), 82%
(76/93), 81% (75/93), and 76% (71/93) of participants,

respectively. Video consultation apps and follow-up apps were
considered a bad idea by 39% (36/93) and 20% (19/93) of all
participants, respectively, whereas 55% (51/93) and 73% (68/93)
considered both to be possible and good ideas, respectively
(Table 6).
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Table 6. Physician evaluation of medical apps for patients and physicians among study participants (n=93).

Physician evaluation (%)Medical apps

Missing dataGood ideaFeasibleBad idea

Medical apps for patients

8.639.836.615.1Emergency app

6.530.150.512.9Online appointment app

8.644.137.69.7Coaching app on illnesses

6.541.912.938.7Video consultation app/digital health assistance app

6.532.340.920.4Follow-up app (eg, postoperative, malignancy aftercare)

5.428.058.18.6Medication app

Medical apps for physicians

3.239.853.83.2Diagnostic/differential diagnosis app

3.219.476.31.1Guideline app

3.215.180.61.1Drug app

3.250.536.69.7Documentation/ward round assistance app

2.240.938.718.3Digital patient record

Critical Evaluation of Medical Apps for Physician Use
The attitude of the participants towards medical apps for
physicians differed. Large medical apps that might facilitate
the physicians’ daily life ranked positively, such as guideline
apps, medication apps, diagnostic help apps, and documentation
help apps, which rated as possible ideas or good ideas by 96%
(89/93), 96% (89/93), 94% (87/93), and 87% (81/93) of the
physicians, respectively. Digital patient records were viewed
more critically: 80% (74/93) of the physicians believed they
were a possible idea (36/93, 39%) or a good idea (38/93,41%),
whereas 18% (16/93) thought they were a bad idea (Table 6).

Discussion

Principal Findings
The market for health apps is confusing and difficult for
individuals to grasp. There is a risk of misuse of health data
related to patients. Consequently, applications in the eHealth
sector must be subject to the same regulations as those otherwise
provided in the health sector. Several initiatives have published
evaluation guidelines for the systematic assessment of the
quality of apps. Thus far, however, no uniform seal or proof of
safety and quality exists [31-34]. In fact, only 30% of all
commercially distributed health apps have privacy policies. Of
these privacy policies, two-thirds are unrelated to the health app
itself but only address commercial rights, distribution rights, or
the rights of third parties. Health apps still frequently share data
with third parties without the user's knowledge, often without
encryption [35].

This situation is also related to the third trend in the telehealth
sector: medical care for chronically ill patients is increasingly
shifting from hospitals to the outpatient sector. With the help
of portable diagnostic technologies coupled with smartphones
and a telemedical connection of the patient to hospitals, diseases
can be treated at home. Offering health services in nursing

homes or at home via smartphones would follow a trend that
has existed for years in other areas (eg, online shopping, online
banking).

The trial population of this study was a representative cohort
of German physicians in terms of age and academic degrees.
There was an underrepresentation of 29% of female physicians
in this study (46.8% of physicians in Germany are female), and
the field “sex” was left unanswered by 22.6 % of participants
due to an unfavorable layout in the questionnaire [36,37].
Certain facts reduce the general transferability of the study. The
cohort mainly consisted of surgeons in the hospital sector
because 3 of the 4 time points of inquiry were surgical meetings.
Nonsurgical physicians of the ambulant, nonacademic sector
are underrepresented. Physicians with a positive attitude towards
digitalization in public health might be overrepresented. The
questionnaire was self-designed, and to our knowledge, no
standardized questionnaire on the topic of digitalization and
eHealth exists. The sample size of 93 physicians is too small to
guarantee generalizability. However, the answer rate of 47%
was in the expected range for this type of survey.

All data in this trial were obtained in the pre–COVID-19 era.
In our opinion, the sudden need for physical distancing (for
example, in tumor boards, laboratory meetings, and conferences)
has massively accelerated the daily spread of digitalization
within the medical system [30]. This phenomenon may have a
lasting positive impact on doctors' and patients’attitudes towards
eHealth applications and should be the subject of further study.
In addition, further studies with larger sample sizes are needed.

The participants had contact with eHealth applications, mainly
via their private mobile phones. In contrast to the general
population in Germany, they favored Apple software (41/93,
44%) at a relevantly higher percentage. The German average
of Apple users is only 20% [38,39]. The participants who used
telemedicine in their professional lives were 33% (31/93), while
65% (60/93) did not use it. Most physicians (77/93, 83%) had
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never received questions from patients about health apps as part
of their professional activities, but 16% (15/93) said they had
received such questions. There is an increasing desire and need
for advice among patients [40]. Furthermore, there is little
knowledge among medical staff within health care facilities
regarding information technology (IT) security. Great harm can
be caused by unsuspecting, reckless behavior. For example,
most hacker attacks in the health sector can be traced to the
inadvertent installation of malware, for example, by opening
file attachments in emails or using external USB sticks [41].

Almost 40% (37/93) of those surveyed considered it generally
acceptable to use normal messaging apps (eg, WhatsApp) for
professional communication. Only slightly more than half of
the respondents considered this to be unjustifiable, although, in
a previous question, 80% (74/93) of the participants considered
data protection and security to be important or very important.
Secure messaging apps that have been specially developed for
professional communication in the medical sector, such as Siilo,
Careflow connect, or Medcrowd, were only known to
approximately 10% (9/93) of those surveyed. At least 30%
(28/93) of those surveyed considered professional
communication in the health sector via normal (unencrypted)
email to be sufficiently secure and reliable, while approximately
60% (56/93) did not consider this to be sufficiently safe and
reliable. This means that despite the sensitive data, unsuitable
and insecure communication channels such as normal messaging
apps and unencrypted email communication are still regarded
by many physicians as acceptable means of communication
[42,43].

The self-assessment of knowledge was remarkable. With regard
to apps and cloud computing, only 20% (19/93) of the surveyed
participants stated that they were sufficiently familiar with the
technical aspects. With regard to legal aspects and data safety,
only 4% (4/93) believed that they were sufficiently informed
to assess their use. In the case of health apps for patients to
intervene in diagnostics and therapy (eg, medication app), almost
half of the physicians surveyed believed that these should be
classified as medical devices. The survey results also show that
there is little specialist knowledge among the survey participants
in this area, since apps for intervention in diagnostics and
therapy must be approved as medical devices in Germany.

The evaluation of medical apps for patients is also interesting.
It is noticeable that apps for patients were rated more critically
by the physicians than potential apps for physicians. One reason
for this skepticism among physicians could be the changed
doctor-patient relationship or a new way of evaluating and using
medical services that would result from these applications
[44,45].

The results show that there is no uniform opinion among the
physicians surveyed. There seems to be a non-negligible group
of up to 40% (37/93) of the surveyed physicians who are critical
of the new application options. On the other hand, a large group
of the surveyed physicians considered many of these
applications to be feasible or potentially good ideas.

The evaluation of medical apps for physicians, however, shows
a slightly different picture. Only 3% (3/93) considered an app

for assistance with diagnostics and differential diagnoses to be
a bad idea, guidelines were considered good by almost all of
the respondents, and a drug app and a documentation and visit
assistance app were considered favorable by more than 90% of
the respondents. Apps for help with diagnostics, differential
diagnoses, guideline display, medication, and documentation
ward round assistance were rated as good ideas by up to 50%
of respondents, and as feasible by up to 50% [43,46,47].

It is striking that an app for electronic medical records (EMR)
was considered by almost 20% to be a bad idea, by nearly 40%
to be feasible, and by approximately 40% to be a good idea.
Again, there is a difference of opinion within the medical
profession [48]. This is also in contrast to data from other
countries, which are much more in favor of EMR [1].

Similar to the negative attitude towards some patient apps, this
may also be an indicator that there are reservations in the
medical profession regarding a health system that is changing
through eHealth applications, which will also affect the
professional profile of physicians and in which the digital patient
file is one key player.

Conclusion
Modern information and communication technologies, such as
smartphones, are already often used. A large proportion of
physicians are open to such new technology-based applications
and are in favor of their introduction and use in practice.

The possibility of using these technologies to avoid errors in
treatment, to reduce the administrative burden, and to improve
supply in the area is apparent. However, a non-negligible
proportion of physicians are skeptical about these applications
and critically assess or reject their use, especially if the
application affects the doctor-patient relationship.

There is also a considerable lack of knowledge about the
application of these technologies, which leads to incorrect
assessments on the part of medical professionals regarding data
security and data protection. It can be assumed that modern
information and communication technologies will be used in
the German health care system in the near future. Due to the
increasing importance of these technologies, at least basic
knowledge of eHealth applications in the health sector should
be provided by further training measures and by including this
content in medical curricula. Digitalization in health care is
advancing. The speed of its development and its acceptance by
those involved will largely depend on the extent to which those
affected participate in this process. Active participation is,
therefore, essential for the medical profession and is the only
way to advance development in patient-centered, holistic,
personalized medicine. Care must also be taken to ensure that
the special doctor-patient relationship is not lost.

The rapidly accelerated spread of eHealth applications within
the medical system by COVID-19 protection measures since
March 2020 may induce a massive and long-lasting rethinking
of digitalization in the health care sector by medical
professionals and trigger a boom in eHealth applications. This
current development should be further studied.
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Abstract

Background: Telehealth has emerged as a crucial component of the SARS-CoV-2 pandemic emergency response. Simply
stated, telehealth is a tool to provide health care from a distance. Jefferson Health has leveraged its acute care telehealth platform
to screen, order testing, and manage patients with COVID-19–related concerns.

Objective: This study aims to describe the expansion and results of using a telehealth program to increase access to care while
minimizing additional potential exposures during the early period of the COVID-19 pandemic.

Methods: Screening algorithms for patients with SARS-CoV-2–related complaints were created, and 150 new clinicians were
trained within 72 hours to address increased patient demand. Simultaneously, Jefferson Health created mobile testing sites
throughout eastern Pennsylvania and the southern New Jersey region. Visit volume, the number of SARS-CoV-2 tests ordered,
and the number of positive tests were evaluated, and the volume was compared with preceding time periods.

Results: From March 8, 2020, to April 11, 2020, 4663 patients were screened using telehealth, representing a surge in visit
volume. There were 1521 patients sent to mobile testing sites, and they received a telephone call from a centralized call center
for results. Of the patients who were tested, nearly 20% (n=301) had a positive result.

Conclusions: Our model demonstrates how using telehealth for a referral to central testing sites can increase access to
community-based care, decrease clinician exposure, and minimize the demand for personal protective equipment. The scaling of
this innovation may allow health care systems to focus on preparing for and delivering hospital-based care needs.

(JMIR Mhealth Uhealth 2020;8(10):e20419)   doi:10.2196/20419

KEYWORDS

telehealth; telemedicine; disaster planning; pandemic; COVID-19; SARS-CoV-2; emergency medicine; testing

Introduction

The SARS-CoV-2 (COVID-19) pandemic presented the need
to rapidly evolve the traditional in-person care model to distance
treatment. Due to infection control considerations for clinicians
and patients in higher-risk health care settings as well as
worldwide shortages of personal protective equipment (PPE),
telehealth became a crucial component to emergency health
care [1-3]. Telehealth involves a remote medical encounter
between two clinicians or between a patient and a clinician, and
can be used for direct patient care at home, remote consults to

specialists, and chat visits asynchronously [4-9]. Due to the
current pandemic, telehealth has been quickly leveraged to
safely keep people at home, disseminate information, allow
decisions around testing to be made, coordinate testing when
appropriate, and risk stratify patients for evidence-based and
resource efficient care. In the time of COVID-19, the benefit
of telehealth seems obvious: a patient can be seen remotely,
assessed, and evaluated for need of testing, all without a visit
to the doctor’s office or to the emergency department (ED). A
remote visit potentially prevents an in-person patient care visit
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and facilitates timely and responsive patient-centered care
[10-12].

Jefferson Health, based in Philadelphia, Pennsylvania, created
a system-wide program, JeffConnect, in 2015 that included an
on-demand program, remote consults, scheduled visits for
postoperative or primary care, and virtual rounds. When cases
of SARS-CoV-2 abruptly increased around the world, Jefferson
Health prepared. The health care system’s organizing plan was
similar to that of other hospital settings: source more PPE; create
further surge capacity; procure surge ventilators, critical
equipment, and medications; streamline evaluation and
management protocols; and cross-train staff. Essential to this
plan was the additional incorporation of the on-demand acute
care telehealth program, hereby referred to as JeffConnect,
staffed by emergency medicine (EM) physicians already licensed
in Pennsylvania, New Jersey, and Delaware. The institution
was uniquely positioned to rapidly leverage this as an access
point for care and link to SARS-CoV-2 testing. Although
national telehealth companies also offer expanded services, they
generally do not have local community integration and are often
unable to offer testing and follow-up that is geographically
linked to patient location. Jefferson Health, with its JeffConnect
program and expanded services within its geographic region,
did not have this limitation.

The first COVID-19 cases in Pennsylvania were reported on
March 6, 2020. A state of emergency was declared in New
Jersey on March 9, 2020, and a public outreach campaign
regarding the ability to use telehealth for screening and an
emphasis on the need for people to socially distance was
launched at the same time. Jefferson Health (located in
southeastern Pennsylvania and southern New Jersey) saw the
increase in telehealth patient calls starting simultaneously early
March.

Herein we aim to outline our real-time telehealth intervention
at the start of the COVID-19 case surge in the region. We
delineate how to integrate telehealth and testing sites to decrease
clinician and patient exposure in a health care setting, maximize
efficient use of PPE, and increase safe access to
COVID-19–related testing and management in the community
setting.

Methods

Program Overview
With the intention of preventing unnecessary COVID-19
exposures, many primary care providers, onsite clinics, and
urgent cares in the region began to direct patients to consider
telehealth first for noncritical complaints. JeffConnect is staffed
24 hours a day by physicians and sees a variety of acute care
complaints, with visit times averaging less than 10 minutes.
Patients require an internet connection and a smartphone, tablet,
or computer, or access to one to use the platform. They pay the
one-time out-of-pocket fee, or a reduced copay if they are a
Jefferson employee. Due to this convenience, patients were
directed to JeffConnect as the first viable solution for COVID-19
complaint screening and evaluation.

At the same time, a team composed of infectious disease
specialists, health system clinical leadership, and occupational
medicine leadership created screening protocols to determine
who should be tested from the community, which groups of
employees should be tested if they first contacted JeffConnect,
and who could stay at home with guidance on self-isolation
(due to limited testing capacity). Initial screening protocol
developed during implementation considered limited testing
capacity and prioritized COVID-19 infections in patients who
presented with fever or symptoms of acute respiratory illness,
were at the highest risk of exposure, were at a higher risk of
developing severe disease, or were at a high risk of exposing
others. Testing was recommended for patients who were
symptomatic with one of the following: close contact with
confirmed case, international travel within 14 days, at risk for
severe disease including chronic medical conditions, residents
of congregate settings, health care workers, patients who were
hospitalized, and those presenting with acute respiratory illness
without apparent cause. During the study period, patients who
were asymptomatic were not recommended for testing.

Once mobile testing sites were operationalized and linked to
JeffConnect on March 13, 2020, a SARS-CoV-2 lab order was
placed in the electronic health record order entry system. After
the order was placed by a clinician, the JeffConnect visit ended.
Patients were instructed to contact a centralized call center,
named Seamless Access. Seamless Access was a hub for patients
to coordinate their on-site testing. The call center group
completed the patient registration, confirmed that an order was
placed, provided directions and times to present to a testing site,
and provided patient education on what to expect upon arrival
and in the follow-up. 

All test results from the electronic health record were routed to
a dedicated results follow-up team and separated into positive
and negative result pools. Data was extracted from the electronic
medical record and stored on secure systems consistent with
medical center policies. Patient data was deidentified for
aggregate analysis. Every patient tested was contacted via
telephone and received counseling on results, a re-evaluation
of symptoms, and advice on when to return to work or seek
additional care. For positive results, patients were contacted by
a designated primary care physician or nurse practitioner. For
negative results, patients were contacted by primary care nurse
care coordinators. Home isolation for patients who were
symptomatic was emphasized regardless of the result, given the
possibility for false-negative results. Patients with access to the
online patient portal were able to view their results immediately
and received additional written instructions based on a positive
or negative result. Each week, the number of patients, number
of SARS-CoV-2 tests performed, and positive results were
tracked for quality improvement processes and to inform
considerations on testing capacity.

Staffing Telehealth
Considering more limited access to ambulatory visits, patients
rapidly sought care via JeffConnect for COVID-19–related
complaints as well as for other acute complaints that they were
not able to see their primary care physician about. The goal was
for patients who were generally well to be evaluated and
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determine if they required testing or were safe to stay home
(Figure 1).

Due to the opening of the testing sites and the aforementioned
goals, the prior staffing model of one EM physician managing
JeffConnect visits, even with the expectation of seeing four
patients an hour, was not sufficient to keep up with the abrupt
increase in patient volume. JeffConnect’s leadership had to scale
their process quickly to remotely evaluate a large volume of
patients. To allow patients to be seen in a timely manner, during

the weekend of March 13-15, 2020, 150 new physicians from
internal medicine (IM), family medicine (FM), anesthesia, and
EM advanced practice providers (APPs) were trained remotely
using Zoom (Zoom Video Communications, Inc) and
myJeffHub, an internal video education platform accessible to
all employees. New clinician accounts were created by the
JeffConnect Medical Director and all clinicians were given the
training videos, tip sheets, screening protocols, and Jefferson
policies.

Figure 1. JeffConnect screening and testing process.

The IM and FM physicians added additional coverage from the
hours of 7 AM to 10 PM starting on March 15, 2020. IM and
FM physicians, due to licensing constraints, only covered
patients in Pennsylvania, while the EM staff would cover
Pennsylvania, New Jersey, and Delaware. Other clinicians
(anesthesia and APPs) were kept in reserve as needed for surge
capacity. For EM faculty, contingency planning included
ensuring those in high-risk groups such as those 60 years and
older or who were immunocompromised were also trained for
JeffConnect to convert in-person shifts to telehealth. The IM
and FM practices converted a number of their patient visits to
telehealth or rescheduled routine visits for later. At that time,
there was no emergency state reciprocity for licensure, so most
of the additional physicians covered patients from Pennsylvania
only. The newly trained clinicians and the existing telehealth
EM physician were able to meet the increased patient demand. 

Over the next week, the ED redistributed staff physicians and
APPs to account for the fluctuating patient volumes. Clinicians
deemed high risk for COVID-19 complications were restaffed
to telehealth. JeffConnect leaders added a swing shift to increase
the IM and FM staffing from 10 AM to 7 PM. New Jersey
amended its licensing process, allowing for emergency
temporary licensure. This allowed more physicians to provide
telehealth to New Jersey patient callers. 

During the testing period, we evaluated the visit volume, number
of SARS-CoV-2 tests ordered, and number of positive tests.
JeffConnect visit volumes from the same period in 2019 and
the 5-week time interval preceding this 5-week study period
were evaluated for comparison. Descriptive statistics were used
in the analysis.

Results

In the telehealth screening and testing study period (March 8,
2020, to April 11, 2020), 4663 patients were evaluated and 1521
(33%) were recommended for SARS-CoV-2 testing. Peak
volumes for visits and testing occurred the week of March 15-21
with 1303 visits and 40% (n=527) of those patients sent for
testing (Figure 2).

There was an increase in telehealth patient volume from 321
visits from March 8 to April 11 in 2019 to 4663 visits during
the same dates in 2020. There were 653 total visits in the 5
weeks preceding the study period (February 2 to March 7, 2020),
compared to 4663 during the study period. This represents a
greater than seven-fold increase in visit volume. Of the 1521
patients that were tested, nearly 20% (n=301) had a positive
result.
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Figure 2. JeffConnect visit volumes and testing.

Discussion

Principal Findings
The abrupt rise in telehealth visit volume and COVID-19–related
testing need, as well as the approximately 20% (301/1521)
positive rate during our study period mirrors the numbers in
Pennsylvania, with a 18% positive rate in the state during the
same time period (129,207 SARS-CoV-2 tests with 23,340
positive cases in Pennsylvania) [13]. This coincides with the
initial surge of COVID-19 cases in the northeast of the United
States during this time period [14]. This suggests our screening
algorithms and indications for testing, considering constrained
testing resources, were similar to those being used in the region
during the study period [13].

It is unclear how many in-person evaluations were prevented,
and many of the new patients to JeffConnect were seen for
evaluation of COVID-19 symptoms or exposures. We believe
our surge in volume was also due to patients seeking care for
other urgent complaints via telehealth to avoid in-person contact
with the health care clinicians. The goal of quickly scaling
telehealth capacity was to keep viral exposure at a minimum,
and we suspect that receiving at-home screening kept patients
from exposing others in person and potentially spared exposure
for concerns not related to COVID-19. Considering the ongoing
nature of the COVID-19 pandemic, it is not yet clear whether
our region has reached its ultimate peak surge, and time will
tell if this intervention significantly impacts access to care,
testing, and appropriate isolation. 

Process Replication
The JeffConnect telehealth COVID-19 innovation came together
by the alignment of multiple factors. The region had more time
than some other regions: time to write, organize, and execute
health system–wide policies, and to evolve previous emergency
management preparations for this specific context. As already
stated, Jefferson had a pre-existing telehealth structure including
and not limited to a platform, a workflow process, training
guides, courses, and a quality assurance process. This allowed
the efficient and rapid scale-up to meet the need for more

clinicians to accommodate the increased number of patient
visits. We were able to use existing staffing and electronic health
record infrastructure to create multiple outpatient testing sites
near these hospitals and urgent cares.

The commitment to resourcing this service to scale rapidly led
to a successfully evolved program within just a few days. None
of the challenges have been insurmountable. To date, the
telehealth clinicians’ group can see patients in an efficient and
timely manner, and direct them for immediate testing at one of
seven sites. For systems seeking to replicate this process, we
recommend the following:

• Establish patient care and testing algorithms that clearly
identify who needs to be tested, considering local testing
resources

• Implement a telehealth software based on a clearly
identified use case. Due to the pandemic, many companies
have created quick and discounted implementations, and
clear definition of need will determine which solution is
the right one.

• Train clinicians in telehealth: on technology, screening
processes, and converting in-person encounters to virtual
care

• Identify physical sites that can be used for walk-up or
drive-thru testing, which are close to existing health system
infrastructure and convenient for patients to access while
maintaining infection prevention practices

• Identify and train staff at the testing sites for clear and
specific roles

• Identify the appropriate testing equipment and keep count
of testing swabs being used relative to supply chain
considerations

• Create clear workflows for testing sites to direct swabs for
in-house lab versus send-out testing

• Create team and process for follow-up on test results,
distancing, and disease process counseling via telephone,
chat, or phone app

• Establish a quality assurance process for testing site staff,
telehealth clinicians, results reviewers, and any other groups
involved
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• Create ongoing process improvements to address obstacles,
questions, and changes 

• Ensure that each step has specific team members and each
team has a specific role and defined leadership. This ensures
improved flow and efficiency, and allows challenges to be
quickly identified and fixed. 

Limitations
We acknowledge certain limitations to this innovation. One
challenge appeared on Monday, March 16, 2020, when the
telehealth platform software functionality slowed in processing
speed. We quickly identified the cause, a large increase in the
number of clinicians seeing patients. This was rectified by
Teladoc by scaling the cloud-based resources. We considered
this a learning lesson; we needed to better anticipate technology
limitations and associated rapid growth in users.

Prior to centralization of testing and registration by Seamless
Access, patients were required to call separate telephone
numbers for different testing sites. Understandably, this caused
confusion for both patients and for clinicians. The addition of
Seamless Access and a centralized telephone number to call for
registration and testing site information streamlined the
workflow. 

There is a cost to the service, which can also be a barrier to
employing this model of care delivery, in addition to the
requirement for a smartphone, tablet, or computer and internet
connection among users that may limit this as an access point
to care.

Conclusion
Telehealth has arrived as a crucial component of testing and
treatment during the COVID-19 crisis. In a matter of days, our
use of telehealth transformed the way Jefferson Health was
providing patient care during a pandemic. Developing a
successful and scalable telehealth solution is allowing patients
to stay home and preserve hospital resources as much as
possible, receive testing for COVID-19 when appropriate, and
get directed to additional care when necessary. Additional
research will be required to determine the effectiveness of
telehealth in reducing exposures for health care workers and
the community. However, in this time of uncertainty, patients
are seeking evidence-based advice and the benefits of virtual
care have become clear to clinicians, patients, and the health
care system.
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Abstract

Background: Telemedicine has been used widely in China and has benefited a large number of patients, but little is known
about the overall development of telemedicine.

Objective: The aim of this study was to perform a national survey to identify the overall implementation and application of
telemedicine in Chinese tertiary hospitals and provide a scientific basis for the successful expansion of telemedicine in the future.

Methods: The method of probability proportionate to size sampling was adopted to collect data from 161 tertiary hospitals in
29 provinces, autonomous regions, and municipalities. Charts and statistical tests were applied to compare the development of
telemedicine, including management, network, data storage, software and hardware equipment, and application of telemedicine.
Ordinal logistic regression was used to analyze the relationship between these factors and telemedicine service effect.

Results: Approximately 93.8% (151/161) of the tertiary hospitals carried out telemedicine services in business-to-business
mode. The most widely used type of telemedicine network was the virtual private network with a usage rate of 55.3% (89/161).
Only a few tertiary hospitals did not establish data security and cybersecurity measures. Of the 161 hospitals that took part in the
survey, 100 (62.1%) conducted remote videoconferencing supported by hardware instead of software. The top 5 telemedicine
services implemented in the hospitals were teleconsultation, remote education, telediagnosis of medical images,
tele-electrocardiography, and telepathology, with coverage rates of 86.3% (139/161), 57.1% (92/161), 49.7% (80/161), 37.9%
(61/161), and 33.5% (54/161), respectively. The average annual service volume of teleconsultation reached 714 cases per hospital.
Teleconsultation and telediagnosis were the core charging services. Multivariate analysis indicated that the adoption of
direct-to-consumer mode (P=.003), support from scientific research funds (P=.01), charging for services (P<.001), number of
medical professionals (P=.04), network type (P=.02), sharing data with other hospitals (P=.04), and expertise level (P=.03) were
related to the effect of teleconsultation. Direct-to-consumer mode (P=.01), research funding (P=.01), charging for services (P=.01),
establishment of professional management departments (P=.04), and 15 or more instances of remote education every month
(P=.01) were found to significantly influence the effect of remote education.

Conclusions: A variety of telemedicine services have been implemented in tertiary hospitals in China with a promising prospect,
but the sustainability and further standardization of telemedicine in China are still far from accomplished.

(JMIR Mhealth Uhealth 2020;8(10):e18426)   doi:10.2196/18426
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Introduction

Telemedicine refers to the remote delivery of health care
services with the use of modern communication technology,
electronic technology, and multimedia computer technology to
realize the remote collection, transmission, processing, storage,
and inquiry of medical information and to further provide the
examination, surveillance and diagnosis of disease, remote
education, and information management [1,2]. The common
types of telemedicine services include teleconsultation,
telediagnosis, and remote surgery teaching [3-5]. With the rapid
development of telemedicine equipment and information
communication technology, telemedicine has developed rapidly
and is used widely around the world as a new mode of medical
service [6,7]. In particular, in China, telemedicine has been used
as a crucial method by the government to address the inequality
of medical resources between urban and rural areas.

Medical care is an important issue related to the national
economy and people's livelihood in China. However, there is a
serious imbalance of distribution in medical resources, and
patients in rural and remote areas do not have easy access to
high-quality medical services [8]. In 2018, there were 1047
tertiary hospitals in 11 provinces in the east of China and 1216
tertiary hospitals in 21 provinces in the central and western
regions [9]. High-quality medical resources are concentrated in
the economically developed eastern region of China, while the
central and western regions have a serious lack of health
resources [10]. A health report showed there were 10.91 health
care technicians per 1000 people in China’s urban areas in 2018,
while there were only 4.63 health care technicians per 1000
people in rural areas. Moreover, the number of beds per 1000
people in urban medical institutions was 8.70, while it was only
4.56 in rural areas, and there were less than 2 medical beds in
township health centers per 1000 rural people [9]. The
imbalanced distribution of medical resources in urban and rural
areas greatly increases the difficulty of medical treatment in
rural areas and reduces the efficiency of treatment [11,12].
Medical experts from large hospitals in developed cities can
provide telediagnosis for patients in rural and remote areas
through telemedicine, which may shorten the spatial distance
between doctors and patients and enable patients to be treated
locally by off-site medical experts. Numerous studies have
shown that telemedicine can effectively reduce expenses and
save time for medical treatment [13-16]. Therefore, telemedicine
has been used as an important means for medical reform, and
many policies have been issued to encourage the development
of telemedicine in China.

The development of telemedicine in China began in the 1980s.
In 1986, the Guangzhou Ocean Shipping Company conducted
a cross-sea consultation for the emergency patients on the
ocean-going freighter through telegraph, which was considered
to be the earliest telemedicine activity in China. In 1997, the
Jinwei Medical Network in China was officially opened to
provide remote, off-site, real-time, and dynamic live television
consultations for patients with severe illness [17]. Subsequently,

the medical institutions at all levels in China began to explore
and develop telemedicine [18,19]. After years of efforts, the
development of telemedicine entered its golden age. In 2017,
22 provinces in China established telemedicine platforms
covering 13,000 medical institutions, providing teleconsultation,
telediagnosis, and remote medical education [20].

Many scholars have carried out research on telemedicine, as
telemedicine has been implemented in full swing in China.
Several studies have analyzed the application of telemedicine
in the treatment of different diseases such as diabetes and burns
[21-23]. Further, Cai et al [19] investigated the experience of
doctors and patients in the implementation of telemedicine in
the Gansu Province, China. He et al [24] analyzed the patient
satisfaction and compliance with telemedicine implementation
in rural areas in the Guangdong Province, China. However,
most of the researches focused on the application of telemedicine
in certain diseases or were limited to a certain region (such as
a province) or small aspects such as patient satisfaction.
Research on the overall development of telemedicine in China
from a national and comprehensive perspective has not been
elucidated. In order to explore the characteristics of telemedicine
in a multidimensional and in-depth manner, this study
investigated the development of telemedicine in 161 tertiary
hospitals in 29 provinces, autonomous regions, and
municipalities, and conducted an overall analysis of the
implementation, applications, and key factors of telemedicine
in China in 2017. This study is the first to summarize the
development of telemedicine in China with comprehensive
information rather than a small aspect, including human
resources, network construction, hardware and software
facilities, and so on, thereby showing how the telemedicine was
built and operated in China. Besides, this study carried out a
nationwide survey, not limited to a certain area, which is
unprecedented. Furthermore, the overview of implementation
and application of telemedicine would be valuable for
formulating policies and improving existing deficiencies.

Methods

Study Design and Participants
The Chinese hospitals are divided into 3 levels: tertiary
hospitals, secondary hospitals, and primary hospitals. The
tertiary hospitals are the main providers of telemedicine services.
Therefore, investigation of the implementation and application
of telemedicine in tertiary hospitals can help in understanding
the development of telemedicine in China. A web-based
questionnaire survey (Multimedia Appendix 1) was conducted
from August to October 2018 in Chinese tertiary hospitals that
carried out telemedicine services through the Telemedicine
Information Professional Committee of China (TIPC), and the
survey content was with regard to telemedicine services in
tertiary hospitals in 2017. TIPC is a professional organization
in the telemedicine industry, gathering telemedicine practitioners
and hospital administrators from different provinces in China.
The survey coverage areas are shown in Figure 1.
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Figure 1. Distribution of the survey coverage areas in China.

The preliminary questionnaire was developed based on a
literature review [3,14,19,25] and expert consultation combined
with telemedicine practice. Ten experts with more than 5 years
of working experience in telemedicine were consulted on the
questionnaire design. The questionnaire was modified and
optimized later according to the presurvey conducted in 18
tertiary hospitals in the Henan province. The questionnaire
mainly consisted of 3 parts: telemedicine implementation,
telemedicine application, and key factors related to telemedicine
development. The human resource allocation, management,
funding, network types, data storage, software, and hardware
equipment were the main components of telemedicine
implementation, and telemedicine application focused on service
types, service quantity, charges, and service effects. The
influencing factors in the survey mainly explored the key factors
affecting the development of telemedicine. We conducted a
sampling survey nationwide with the probability proportionate
to size sampling technique. First, we calculated the total sample
size by using the following formula.

n = Zα/2
2p (1-p)/δ2, nc = n/(1+n/N)

where Zα/2 is 1.96 at the significance level of α=.05, and p is
assumed to be 0.5 with the principle of maximum population
variance, indicating a more conservative sample size. δ is 0.1,
representing that the margin of error is within 10%. N is 2060,
denoting the total number of Chinese tertiary public hospitals

in 2016. nc is the number of the samples. According to the value
above, we obtained nc to be 92, and the final sample size was
103 with the waste rate being 10%. Second, on the basis of the
number of tertiary hospitals in the eastern, central, and western
regions of China in 2016, we distributed the sample sizes in
different regions proportionally, that is, 49 hospitals in the
eastern region, 27 hospitals in the central region, and 28
hospitals in the western region. At the same time, we identified
the person in charge of the survey in each region and organized
the questionnaire survey by using snowball sampling.

Statistical Analysis
The total number of tertiary hospitals investigated was 185.
However, the questionnaires from 24 hospitals were incomplete
with high percentages of missing data, and only 161
questionnaires were valid, with an effective rate of 87.0%. The
number of hospitals located in the eastern, central, and western
region was 59, 54, and 48, respectively, accounting for 36.7%,
33.5%, and 29.8%, respectively, of the total number of the
tertiary hospitals investigated in this study. Among the 161
hospitals, 137 hospitals provided telemedicine services and 111
hospitals obtained telemedicine services from other hospitals.
The results of some items were invalid or missing. Thus, in the
analysis of the corresponding content, the unqualified answers
were processed as missing values. The quantitative data were
described by mean values, while the qualitative data were
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described by count and percentages. The column chart, bar
chart, pie chart, and radar chart were adopted to analyze the
implementation and application of telemedicine using the Excel
software (Microsoft Corp). Furthermore, the study applied the
methods of chi-square test, two-sided t test, variance analysis,
and nonparametric test to compare the development of
telemedicine in different regions. Ordinal regression was
adopted to model the dependence of the telemedicine service
effect on other factors in the multivariate analysis by using the
SPSS 23.0 software (IBM Corp), with the significance test level
of α=.05.

Results

Human Resources and Funding
The number of telemedicine staff in 75.8% (122/161) of the
tertiary hospitals ranged from 1 to 6 (Figure 2). Overall, the

average number of telemedicine staff in each hospital was 6.8
in China, with 7.4 in the eastern region, 6.7 in the central region,
and 6.2 in the western region, respectively, but there was no
statistically significant difference (P=.83). Telemedicine staff
were mainly composed of those with master’s and bachelor’s
degrees. Those with a bachelor’s degree accounted for 49.58%
(536/1081) of the telemedicine staff, followed by masters and
junior college and below at 38.85% (420/1081) and 11.56%
(125/1081), respectively. The majority of the telemedicine staff
were in the fields of medicine, computer science and
communication, and management (Table 1). There were
statistically significant differences in the number of employees
majoring in computer science and communication and medicine
in different regions with P=.03 and P=.01, respectively. By
contrast, no significant difference was found in the number of
telemedicine staff with management majors in the different
regions (P=.24).

Figure 2. Distribution of the telemedicine staff in tertiary hospitals of China.

Table 1. Educational background of the telemedicine staff in the tertiary hospitals of different regions in China (person per hospital).

Western region (n)Central region (n)Eastern region (n)Total (n)Educational background

2.51.61.41.8Computer science and communication

1.71.94.12.7Medicine

1.60.91.31.3Management

The sources of funding for telemedicine implementation mainly
include government financial support, hospital self-raising,
research funding, and corporate sponsorship. According to the
survey results, 83.2% (134/161) of the tertiary hospitals
implemented telemedicine by self-fundraising. By comparison,
only 8.1% (13/161) of the hospitals received financial support

through research funding. In terms of capital investment, the
proportion of tertiary hospitals with an investment of less than
500,000 RMB (approximately US $71,218) was the highest at
64.6% (104/161). Approximately 19.3% (31/161) of the
hospitals invested more than 1 million RMB (approximately
US $142,500) into telemedicine implementation (Table 2).
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Table 2. Source and investment amount of telemedicine implementation in tertiary hospitals in different regions of China (N=161).

Western region, n=48, n (%)Central region, n=54, n (%)Eastern region, n=59, n (%)Total, N=161, n (%)Funds

Sources of funds

17 (35)18 (33)12 (20)47 (29.2)Government finance

39 (81)44 (82)51 (86)134 (83.2)Hospital self-raising

3 (6)3 (6)7 (12)13 (8.1)Research funding

2 (4)5 (9)7 (12)14 (8.7)Corporate sponsorship

Investment amount (RMB)a

17 (35)21 (39)21 (36)59 (36.7)<100,000

11 (23)17 (32)17 (29)45 (28.0)100,000-500,000

10 (21)6 (11)10 (17)26 (16.2)500,000-1 million

8 (17)7 (13)6 (10)21 (13.0)1-5 million

2 (4)3 (6)5 (9)10 (6.2)>5 million

a1 RMB=US $0.14.

Management and Service Modes
As shown in Table 3, 59.1% (95/161) of the hospitals adopted
a complete self-management operation pattern, while others
delegated part or all of the telemedicine service to a third party.
With respect to the management department, obviously, the
proportions of hospitals with telemedicine administrative
departments in the eastern (48/59, 81%) and western regions
(34/48, 71%) were significantly higher than that in the central
regions (28/54, 52%), with a significant regional difference
(P<.001).

Telemedicine service modes include business-to-business (B2B),
direct-to-consumer (DTC), and business-to-business-to-customer
(B2B2C). B2B is a mode in which a medical institution provides
telemedicine services to doctors in another medical institution.
DTC means that medical institutions provide remote services
directly to patients, while B2B2C refers to medical institutions
providing telemedicine services to patients through other
intermediaries such as telemedicine companies. The results
suggested that 93.8% (151/161) of the tertiary hospitals carried
out telemedicine services in B2B mode, which indicated the
dominance of B2B mode in China. The proportion of the DTC
mode (28/161, 17.4%) was closely matched to that of the B2B2C
mode (32/161, 19.9%).

Table 3. Telemedicine management and service mode of tertiary hospitals in different regions of China (N=161).

Western region, n=48, n (%)Central region, n=54, n (%)Eastern region, n=59, n (%)Total, N=161, n (%)Mode

Management mode

26 (54)29 (54)40 (68)95 (59.1)Self-management mode

13 (27)22 (41)16 (27)51 (31.7)Partial entrustment mode

7 (15)3 (6)3 (5)13 (8.1)Complete entrustment mode

2 (4)0 (0)0 (0)2 (1.2)Other

Management department

34 (71)28 (52)48 (81)110 (68.3)Established

7 (15)10 (19)5 (9)22 (13.7)Being established

7 (15)16 (30)6 (10)29 (18.0)Not established

Service mode

43 (90)50 (93)58 (98)151 (93.8)B2Ba mode

9 (19)6 (11)13 (22)28 (17.4)DTCb mode

6 (13)12 (22)14 (24)32 (19.9)B2B2Cc mode

aB2B: business-to-business.
bDTC: direct-to-consumer.
cB2B2C: business-to-business-to-customer.
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Network Types and Security
Overall, the most widely used type of telemedicine network
was virtual private network (VPN, a special telemedicine
network constructed in China based on wired network) in 55.3%
(89/161) of the hospitals, followed by internet (excluding VPN
and wireless networks) in 43.5% (70/161) of the hospitals; both
these networks are far ahead of 3G/4G (2/161, 1.2%) in the
hospitals. In terms of regions, VPN and internet constituted the
same percentage of the telemedicine networks in the central and

eastern regions. Most of the hospitals (33/48, 69%) in the
western region adopted VPN. With regard to the security of the
telemedicine networks, overall, 97.5% (157/161) of the tertiary
hospitals developed different cybersecurity measures. The
proportion of the hospitals that utilized firewall equipment to
ensure network security was the highest at 90.1% (145/161).
The other 2 popular network security measures for telemedicine
were the formulation of security management systems and the
implementation of network isolation. Figure 3 illustrates the
network security measures for telemedicine in each region.

Figure 3. Telemedicine network security measures of tertiary hospitals in different regions of China.

Data Storage and Security
Table 4 indicates how tertiary hospitals store data generated by
telemedicine services. Independent storage is a relatively
common method for telemedicine data storage in 36.0% (58/161)
of the tertiary hospitals. For telemedicine data security measures,
only a few tertiary hospitals (14/161, 8.7%) have not established
security measures. Among the security measures taken by
tertiary hospitals, data backup is the foremost as 70.8%

(114/161) of the tertiary hospitals carried out data backup.
Followed by that, 59.0% (95/161) of the hospitals implemented
data recovery measures after a failure. The results in Figure 4
suggest that data backup, data recovery, and data transmission
encryption are the first 3 data security measures adopted by
tertiary hospitals in the eastern region. In contrast, the top 3
data security methods in the central and western hospitals are
data backup, data recovery, and data collection security.
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Table 4. Telemedicine data storage methods of tertiary hospitals in different regions of China (N=161).

Western region, n=48, n (%)Central region, n=54, n (%)Eastern region, n=59, n (%)Total, N=161, n (%)Data storage methods

17 (35)23 (43)18 (31)58 (36.0)Independent storage

12 (25)14 (26)19 (32)45 (28.0)Sharing with other departments

3 (6)4 (7)6 (10)13 (8.1)Sharing with other hospitals

10 (21)11 (20)10 (17)31 (19.3)No storage

6 (13)2 (4)6 (10)14 (8.7)Other

Figure 4. Telemedicine data security measures for tertiary hospitals in different regions of China.

Hardware and Software Equipment
Of the 161 hospitals in the survey, 100 (62.1%) conducted
remote videoconferencing supported by hardware for
telemedicine, while other hospitals chose remote
videoconferencing supported by software. The high-definition
audio and video terminals were the most critical devices for
teleconsultation with hardware videoconferencing, which were
classified into 4 categories, that is, audio-video terminals type
A, type B, type C, and type D, according to the Technical Guide
for the Construction of Telemedicine Information System (2014
edition) [25]. As shown in Figure 5A, terminal type A (large
multiscreens with the highest level of audio and video quality)
was the mainstream, which was employed by 46.0% (46/100)
of the hospitals, such as the Huawei telepresence conference
system. Terminal type B (separate screen and camera) was the
second most used at a usage rate of 26.0% (26/100), followed
by integrated terminal type C (integrated codec and multiple

audio and video interfaces) with a usage rate of 15.0% (15/100).
Terminal type D (integrated camera and microphone) was used
by 12.0% (12/100) of the hospitals.

Seventy-seven hospitals built remote education systems and
were equipped with related hardware and software devices. The
results showed that all of these hospitals were equipped with
high-definition audio and videoconference terminals. Video
walls and doctor workstations were also favored by many
hospitals, which were present in 66% (51/77) and 51% (39/77)
of the hospitals, respectively (Figure 5B). Figure 5C shows the
equipment configuration for remote surgery teaching in 50
tertiary hospitals, in which 92% (46/50) of the hospitals were
equipped with high-definition audio and video terminals. The
usage rate of liquid-crystal display televisions (35/50, 70%)
was higher than that of mobile surgery teaching carts (32/50,
64%). Only 35 tertiary hospitals developed remote ward rounds
systems. The usage rate of mobile medical carts (28/35, 80%)
overtook that of other devices for remote ward rounds.
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Figure 5. Hardware and software equipment for telemedicine services in the tertiary hospitals of China. A. Types of high-definition (HD) audio and
video terminals for teleconsultation in tertiary hospitals; B. Hardware and software device configuration for remote education in tertiary hospitals; C.
Hardware device configuration for remote surgery teaching in tertiary hospitals; D. Hardware device configuration for remote ward rounds in tertiary
hospitals.

Telemedicine Services
Different types of telemedicine services have been more or less
implemented nationwide. The top 5 service types are
teleconsultation, remote education, telediagnosis of medical
images, tele-electrocardiography, and telepathology, with
coverage rates of 86.3% (139/161), 57.1% (92/161), 49.7%
(80/161), 37.9% (61/161), and 33.5% (54/161), respectively.
Other telemedicine services such as remote intensive care unit
care (18/161, 11.2%), remote nursing (13/161, 8.1%), and

remote emergency care (16/161, 9.9%) were implemented
relatively rarely. Figure 6 presents the types of telemedicine
services in tertiary hospitals in different regions. The proportions
of hospitals that conducted teleconsultations and remote ward
rounds in the eastern and western regions were significantly
higher than those in the central region (P<.001 and P=.02
respectively). However, there were no statistically significant
differences in the proportions of the tertiary hospitals that carried
out other types of telemedicine services in different regions
(P>.05).
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Figure 6. Development of various telemedicine services in the tertiary hospitals in different regions of China.

Table 5 shows the annual service quantity of 5 major
telemedicine services in tertiary hospitals, in which the annual
business volume of tele-electrocardiography ranked first. The
annual service volumes of teleconsultation, remote education,
and telediagnosis of medical images in the western region
substantially outnumbered that in eastern and central regions.
As for the telemedicine charge, overall, 71.7% (114/159) of the

hospitals charged for telemedicine services in the survey.
However, according to the medical insurance policies in
different regions, only 22.8% (26/114) of the hospitals have
included telemedicine charges into medical insurance.
Teleconsultation and telediagnosis (telepathology, telediagnosis
of medical images, and tele-electrocardiography) were the main
chargeable items for telemedicine as indicated in Figure 7.
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Table 5. Business volume of the major telemedicine services in tertiary hospitals (cases per hospital) in different regions of China.

Western region (n)Central region (n)Eastern region (n)Total (n)Telemedicine service

1045532604714Teleconsultation

76352744Remote education

10726648139Telepathology

3292412326453342Tele-electrocardiography

24434055931107Telediagnosis of medical images

Figure 7. Proportion of hospitals charging for different telemedicine services.

Teleconsultation, as the core service of telemedicine, needs to
be explored in depth. Figure 8A depicts that the level of medical
experts providing teleconsultation services was deputy chief
physician and above in most tertiary hospitals (109/137, 79.6%).
Figure 8B illustrates that 72.1% (80/111) of the tertiary hospitals
applied for teleconsultation through the telemedicine platform,
which was the most important way. In terms of the response
duration of teleconsultation, that is, the time interval from the
consultation application to the start of the consultation, 74.5%
(92/137) of the hospitals had a waiting time within 24 hours.
Figure 8D shows that the average duration of each
teleconsultation in most hospitals ranged from 10 to 40 minutes.
Among them, the percentage of teleconsultations lasting 20-30
minutes was the highest in 43.8% (60/137) of the hospitals. As
far as the effect of teleconsultation was concerned, the
proportion of hospitals that considered the effect as good and

excellent was 51.4% (57/111) and 31.5% (35/111), respectively,
whereas 17.1% (19/111) of the hospitals believed the
consultation effect to be fair or poor. Remote education is
another core business of telemedicine. The overall participation
frequency of remote education in tertiary hospitals was relatively
low; 83.8% (93/111) of the hospitals performed 0-6 instances
of remote education every month. The proportion of hospitals
participating in remote education with a frequency of 7-10 cases,
11-14 cases, and 15 cases and above every month was 6.3%
(7/111), 1.8% (2/111), and 8.1% (9/111), respectively. As for
the effect of remote education, 73.0% (81/111) of the tertiary
hospitals believed that it had a certain effect on improving the
medical service level, and 26.1% (29/111) of the hospitals
thought it had a great effect. However, 0.9% (1/111) of the
hospitals considered that it had no effect.
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Figure 8. Teleconsultation status in tertiary hospitals: A. Levels of teleconsultation specialists; B. Ways to apply for teleconsultation; C. Average
waiting time for teleconsultation; D. Average duration of teleconsultation cases.

Key Factors Influencing Telemedicine Development
Standard formulation was the most crucial factor, as 68.3%
(110/161) of the tertiary hospitals believed that the lack of
uniform standards hindered the promotion of telemedicine in
hospitals. The other influencing factors of the development of
telemedicine in tertiary hospitals are listed in Figure 9. In order
to explore the key factors influencing the effects of telemedicine
further, we considered the core telemedicine services (ie,
teleconsultation and remote education) as examples and applied
ordinal logistic regression to analyze the relationship between
the effect of telemedicine and the aforementioned factors such
as human resources, funding, region, management, and service
modes. The effect of teleconsultation refers to how useful it is
for the treatment and health of the patient. Thus, the
teleconsultation effect was divided into 3 categories (1=poor

or fair, 2=good, and 3=excellent). The effect of remote education
was expressed in terms of improvement in the medical service
level (1=no improvement, 2=certain improvement, 3=great
improvement), in which “certain improvement” means that
remote education helps to improve the medical service level of
the hospital, but the improvement is not significant. Taking the
high-level effect as a reference, as many factors as possible
were included in the models. Some results are presented in Table
6 and Table 7. The complete parameter estimation results are
shown in the Multimedia Appendix 2 and Multimedia Appendix
3.

As shown in Table 6, an increase in the number of medical
professionals may have a positive impact on the teleconsultation
effect (P=.04). The adoption of the DTC mode, the support of
scientific research funds, and the charging for consultation
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services could improve the teleconsultation effect, with P=.003,
P=.01, and P<.001, respectively. Compared with 3G/4G, VPN
and internet could significantly improve the consultation effect
(P=.02 and P=.02, respectively). No data storage would reduce
the consultation effect compared with other data storage
methods, as no statistical significance was found (P=.07).
Sharing data with other hospitals could significantly improve
the consultation effect (P=.04). As the duration of the
consultation increased, the consultation effect decreased to
varying degrees. High-level experts were helpful in improving
the consultation effect (P=.03).

Similarly, the adoption of the DTC mode, the provision of
research funding, and the charging for service had a positive

impact on remote education by improving the medical service
level. However, regional differences had no impact on the effect
of remote education. Compared with hospitals that did not
establish professional management departments, the remote
education effects of hospitals that were establishing departments
or with already established departments were better, with P=.04
and P=.25, respectively. Compared with the 0-3 instances of
remote education every month, the frequency of 15 instances
and above every month could significantly improve the effect
of remote education (P=.01).

For this study, the Checklist for Reporting Results of Internet
e-Surveys has been uploaded in Multimedia Appendix 4.

Figure 9. Key factors affecting the development of telemedicine in tertiary hospitals of China.
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Table 6. Ordinal logistic regression results of the influencing factors of the consultation effect.

P valueWald statisticStandard errorRegression coefficientVariable

Educational background of the professionals

.112.630.19–0.31Computer science and communication professionals

.044.090.040.09Medical professionals

.0493.870.14–0.27Management professionals

Service mode

B2Bamode

.610.262.451.25Yes

N/AN/AN/AN/AcNob

DTCdmode

.0038.681.203.54Yes

N/AN/AN/AN/ANo

B2B2Cemode

.620.251.15–0.57Yes

N/AN/AN/AN/ANo

Investment amount (RMB)f (reference=less than 100,000 RMB)

.420.651.57–1.26>5 million

.990.001.040.011-5 million

.016.791.25–3.26500,000-1 million

.470.520.85–0.61100,000-500,000

Funds

Government financial support

.450.580.92–0.70Yes

N/AN/AN/AN/ANo

Hospital self-raising

.211.571.17–1.47Yes

N/AN/AN/AN/ANo

Research funding

.016.091.513.72Yes

N/AN/AN/AN/ANo

Corporate sponsorship

.890.021.34–0.18Yes

N/AN/AN/AN/ANo

Network types (reference=3G/4G)

.025.082.024.55Virtual private network

.025.672.004.75Internet

Data storage (reference=other)

.251.341.221.41Independent storage

.900.021.29–0.16Sharing with other departments

.044.191.793.66Sharing with other hospitals

.073.401.32–2.43No storage

Expertise level (reference=attending physician and above)
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P valueWald statisticStandard errorRegression coefficientVariable

.034.992.375.29Chief physician and above

.221.510.821.01Associate chief physician and above

Duration of consultation per case (reference≤10 min)

.00210.063.50–11.1060 min

.063.452.96–5.5040-60 min

.016.613.05–7.8330-40 min

.044.422.89–6.0820-30 min

.211.612.66–3.3710-20 min

Charge

<.00117.301.024.26Yes

N/AN/AN/AN/ANo

aB2B: business-to-business.
bReference.
cN/A: not applicable.
dDTC: direct-to-consumer.
eB2B2C: business-to-business-to-customer.
f1 RMB=US $0.14.
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Table 7. Ordinal logistic regression results of the influencing factors of the remote education effect.

P valueWald statisticStandard errorRegression coefficientVariable

Region (reference=center)

.340.901.10–1.04East

.152.031.16–1.66West

Service mode

B2Bamode

.221.484.685.70Yes

N/AN/AN/AN/AcNob

DTCdmode

.016.391.594.01Yes

N/AN/AN/AN/ANo

B2B2Cemode

.083.051.47–2.57Yes

N/AN/AN/AN/ANo

Professional management department (reference=not established)

.251.311.271.45Established

.044.281.783.67Being established

Investment amount (RMB)f (reference=less than 100,000 RMB)

.790.072.260.60>5 million

.900.021.480.191-5 million

.221.481.82–2.22500,000-1 million

.730.121.120.39100,000-500,000

Funds

Government financial support

.073.311.22–2.22Yes

N/AN/AN/AN/ANo

Hospital self-raising

.152.031.53–2.18Yes

N/AN/AN/AN/ANo

Research funding

.016.611.834.69Yes

N/AN/AN/AN/ANo

Corporate sponsorship

.281.151.65–1.77Yes

N/AN/AN/AN/ANo

Frequency of remote education (reference=0-3 times a month)

.017.942.115.9515 instances and above per month

.580.316.51–3.6411-14 instances per month

.083.131.692.997-10 instances per month

.900.021.110.144-6 instances per month

Charge

.017.971.534.30Yes
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P valueWald statisticStandard errorRegression coefficientVariable

N/AN/AN/AN/ANo

aB2B: business-to-business.
bReference.
cN/A: not applicable.
dDTC: direct-to-consumer.
eB2B2C: business-to-business-to-customer.
f1 RMB=US $0.14.

Discussion

Principal Findings
Based on a national survey, this study analyzed the development
of telemedicine in Chinese hospitals from multiple aspects,
including implementation, application, and the key factors
influencing telemedicine service effects. We found that
telemedicine services were mainly carried out in the form of
hardware videoconferences in B2B mode through VPN in
Chinese tertiary hospitals, with various service types and a large
service quantity, which were considered to have positive effects
on the improvement of medical treatment in primary hospitals.
Despite the rapid development of telemedicine in China, there
are still problems such as the lack of uniform standards and
laws, which reminds us that a lot of work is needed to improve
the standardization of telemedicine services and establish legal
protection for telemedicine services.

In terms of human resource and management, 31.7% (51/161)
of the tertiary hospitals had no specific management
departments, and some tertiary hospitals did not even have
full-time staff. Further, the number of telemedicine staff with
majors in computer science and communication and
management was relatively small. As a burgeoning,
cutting-edge, and multidisciplinary technology, telemedicine
is in high need of a compound talent team that integrates the
knowledge structure of science, engineering, and medicine.
According to the technical guide of telemedicine in China, a
tertiary hospital should set up an independent telemedicine
department with medical, information technology, and
management professionals and technical personnel [25].
However, many hospitals do not meet the requirements of the
technical guide; therefore, more work is still needed to improve
the organization of a telemedicine management department.
Previous studies have suggested that sufficient capital
investment and leadership attention are the primary factors
affecting the development of remote education and remote
pathology diagnosis [26]. In China, 35.4% (57/161) of the
hospitals invest more than 500,000 RMB (approximately US
$71,218) per year, and 28.0% (45/161) of the hospitals invest
100,000-500,000 RMB (approximately US $14,244-$71,218)
per year, thereby providing financial support for telemedicine
development. Government investments and hospital self-raising
were the main sources of funds, which were consistent with the
results of another telemedicine survey [27], thereby revealing
the national attention on telemedicine.

Through the investigation, we found that B2B was the main
telemedicine service mode in China. Historically, as the original

intention of telemedicine is that experts in tertiary hospitals
assist doctors in secondary or primary hospitals at different
locations to provide solutions to the management of complicated
diseases by videoconferencing, telemedicine services are still
mainly limited to the B2B mode, and the DTC mode remains
to be improved [28,29]. However, with the development of
medical information, the DTC mode is considered to be a further
developmental tendency for telemedicine [30,31], which will
enable the patients to apply for telemedicine services with
greater accessibility and convenience, such as choosing the
doctors they prefer [32]. In 2018, a policy was issued in China
to allow medical institutions to set up internet hospitals and to
directly carry out telemedicine services for revisiting patients
with common and chronic diseases. To date, about 158 internet
hospitals in China have been built to provide web-based
telemedicine consultations directly to the patients [33]. We
believe that the telemedicine service mode will change from
B2B to DTC in the near future.

According to the results of the network construction, VPN was
the main type of network used for telemedicine. With the
advantages of high security, flexible access, and low latency
[34], VPN is the preferred network for telemedicine in the
technical guide [25]. However, 44.7% (72/161) of hospitals still
do not have access to VPN. A policy was introduced in China
in 2018 to encourage telecom enterprises to provide high-quality
dedicated internet access and VPN for medical institutions and
to promote the construction of dedicated networks for
telemedicine and guarantee the quality of medical-related data
transmission services. It can be predicted that private networks
will be the predominant type of network used for telemedicine
services in the future. Telemedicine provides more chances for
accessing patients’ personal information. However, this is
accompanied by a threat to the security of the medical data [35].
Therefore, security measures should be formulated in the
implementation of telemedicine. In China, 91.3% (147/161)
and 97.5% (157/161) of the tertiary hospitals have established
data security measures and network security measures,
respectively, such as firewall, network isolation, and internet
behavior supervision, thereby reflecting their emphasis on
information security.

The survey results showed that 62.1% (100/161) of the hospitals
conducted hardware videoconferences instead of software
videoconferences for teleconsultation. Despite the availability
of low-cost videoconferencing software, due to the high
requirements for information transmission and video quality,
many hospitals have adopted high-performance hardware
videoconferencing owing to the advantages of high definition,
security, stability, and interoperability [36]. In 2017, an average
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of 714 remote consultations were conducted in each tertiary
hospital, indicating a huge increase compared to the number of
teleconsultations in 2014 (no more than 7 times per quarter)
[27]. For different types of remote diagnosis carried out in
tertiary hospitals, the service quantity of tele-electrocardiography
diagnosis ranked first, with an average number of 3342 cases
in each hospital, which was related to the relatively low
requirements on equipment and network speed [37]. Unlike the
remote consultation and diagnosis, the application of
telemedicine is relatively limited in intensive care and nursing
and emergency care because of the immature technology, lack
of legislation on charging standards and responsibility
distinction, and the low acceptance by patients and medical staff
[27,38,39].

Studies have revealed that the lack of uniform standards and
laws was an essential factor hindering the development of
telemedicine, which might lead to repeated and chaotic
implementation of telemedicine [40]. Some scholars believe
that since physical examination cannot be performed in
telemedicine, medical safety cannot be guaranteed, and the
responsibilities for the privacy and safety of patients are not
clearly assigned to the doctors participating in telemedicine
services [41-43]. Therefore, new legislation on telemedicine
should be introduced to guide the implementation of
telemedicine and assign the medical responsibilities clearly.
Another factor hindering the development of telemedicine is
the imperfect medical insurance system. In the United States
of America, the proportion of medical insurance payment for
telemedicine is 0%-67% [44], whereas in China, only some
provinces such as Guizhou and Sichuan realize the medical
insurance reimbursement. The government should formulate a
medical insurance policy as well as develop a reasonable benefit
distribution mechanism to promote the sustainable
implementation of telemedicine in China.

This study shows that most hospitals believe that telemedicine
is effective and could improve the medical service level of the
hospitals, which was consistent with the results of many studies
that positively evaluated telemedicine [45,46]. A study showed
that as the frequency of consultation increased, primary care
providers could significantly improve knowledge acquisition
[47]. The DTC mode, support of scientific research funds, and
service charges had a significant impact on the effects of both
teleconsultation and remote education. Compared to the
mainstream B2B mode, the obvious feature of the DTC mode
is the participation of patients, which may help to obtain more
accurate patient information during the consultation process
and allow patients to interact with doctors. The supports for
research funding and service charges can significantly increase
the enthusiasm of doctors. With the encouragement of the
government, many provinces in China have issued pricing and
payment policies for telemedicine services. As a result, the
charges for telemedicine services will be rule-based, more
standardized, and reasonable in the future.

Comparison With Prior Work
Although previous studies have analyzed the utilization of
telemedicine in a certain region, the overall development of
telemedicine in China has not yet been studied, especially in
terms of network construction, security measures, and hardware
and software facilities. This study investigated the
implementation and application of telemedicine from a national
perspective, which will provide people with a comprehensive,
multilevel, and multifaceted understanding of telemedicine
development in China. Moreover, to our knowledge, this is the
first study to use ordinal regression models to deeply analyze
the factors influencing the effectiveness of telemedicine in
multiple dimensions, including human resources, funding,
management and service modes, networks, and charging, which
will supply a reference for telemedicine planning.

Limitations
Although our findings provide a deep insight into the
development of telemedicine in China, this study has several
limitations. As the first nationwide survey on telemedicine in
China, our sample is nationally representative and covers most
areas of China. However, the sample size is still insufficient,
as some areas with few tertiary hospitals were not included,
such as Tibet; therefore, the scope of the research needs to be
further expanded. Besides, we have only considered tertiary
hospitals as the survey object; however, patients’attitude toward
telemedicine is also important for the development of
telemedicine, which will be the focus of the next study.

Conclusions
We conducted a quantitative analysis of the overall
implementation and application of telemedicine in China with
the data from 161 tertiary hospitals in 29 provinces, autonomous
regions, and municipalities. Our findings revealed that
telemedicine services were carried out in most parts of China,
and most tertiary hospitals provided telemedicine services in
B2B mode through the hardware videoconferencing. VPN was
the most widely used type of telemedicine network, and
audio-video terminals with large screens was the mainstream
hardware. Teleconsultation, remote education, and telediagnosis
were the main types of telemedicine service. Service modes,
financial sources, network types, service charges, and medical
experts are the main factors influencing the effect of
teleconsultation and remote education. The management,
uniform standards, and legislation still need to be improved for
the sustainability of telemedicine in China. To plan the
development of telemedicine further, our research provides a
reference for policymakers to promote the implementation of
DTC mode of telemedicine, expand the coverage of VPN,
develop innovative service patterns such as remote nursing and
remote care in intensive care units, and formulate complete
telemedicine laws and regulations.
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Abstract

Background: Daily monitoring of fetal and maternal conditions in complicated pregnancies leads to recurrent outpatient visits
or (prolonged) hospitalization. Alternatives for hospital admissions include home-based monitoring with home visits by professionals
or telemonitoring with self-measurements performed by pregnant women and uploaded for in-clinic assessment. For both
alternatives, cardiotocography and blood pressure measurement can be performed at home. It is unknown to what extent, for
which reasons, and for which pregnancy complications these strategies are used.

Objective: This study aims to assess the current practice and attitudes concerning home-based monitoring (with daily home
visits by professionals) and telemonitoring (using devices and the internet for daily self-recorded measurements) in high-risk
pregnancies requiring maternal and fetal monitoring in the Netherlands.

Methods: This nationwide cross-sectional study involved sending a web-based survey to the obstetrics departments of all 73
hospitals in the Netherlands to be answered by 1 representative dedicated to pregnancy monitoring per hospital. The primary
outcome was the provision of home-based monitoring or telemonitoring using cardiotocography between 1995 and 2018. The
survey further addressed perspectives regarding the use of home-based monitoring and telemonitoring, including (contra)indications,
advantages, and disadvantages for pregnant women and clinicians.

Results: The response rate for the provision of either home-based monitoring or telemonitoring was 100%. In 2018, 38% (28/73)
of centers in the Netherlands offered either home-based monitoring or telemonitoring or both to pregnant women with complications.
Home-based monitoring was offered in 26% (19/73) of the centers; telemonitoring, in 23% (17/73); and both in 11% (8/73).
Telemonitoring was first offered in 2009, increasing from 4% (3/73) of hospitals in 2014 to 23% (17/73) in 2018. Responses
were received from 78% (57/73) of the invited hospitals and analyzed. Of all 17 centers using telemonitoring, 59% (10/17) did
not investigate perinatal outcomes, safety, and patient satisfaction prior to implementation. Other (6/17, 35%) telemonitoring
centers are participating in an ongoing multicenter randomized clinical trial comparing patient safety, satisfaction, and costs of
telemonitoring with standard hospital admission. Home-based monitoring and telemonitoring are provided for a wide range of
complications, such as fetal growth restriction, pre-eclampsia, and preterm rupture of membranes. The respondents reported
advantages of monitoring from home, such as reduced stress and increased rest for patients, and reduction of admission and
possible reduction of costs. The stated barriers included lack of insurance reimbursement and possible technical issues.

Conclusions: Home-based monitoring is provided in 26% (19/73) and telemonitoring, in 23% (17/73) of hospitals in the
Netherlands to women with pregnancy complications. Altogether, 38% (28/73) of hospitals offer either home-based monitoring
or telemonitoring or both as an alternative to hospital admission. Future research is warranted to assess safety and reimbursement
issues before more widespread implementation of this practice.
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Introduction

Pregnancies with complications need close antenatal
surveillance. Although 7-10 antenatal consultations are
recommended in uncomplicated pregnancies, complications
result in recurrent outpatient visits or hospital admission [1].
These complications include fetal growth restriction,
pre-eclampsia, and preterm prelabor rupture of membranes
(prevalence of 3%-7%, 1%-3%, and 1%-5%, respectively) [2-4].
Daily monitoring with cardiotocography (CTG), blood pressure
measurements, and/or urine and blood analysis is recommended
in international guidelines to assess maternal and fetal conditions
in high-risk pregnancies [5-7]. Ultimately, hospitalization is
indicated in up to 11% of all pregnancies, usually extending to
delivery and the postpartum period [5-7]. Antenatal admissions
pose psychological stress to pregnant women because of
separation from family and home, lack of activity, and feelings
of uncertainty [8,9]. In addition, hospital admissions increase
health care costs and workload, especially in high-income
countries that are already experiencing difficulties as a result
of professional staff shortage [10].

Since 1990, obstetrics departments in the Netherlands have been
providing domiciliary care or “home-based monitoring” to
women with high-risk pregnancies. As an alternative to clinical
admission, home-based monitoring involves daily home visits
from hospital-employed midwives or nurses for pregnant women
with complications. Medical tests, including CTG, are performed
at home, and the results are discussed with a supervising
gynecologist (Figure 1A). Multiple randomized trials have
proved that home-based monitoring with home visits is feasible
and safe with regard to perinatal outcome [11-14]. Although
these trials demonstrated satisfactory outcomes for both mother
and child, the daily visits were also found to be time-consuming
and, therefore, expensive.

The use of digital health for remote monitoring in pregnancy
care is increasingly popular, as pregnant women are frequent
users of smartphones, the internet, and health apps [15].
Telemonitoring is a relatively new approach in high-risk
pregnancy and is recognized as an alternative to hospital
admission or home-based monitoring with prenatal home visits.
After training participants, daily measurements of blood pressure
and CTG are self-recorded by the patient at home and sent via
Bluetooth or WiFi to a secured digital platform. Using an
internet connection, the data are integrated in the electronic
patient file (Figure 1B). Patients are contacted by their clinician
on a daily basis to discuss the presence of symptoms, tests
results, and future management. Multiple telemonitoring
platforms for remote CTG have been evaluated in prospective
studies, and their feasibility, usability, accuracy of tracings, and
acceptability by patients and clinicians are proven [15].

In general, digital health has the potential to improve access to
care, disease monitoring, and patient satisfaction while reducing
health care costs due to a reduction in visits and admissions.
Currently, the clinical evidence for telemonitoring using CTG
in complicated pregnancies is too scarce to support hypotheses
regarding its effects on perinatal outcome, safety, patient
preference, and costs.

A number of hospitals in the Netherlands currently provide
either home-based monitoring or telemonitoring or both to
women with high-risk pregnancies. It is unknown to what extent,
for which reasons, and for which pregnancy complications these
strategies are used. This information is relevant for clinicians
planning to use a telemonitoring strategy in prenatal care. The
aim of this nationwide survey study is to determine the number
of hospitals in the Netherlands that provide home-based
monitoring or telemonitoring or both, and to identify the current
practice of out-of-hospital care in high-risk pregnancies.

Figure 1. Definition and illustration of (A) home-based monitoring and (B) telemonitoring in pregnancy.
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Methods

We conducted a nationwide cross-sectional study using a
web-based survey amongst obstetrics care professionals. All
hospitals with pregnancy and childbirth care departments in the
Netherlands (N=73) were invited to participate in our survey.
They were asked to appoint one of their obstetrics care
professionals dedicated to (remote) pregnancy monitoring as
the department representative to answer the questions on behalf
of the hospital. After receiving additional information about the
purpose of the study, access was provided to our web-based
survey. The survey link was sent via email in November 2018
and followed by a maximum of 3 email reminders.
Nonrespondents were contacted once more by phone to answer
the principal question “Does your center currently offer
home-based monitoring or telemonitoring in pregnancy?”

The survey was self-developed and based on expert knowledge
of home-based monitoring and telemonitoring in the
Netherlands. A professor of obstetrics, a perinatologist, a
hospital-based midwife, and 2 researchers, all with extensive
experience in home-based monitoring of high-risk pregnancies,
were involved in its development. It contained a maximum of
44 questions depending on whether home-based monitoring or
telemonitoring was offered. The open and multiple-choice
questions addressed 4 domains: (1) Basic demographics of the
respondent, (2) home-based monitoring, (3) telemonitoring, and
(4) advantages and disadvantages of home-based monitoring
and telemonitoring, as perceived by the respondent (see
Multimedia Appendix 1).

The survey sought information on the total number of births
per year in order to compare the hospitals with reference to size.
Regarding the provision of home-based monitoring or
telemonitoring, the starting year and, if applicable, year of
discontinuation were queried. We defined our study period from
1995 to 2018. Questions regarding indications, management
protocols, and (dis)advantages of the strategies were asked

bearing in mind the centers’ practice for the year 2018. The
introduction to our survey defined home-based monitoring as
“daily pregnancy monitoring with help of hospital personnel
traveling to the pregnant women’s homes.” Telemonitoring was
defined as “daily pregnancy monitoring with the help of devices
used by pregnant women at home in the absence of hospital
personnel” (Figure 1). Simple descriptive statistics were used
to describe the results. No ethical approval was required for this
study because actual patients were not involved. 

Results

Current Provision of Home-Based Monitoring and
Telemonitoring in High-Risk Pregnancy
In 2018, 73 hospitals in the Netherlands provided pregnancy
and childbirth care. The principle question, namely “Does your
center currently offer home-based monitoring or telemonitoring
in pregnancy?” was answered by all 73 invitees, resulting in a
response rate of 100%.

In 2018, 26% (19/73) hospitals offered home-based monitoring
with home visits by an obstetrics professional (nurse or midwife)
for women with high-risk pregnancies. Nationwide, 23% (17/73)
of hospitals offered telemonitoring in 2018 to women with
high-risk pregnancies (Table 1). Moreover, 11% (8/73) of
centers reported offering both home-based monitoring with
home visits and telemonitoring to their patients.

In obstetrics departments with ≤1000 births per year,
home-based monitoring and telemonitoring is limited to 0 and
1 centers, respectively. As for the different types of hospitals,
8 of 9 Dutch tertiary care hospitals with a neonatal intensive
care unit facility currently offer home-based monitoring or
telemonitoring or both for high-risk pregnancy management.
The geographic distribution of hospitals with home-based
monitoring and telemonitoring is displayed in Figure 2 for all
12 provinces of the Netherlands.

Table 1. Number of hospitals offering home-based monitoring and telemonitoring for high-risk pregnancies in 2018 in relation to the number of births
per hospital per year.

Telemonitoring (n=17), n (%)aHome-based monitoring (n=19), n (%)aNumber of hospitals (N=73), n (%)aNumber births per hospital per year

1 (7)0 (0)15 (21)0-1000

8 (23)9 (26)35 (48)1001-2000

6 (29)9 (43)21 (29)2001-3000

2 (100)1 (50)2 (2)>3000

aPercentages in these columns are based on the number of hospitals in each row.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e18966 | p.545http://mhealth.jmir.org/2020/10/e18966/
(page number not for citation purposes)

van den Heuvel et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Figure 2. Geographic distribution of home-based monitoring and telemonitoring in 12 provinces of the Netherlands (N=73). HM: hospitals with
home-based monitoring/all hospitals in this province; TM: hospitals with telemonitoring/all hospitals in this province.

For the studied period of 1995-2018, the trend line in Figure 3
shows that home-based monitoring in pregnancy has been
offered since the mid-1990s. Most of these centers continued
offering daily home visits over a longer period of time, reaching
a peak in 2015. After the introduction of pregnancy

telemonitoring in 2009, the trend line for telemonitoring use
shows a steep increase from 2014 onwards, from 4% (3/73) of
centers in 2014 to 23% (17/73) in 2018. This increase in number
is accompanied by a slight drop in home-based monitoring
provision.

Figure 3. Trend graph of obstetrics departments offering home-based monitoring and telemonitoring for high-risk pregnancies in the Netherlands.

Survey Results

Respondents’ Characteristics
Of the total 73 invited hospitals, 57 participated in the web-based
survey (response rate 78%). Of these respondents, 45% (26/57)
worked in a teaching hospital, 39% (22/57) served in a
nonteaching hospital, and 16% (9/57) worked in an tertiary care

hospital with a neonatal intensive care unit. Moreover, 14%
(8/57) reported 0-1000 births per year, 51% (29/57) had
1001-2000 births per year, 32% (18/57) recorded 2001-3000
births per year, and 3% (2/57) reported over 3000 births per
year.
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Declining Trend of Home-Based Monitoring
The results showed that 11% (6/57) of centers offered
home-based monitoring in the years between 1995 and 2018
but stopped performing pregnancy monitoring with home visits.
The median number of years of home-based monitoring
provision was 7.5 years (range 2-18 years). Several reasons
were provided for the discontinuation, such as very few possible
candidates (3/6, 50%), problems with staff capacity (3/6, 50%),
financial capacity issues (2/6, 33%), and switching over to
telemonitoring without home visits (2/6, 33%).

Moreover, 42% (8/19) of hospitals with home-based monitoring
considered switching to telemonitoring, stating that the latter
provides higher patient satisfaction and does not require hospital
staff to visit patients at home. Interestingly, 16% (3/19) of
hospitals providing home-based monitoring did not change to
telemonitoring because they are satisfied with their current
home-based monitoring strategy. They stated that telemonitoring
allows neither daily direct clinical assessment of the patient by
a nurse/midwife nor the ability to monitor twin pregnancies.

Evaluation of Use
In 63% (12/19) of hospitals offering home-based monitoring,
implementation of such monitoring was not preceded by a
center-specific evaluation phase. However, home-based
monitoring in these centers started mainly after the publication
of the findings of 2 Dutch trials, which concluded positively
about its patient safety and effects on satisfaction of care [7,8].

As for telemonitoring, 35% (6/17) of centers are participating
in a multicenter randomized controlled trial comparing clinical
hospital admission with telemonitoring in pregnancies requiring
daily fetal monitoring. The aim of this trial is to compare patient
safety, user satisfaction, and cost-effectiveness; its protocol can
be found elsewhere [16]. The remaining 59% (10/17) of centers
reported they neither participated in nor started evaluation of

use of this novel strategy with daily self-measurements prior to
implementation in complicated pregnancies in their centers.

Indications and Management in Home-Based Pregnancy
Monitoring
Responding centers implementing either home-based monitoring
or telemonitoring reported similar lists of pregnancy
complications, which they considered eligible for daily
monitoring outside their hospital (Table 2). Both fetal growth
restriction and preterm rupture of membranes are considered
eligible for home-based monitoring as well as telemonitoring
in every center.

All (18/18, 100%) home-based monitoring centers reported that
at home, midwives or nurses measure patients’ blood pressure
levels and perform CTGs during their visits. Fetal condition
monitoring of both singleton and twin pregnancies using CTG
is possible in 83% (15/18) of centers. Additionally, urine
analysis (13/18, 72%), venous blood sampling (12/18, 67%),
and medication administration (4/18, 22%) can be performed
by professionals at home. This is in contrast to telemonitoring
centers, where only blood pressure monitoring and CTG are
performed by patients themselves at home.

Hospitals with either home-based monitoring or telemonitoring
also reported on the following patient-specific contraindications
for home-based monitoring: inability to follow instructions or
difficulty in understanding the system (26/28, 93%), long
home-to-hospital distance (25/28, 89%), existing antepartum
hemorrhage (20/28, 71%), and vulnerable home situation or
social issues experienced by the patient (14/28, 50%). Other
mentioned general contraindications were gestational age<25
weeks and preterm premature rupture of membranes without
engaged fetal head or breech. To ensure the safety of the patients
by minimizing travel time if complications occur, the
respondents clarified that patients must reside within a distance
of 30-35 km from their hospital.

Table 2. Indications for home-based monitoring (n=19) and telemonitoring (n=17) in high-risk pregnancies.

Telemonitoring centers, n (%)Home-based monitoring centers, n (%)Indications

17 (100)19 (100)Fetal growth restriction

17 (100)19 (100)Preterm premature rupture of membranes

2 (12)5 (26)Prolonged prelabor rupture of membranes at term

4 (24)10 (53)Isolated oligohydramnios

15 (88)15 (79)Reduced fetal movement

3 (18)9 (47)Fetal anomalies requiring fetal monitoring

15 (88)16 (84)(Adverse) Obstetrics patient historya

10 (59)15 (79)Hypertensive pregnancy disorders

5 (29)14 (74)Cholestasis of pregnancy

4 (24)11 (58)Other maternal comorbiditiesb

5 (29)11 (58)Social or psychological distress

aFor instance, intrauterine fetal death in a previous pregnancy.
bFor instance, (gestational) diabetes mellitus, kidney disease, and cardiac disease requiring maternal monitoring.
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Reported Advantages and Disadvantages of Home-Based
Monitoring and Telemonitoring
The most frequently addressed advantages of home-based
monitoring and telemonitoring for the patients, as perceived by
the respondents, include more patient comfort and less emotional
burden of hospitalization for the patient as they continue with
daily (family) life and activities as much as possible. Other
frequently mentioned advantages are summarized in Table 3.

Possible disadvantages of home-monitoring and telemonitoring
for the patient include the possibility of a delay in providing
help in case of an emergency or acute problem, because the
patient is not physically present in the hospital. Technical and

security issues regarding the devices are also mentioned (Table
3).

The respondents reported a number of perceived benefits of
home-based monitoring and telemonitoring for the health care
provider, the most important being the reduction in the number
of admissions, which in turn may lower health care costs (45/57,
79%) and reduce the burden on hospital personnel (26/57, 46%).
The most common disadvantages of home-based monitoring
and telemonitoring for the clinicians are costs and
reimbursement (38/57, 67%) and inability to conduct direct
patient assessments (18/57, 31%). For home-based monitoring
specifically, the most serious disadvantage was lack of sufficient
obstetrics personnel to make home visits (22/57, 39%).

Table 3. Advantages and disadvantages of home-based monitoring and telemonitoring for patients according to the respondents (n=57).

ValuesAdvantages or disadvantages

Advantages, n (%)

40 (70)Improved patient comfort

35 (61)Reduced (emotional) burden of admission

25 (44)Reduced stress/more rest

21 (37)Better patient autonomy

8 (14)Higher patient satisfaction

7 (12)Higher patient safety

2 (4)Reduced over-medicalization during pregnancy

Disadvantages, n (%)

38 (67)Possible delay in providing help during emergencies or acute problems

18 (31)No direct communication with the consulting gynecologist

13 (23)Patients’ inability to conduct CTGa at home

17 (30)Technical issues

12 (21)Inability to follow instructions

aCTG: cardiotocography.

Number of High-Risk Pregnant Women Managed From
Home
All (19/19, 100%) of home-based monitoring centers reported
monitoring a minimum of 745 to a maximum of 1140 patients
with a singleton pregnancy via home visits in 2018.

All of the telemonitoring centers (17/17, 100%) reported
monitoring a minimum of 400 to a maximum of 725 patients
with a singleton pregnancy via remote monitoring devices in
2018.

Discussion

Main Findings
Our survey results show the current practice in the Netherlands
regarding the use of home-based monitoring and telemonitoring
in high-risk pregnancies. In 1995, pregnancy monitoring with
daily home visits was available in only a few obstetrics
hospitals; currently, it is used by 26% (19/73) of all hospitals
in the Netherlands. The last 5 years have witnessed a steep
increase in the provision of telemonitoring; as of 2018, it was

used in 23% (17/73) of obstetrics departments. Furthermore,
almost half (8/19, 42%) of the hospitals with home-based
monitoring considered switching to telemonitoring using
self-measurement of fetal and maternal parameters. For the
telemonitoring centers, 59% (10/17) did not evaluate the use of
this digital health strategy with daily self-measurements prior
to implementation in their centers. Moreover, 35% (6/17) of
centers are currently participating in an ongoing trial to compare
traditional hospital admission and telemonitoring with regard
to patient safety, satisfaction, and costs.

In 2018, 1145-1865 pregnant women were monitored from
home with home visits or telemonitoring after diagnosis of 1
or more complications.

Strengths and Limitations
Our study involved a nationwide survey with a high response
rate and included both secondary and tertiary referral centers,
teaching and nonteaching centers, and a wide size range of units
according to annual birth numbers. The responses to the survey
depended on the voluntary participation of the invited hospitals,
which could have led to selection bias. Furthermore, the
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collected data were self-reported and hence subjective. Some
of the results on the impact of remote monitoring were based
on estimations by the respondents, which may limit the validity
of the conclusions. Evaluations of the characteristics of pregnant
women, relevant clinical outcomes (including safety), and user
experiences are critical for future health care improvements
using mobile health monitoring. However, this study was not
devised to evaluate these outcomes, which might be considered
a limitation.

Interpretation
The level of application of digital health in prenatal care is
evident, with pregnancy telemonitoring being one of the most
promising additions to new care models [9,15,17]. The
respondents of our survey identified important (perceived)
advantages of telemonitoring: improved patient-friendly care
in response to their needs, increased patient satisfaction and
autonomy, and reduced over-medicalization. These results are
in line with those of previous research on patient experiences
with digital health [15,18,19]. Furthermore, obstetrics care
professionals underscore the importance of digital health in
pregnancy care. For instance, a survey study conducted in
Belgium concluded that 80% (28/35) of midwives and 67%
(6/9) of obstetricians who used remote blood pressure
monitoring in pregnancy perceived digital technologies to be
an important component of prenatal monitoring [20]. Moreover,
a survey amongst 89 German physicians concluded that nearly
70% considered apps for pregnancy monitoring reasonable [21].
Other reported advantages in favor of telemonitoring are the
reductions in the number of admissions and the burden on
hospital personnel [18,19]. Staff shortages are also driving a
shift from hospital- to home-based care.

In the Netherlands, approximately 170,000 children are delivered
per year from both uncomplicated and complicated pregnancies.
We estimated earlier that 11% of pregnant women need antenatal
hospital admission because of complications, which equals to
18,700 women yearly [2-4]. Using our respondents’ results, we
calculated that 1145-1865 pregnant women were monitored
from home in 2018. This number indicates that roughly 6%-10%
of antenatal hospital admissions were replaced by home-based
monitoring or telemonitoring in 2018. Although exact numbers
on the length of hospitalization during high-risk pregnancies
are lacking, we can use these values to estimate the possible
impact of home-based and telemonitoring on admissions during
pregnancy. If home-based monitoring or telemonitoring services
in pregnancy were to replace 5 days or nights of hospitalization
per pregnant woman, the number of hospital admission days
would reduce by 5,725-9,325 annually.

Studies on telemonitoring implementation using patient-recorded
daily CTG are limited. Despite the inadequate knowledge of
the effects of pregnancy telemonitoring on perinatal outcomes,
patient experiences, and cost-effectiveness, this study shows
that telemonitoring is becoming increasingly popular in the
Netherlands. Although not mentioned by our respondents, legal
concerns such as third party control and use of data limit the
widespread use of digital health interventions. In the

Netherlands, external companies providing devices, software,
and storage of patient data for telemonitoring must provide
certain data security assurances. Evidence from clinical trials
and health technology assessments will help to better estimate
the exact budgetary impact from several different (ie, societal,
insurance, and hospital) perspectives. The costs involved in the
development, use, and maintenance of the devices, as well as
the manner in which they are imbedded in current practice,
should also be calculated to assess the added value of pregnancy
telemonitoring. Our survey respondents reported challenges
with reimbursement, since no insurance coverage for pregnancy
telemonitoring exists in the Netherlands. Financial issues were
another primary reason mentioned by our respondents
(especially the smaller obstetrics units) to not offer either
home-based monitoring or telemonitoring. It is well known that
insurance companies only cover well-researched digital health
interventions in accordance with their economic evaluations
[22,23]. To compare daily telemonitoring at home with
traditional hospital care for complicated pregnancies, a
multicenter randomized controlled trial, HOTEL (HOspital
admission versus TELemonitoring in high risk pregnancy), is
currently recruiting participants in 6 Dutch hospitals [16]. This
trial aims to compare both strategies with regard to perinatal
outcomes, patient satisfaction, and cost-effectiveness.

Recommendations for Research and Practice
Our survey study provides information about the current practice
and trends in the Netherlands regarding home-based monitoring
and telemonitoring in perinatal care. More detailed information
on the barriers and facilitators, from both the patients’and health
care providers’ viewpoints, may help develop other innovative
strategies in perinatal care. However, evidence on the medical
outcomes and patient safety with telemonitoring is still lacking,
and more information is required before implementing such
innovations in the target population. We must expand our
knowledge of these forms of care in order to continue moving
forward with digital health innovations. Consensus on the
implementation and research agenda can pave the road to the
widespread use of digital health services. Additional trials and
stakeholders’ views of digital health care are needed to develop
insurance reimbursement systems for such remote monitoring
innovations in pregnancy.

Conclusion
In 2018, 26% (19/73) of hospitals in the Netherlands offered
home-based monitoring and 23% (17/73) offered telemonitoring
to their patients with pregnancy complications. These
increasingly popular forms of home-based care allow an
increasing number of pregnant women in need of daily
monitoring to stay at home and avoid hospital admission.
Additionally, the survey respondents shed light on multiple
possible advantages and disadvantages of home-based
monitoring and telemonitoring in pregnancy. These results can
contribute to future evaluations of digital innovations in
pregnancy care, as further research on their safety, experience,
and cost-effectiveness is warranted before more widespread
implementation.
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Abstract

Background: The use of mobile health (mHealth) apps is becoming increasingly widespread. However, little is known about
the attitudes, expectations, and basic acceptance of health care professionals toward such treatment options. As physical activity
and behavior modification are crucial in osteoarthritis management, app-based therapy could be particularly useful for the
self-management of this condition.

Objective: The objective of the study was to determine the expectations and attitudes of medical professionals toward app-based
therapy for osteoarthritis of the hip or knee.

Methods: Health care professionals attending a rehabilitation congress and employees of a university hospital were asked to
fill out a questionnaire consisting of 16 items. A total of 240 questionnaires were distributed.

Results: A total of 127 participants completed the questionnaire. At 95.3% (121/127), the approval rate for app-based therapy
for patients with osteoarthritis of the hip or knee was very high. Regarding possible concerns, aspects related to data protection
and privacy were primarily mentioned (41/127, 32.3%). Regarding potential content, educational units, physiotherapeutic exercise
modules, and practices based on motivation psychology were all met with broad approval.

Conclusions: The study showed a high acceptance of app-based therapy for osteoarthritis, indicating a huge potential of this
form of treatment to be applied, prescribed, and recommended by medical professionals. It was widely accepted that the content
should reflect a multimodal therapy approach.

(JMIR Mhealth Uhealth 2020;8(10):e21704)   doi:10.2196/21704

KEYWORDS

mobile health; digital health; self-management; osteoarthritis; smartphone; patient education; exercise therapy

Introduction

According to the World Health Organization, mobile health
(mHealth) refers to medical procedures in private and public
health care that are applied by means of mobile devices using
various technologies [1]. Mobile devices such as smartphones
are widely used in the population and have a large number of
sensors that can measure vital signs and other health-related

data and display patients’ progress [2]. Combining sensor data
with actively provided information by users and interaction with
health care professionals (HCPs) opens up new possibilities for
diagnosis and intervention [3].

Osteoarthritis (OA) is the most common joint disease and can
lead to severe pain, impaired physical activity, and severely
restricted health-related quality of life [4]. The incidence and
prevalence of OA will continue to rise in the future due to an

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e21704 | p.552http://mhealth.jmir.org/2020/10/e21704/
(page number not for citation purposes)

Biebl et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

mailto:johanna.biebl@med.uni-muenchen.de
http://dx.doi.org/10.2196/21704
http://www.w3.org/Style/XSL
http://www.renderx.com/


aging society [5]. The importance of patient education and
physical exercise as part of therapy is undisputed [6]. In their
systematic review, Hagen et al [7] showed that in the field of
community-based care, only 38.8% of patients received the
recommendation to perform physical exercise or a corresponding
prescription. Patient education and advice on self-management
strategies were offered to only 35.4% of the patients. Thus, there
is a discrepancy between accepted recommendations and the
reality of care for patients with OA.

Educational content and suitable exercises could also be taught
using an app. It has been shown that health apps are well suited
for implementing sustainable behavior changes in the daily life
of chronically ill patients [8]. App-based therapeutic options
are already available for various chronic conditions, including
insomnia, diabetes, chronic knee pain, and low back pain [9-13].
Many of these apps contain communication possibilities and
offer sources of information and options for documentation,
such as diaries. In addition, planning tools such as appointment
reminders and medication schedules are intended to improve
adherence to therapy. Aspects that also play a role in the
management of OA of the hip and especially of the knee joint,
such as weight reduction, have already been successfully
addressed in other contexts using app-based approaches [14,15].
Regarding telemedical care for OA, a Swedish research group
has translated a conventional OA self-management
program—the Management of Patients with Osteoarthritis
(BOA) program—into a digital form called Joint Academy. The
BOA program was developed on the basis of existing evidence,
national and international treatment guidelines, and patient
interviews [16]. In the digital form, there is a platform for
patients that offers exercises, physiotherapeutic counselling,
support from other affected people, and educational content
[17]. Participants who used the Joint Academy platform
approximately 5 days a week showed an improvement in pain
and physical functioning [18]. Another existing digital therapy
is the so-called Hinge Health program designed for patients
with chronic knee pain, including patients with OA. Among
other components, this program offers active exercises in which
patients wear portable bands with motion sensors, allowing
feedback on their exercise performance [11,19]. In their
randomized controlled trial, Mecklenburg et al [11] detected
that patients with chronic knee pain who were treated with the
Hinge Health program for 12 weeks had significantly better
results in terms of pain, physical functioning, surgery, and
understanding of the disease than a control group.

Because app-based therapy is a novel technique, interest in the
acceptance and expectations of medical professionals regarding
app-based therapy is growing. For instance, an Australian study
[20] found that approximately two-thirds of the participating
general practitioners used apps themselves within their
professional activities, and approximately one-half of the
respondents recommended the use of apps to their patients. In
another study [21], interviews with primary care physicians
identified barriers and facilitators for the implementation of
apps for the self-management of diabetes. Moreover, there has
been research regarding the attitudes of HCPs toward app-based
therapy for depression. While only 21.1% had used app-based
therapy with their patients before, 66.0% believed that outcomes

would improve if apps were integrated into the treatment of
depression [22]. Kessel et al [23] conducted an online survey
specifically to evaluate the attitudes and expectations of HCPs
regarding the use of telemedicine and apps in the field of
oncology, and they detected a broad overall support for these
forms of care: 88.9% of respondents considered telemedicine
to be useful and 84.3% were in favor of an oncological app in
addition to standard care. However, to our knowledge,
expectations of HCPs regarding app-based therapy for patients
with OA have not yet been recorded in a structured way. In the
field of musculoskeletal diseases, a recent review by Najm et
al [24] showed that the involvement of physicians and other
medical professionals in the development and design of apps
has been low to date and that their increased participation would
be preferable.

Under these circumstances, this study aimed to determine the
expectations and attitudes of medical professionals toward
app-based therapy for OA of the hip or knee joint. Based on the
results, an app is to be developed that meets the expectations
of potential mediators of the app and takes into account their
clinical experience.

Methods

The study was approved by the Ethics Committee of Ludwig
Maximilian University of Munich (LMU Munich), Munich,
Germany (reference number 19-627). Written informed consent
was obtained from all participants before the survey began.

Study Design
A questionnaire with 16 main items was developed based on
recommendations by Langbecker et al [25]. After literature
research, we conducted interviews with health experts from
different professions and specialties. The collected information
was categorized and structured. Based on these data, national
guidelines [26,27], and the care standards of our university
hospital (LMU Munich), the questionnaire’s content was defined
by an interdisciplinary team of physicians from various
disciplines, psychologists, physiotherapists, and persons
knowledgeable in the development of medical mobile apps. The
questionnaire was then pretested on a collective of HCPs with
regard to comprehensibility and clarity.

Of the 16 questions, 11 were closed and 5 were semiopen.
Multiple answers were possible. Two of the main items
consisted of 12 and 5 subitems, respectively, each of which was
to be assessed on a 5-point Likert scale (1=not useful, 2=rather
not useful, 3=partially useful, 4=rather useful, 5=useful). One
of the items was used to collect personal data and consisted of
four subitems. For some questions, it was possible to specify
“no comment” as the answer.

The questions related to possible advantages and disadvantages
of the app-based therapy, possible educational content,
meaningful exercises, and possible problem areas, as well as to
the idea of embedding the app in existing technical systems and
possible connections (eg, to so-called wearables—devices that
can be worn on the body and use computer technologies).
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The participants were asked to indicate their gender, length of
professional experience, occupation, and field of activity.
Professional experience was categorized in 5-year steps (less
than 5 years, 5-10 years, 10-15 years, 15-20 years, 20-25 years,
25-30 years, and more than 30 years).

The questionnaire survey was conducted in an anonymous form.
The questionnaires (see Multimedia Appendix 1) were handed
out to employees at the University Hospital, LMU Munich, and
to attendees at a rehabilitation congress at the same institution.
Inclusion criteria were having a self-reported degree in a
regulated medical profession and age over 18 years. A total of
240 questionnaires were handed out. No incentives were offered
for participation.

In order to avoid a selection bias toward individuals with higher
technological affinity, the survey was deliberately distributed
as a paper questionnaire. Nevertheless, we have based the
presentation of the results, as far as possible, on the Checklist
for Reporting Results of Internet E-Surveys (CHERRIES) [28]
to comply as closely as possible with standards in this field of
research.

Statistical Analysis
The data were analyzed using descriptive statistics. If no
information was provided for a question, it was taken into
account when calculating the percentages and is indicated
accordingly. The number of participants who had answered the
respective question is shown in parentheses.

In order to detect possible correlations between years of
professional experience and approval of app-based therapy,
several contingency tables were analyzed. First, the levels of
work experience were dichotomized with 6 different cutoffs of
years of professional experience, and 6 2x2 contingency tables
were built. Second, the level of work experience was
dichotomized as individual groups of professional experience
versus all other experience levels, and 6 more 2x2 tables were
created. All contingency tables were analyzed using the Fisher
exact test. Statistical analysis was conducted using SPSS
software (version 21.0; IBM Corp).

Results

A total of 127 HCPs submitted completed questionnaires
(response rate 52.9%). The characteristics of the sample are
listed in Table 1.

In response to the question of whether they would generally
recommend an app-based therapy to their patients for the
treatment of OA of the knee or hip, 89.0% (105/118) replied
yes. Figure 1 provides an illustration of the answer to this
question divided according to patients’ occupational groups.
There was no statistically significant difference in participants’
attitude toward recommendation of an app-based therapy based
on their years of professional experience (Table 2).
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Table 1. Sample characteristics (N=127).

n (%)Characteristics

Gender

78 (61.4)Female

49 (38.6)Male

Professional experience (years)

36 (28.3)Less than 5

21 (16.5)5-10

17 (13.4)10-15

12 (9.4)15-20

13 (10.2)20-25

12 (9.4)25-30

16 (12.6)More than 30

Occupation/training

43 (33.9)Physicians

24 (18.9)Hospital sector

13 (10.2)Outpatient sector

6 (4.7)Medical activity in other areas

3 (2.4)Nursing staff

44 (34.6)Therapeutic occupations

6 (4.7)Occupational therapists

3 (2.4)Massage therapists

33 (26.0)Physiotherapists

2 (1.6)Speech therapists

5 (3.9)Health care management assistants

6 (4.7)Psychologists/psychotherapists

9 (7.1)Medical students

17 (13.3)Other health care professions

Field of activity

11 (8.7)Surgical medicine

84 (66.2)Conservative medicine

14 (11.0)Both conservative and surgical medicine

18 (14.2)No specification provided
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Figure 1. General approval of app-based therapy for osteoarthritis categorized according to profession.

Table 2. Differences in approval of app-based therapy according to level of professional experience. P values are provided for comparison of each
group to all other groups of professional experience.

P valueaLevels of professional experience (years)

.51<5

>.995-10

>.9910-15

>.9915-20

.1320-25

>.9925-30

.38>30

.39<10

.24<15

.39<20

.49<25

aCalculated using two-sided Fisher exact test.

The specification that an app should be used in addition to
conventional therapy was accepted by 95.3% (121/127).

In regard to the arguments against the use of an app to support
the treatment of OA, 32.3% (41/127) of the participants cited
data protection and data privacy problems as their main
concerns. Concerns about the safety of patients were cited by
24.4% (31/127) of participants, and lack of evidence was cited

by 20.5% (26/127). While 14.2% (18/127) of participants feared
that the use of an app might impair the doctor-patient
relationship, 30.7% (39/127) of participants stated that they had
no reservations.

Concerning perceived advantages, 67.7% (86/127) of
participants saw the flexible access to the information source
as an advantage of app-based OA therapy. The flexible use of
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exercises was viewed as an advantage by 78.7% (100/127),
while 63.0% (80/127) perceived the strengthening of
competence in disease management to be a positive aspect of
app-based therapy. The independence of appointments with
health care providers was seen as an opportunity by 44.9%
(57/127) of participants. It was stated by 25.2% (32/127) of
participants that they considered a reduction in the number of
prescriptions that might result from providing patients with an
app to be valuable. The health education content that was
emphasized by health care professionals as being potentially
important content for an OA app is shown in Figure 2.

Participants’ attitudes toward possible exercise modules are
shown in Figure 3. Approximately 77.2% (98/115) of the
participants said they would welcome the integration of coaching
procedures into the app, but 14.8% (17/115) said they were
against it. It was believed by 76.0% (77/115) of participants
that patients should receive feedback (eg, via SMS text
messaging), while 33.0% (38/115) did not recommend this
function.

Furthermore, participants were asked about their opinion on the
extent to which an OA app should be connected to other
telemedical systems. The results of this question are shown in
Figure 4.

Figure 2. Health care professionals´ opinions regarding possible educational content for an osteoarthritis app.
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Figure 3. Health care professionals’ opinions regarding different types of exercises.

In addition, the participants were asked for which patient groups
an OA app could be particularly useful. Here, 31.5% (40/127)
stated that a corresponding app could be of preventive value for

all persons with a BMI above 25 kg/m2 and an age over 65
years. Free access for all individuals who want to remain active
in old age was advocated by 54.3% (69/127). Approximately
50.4% (64/127) of participants were in favor of the use of an
app for patients with OA after prior consultation with a general

practitioner, orthopedist, physician, or pain therapist. Among
the participants, 22.8% (29/127) were in favor of using an app
for all OA patients who had previously received at least 18
therapy sessions with an outpatient physiotherapist, while 48.8%
(62/127) believed that patients should be treated with an OA
app after 18 physiotherapy units with instruction of the exercises
included in the app. The approval rate for patients with OA who
have already received multimodal therapy to use an app for
continuous follow-up and therapy was 44.1% (56/127).

Figure 4. Consent to telemedical connections. IT Information Technology; 24h: 24-hour.
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Of the devices that could potentially improve the app’s offering,
70.9% (90/127) of participants named fitness wristbands. The
connection to a digital scale (eg, to check weight reduction) was
considered useful by 37.0% (47/127) of participants. A
connection to a blood pressure monitor for measurement at
home was supported by 37.8% (48/127) of participants, while
25.2% (32/127) found a connection to a blood glucose meter
useful. Approximately 15.0% (19/127) of participants stated
that they thought that connecting external devices would not
enrich the app.

Discussion

Principal Findings
Our survey showed that the vast majority of the HCPs surveyed,
regardless of their prior professional experience or their
discipline, were in favor of using a medical mobile app for
patients with OA of the hip or knee. This suggests that HCPs
would be likely to integrate well-developed medical apps into
therapeutic regimens for patients with OA. The findings also
indicate the large, untapped potential of HCPs to raise awareness
of mHealth apps and to guide such novel treatment approaches.

We had expected that practitioners with a longer history of
treating patients “conventionally” would be more cautious about
this novel form of therapy. This assumption was also based on
previous research that showed a rather reserved attitude of older
HCPs regarding the use of mobile apps in their everyday work
[29]. In our study, however, the different groups of professional
experience did not differ significantly in their approval of
app-based therapy.

Peeters et al [30] stated that patients who use technology to
cope with their complaints have more disease-specific
knowledge and a better understanding of their condition.
However, it is precisely those patient groups who rarely use
these resources who would benefit most from app-based
information services and interventions [31]. In a survey by
Rasche et al [32], users of health apps and general apps who
were over 60 years old indicated that they obtain information
about apps from family and friends, the internet, digital
distribution platforms (eg, the App Store), magazines, television,
and experts, with experts being the least used source of
information. Therefore, medical professionals could play an
important mediating role by reducing the inhibitions of
chronically ill patients to use apps to manage their condition
with a medical app.

Regarding the arguments against the use of digital care for
patients with OA, data privacy issues were most frequently
cited. These concerns should be taken seriously, and respective
concepts for data privacy protection should be applied and
presented in a transparent and comprehensible manner for both
experts and users. The General Data Protection Regulation,
which is now valid in the European Union, was developed to
ensure transparency and reliability in the use of personal data.
Even if there are still some uncertainties regarding the concrete
practical implementation, there is a clear set of rules for the use
of data with regard to app-based therapy [33]. Considerations
for patient safety were also mentioned. Accordingly, there

should be comprehensive concepts for patient protection. These
could include 24-hour customer support, an integrated evaluation
of red flags, and clear instructions on when to seek further
medical help. Furthermore, vigilance systems can be
implemented by manufacturers to collect available information
on the safety profile of their apps in real-world use.

In addition to the interaction between physician and patient,
Miyamoto et al [34] identified the integration of apps into
existing health care services as a key element in initiating
behavior changes in patients. Patients participating in the study
wanted their collected data to be put into the context of their
existing medical records using health apps so that they could
receive individual and optimal medical advice based on the
synopsis of their findings [34]. However, with regard to
embedding an app in existing systems, a relatively large number
of participants in our survey showed a certain reluctance. This
could possibly be due to fears that app-based interactions with
patients would be incalculable, difficult to plan, and involve
additional work. In order to achieve wide acceptance, certain
concepts might be advantageous to ensure that the individual
practitioner is not confronted with unexpected, urgent requests
with a direct need for action, even outside of office hours. Here,
for example, a central primary contact who could process user
requests could be established by the provider of the app.

The extent to which medical professionals advocate for the use
of coaching strategies and individualized feedback (eg, via SMS
text messaging) was another item in our questionnaire. More
than two-thirds of the participants supported this. Behavior
therapy strategies could help patients to learn how to initiate
sustainable behavior changes on the one hand and how to deal
with their illness on the other. For this purpose, an app design
would be conceivable in which positive feedback, rewards for
reaching previously defined goals, assistance with motivation
problems, and the possibility of contacting experts or other
interested parties could be integrated [35]. Frequently,
therapeutic strategies developed for personal interaction between
practitioner and patient are integrated into apps. To what extent
modifications are useful and necessary here should be the subject
of further research. In addition, the existing high drop-out rate
in app-based therapy, as described by Krebs and Duncan [36],
could possibly be overcome using approaches based on
motivation psychology.

The active participation of medical professionals in the
development of digital health apps would be helpful and
desirable to ensure that HCPs’ expectations are met. Noergaard
et al [37] underlined the great value of participatory development
of health care services. In addition to the involvement of experts,
the participation of patients in the development of digital
services is essential [37]. Therefore, as a next step, surveys
should be conducted with people affected by OA in order to
gain precise knowledge of their needs and expectations. Findings
from these future studies might serve to increase the acceptance
and adherence among patients, which might potentially increase
recommendations by HCPs when implemented.

Based on the findings of our survey, the following content
should be considered when developing an app: (1) knowledge
units, (2) exercise modules that cover a wide physiotherapeutic
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spectrum, and (3) psychological content in the form of
motivation-promoting strategies and relaxation techniques. A
combination of the various components of medical treatment,
pain psychological strategies, physical activity, and patient
information would represent a multimodal therapy approach
and reflect current evidence and national guidelines [26,38-40].
Conceptual considerations of the biopsychosocial model of pain
should also be included [41]. To our knowledge, there is
currently no app for the indication of OA that completely covers
all of these aspects and meets the declared expectations of HCPs.

For OA of the hip and knee joint, the 6-minute walking test is
an important assessment tool. Stienen et al [42] evaluated an
app-based 6-minute walking test for patients with degenerative
diseases of the lumbar spine, which proved to be highly reliable
with the results of the usual, nondigital execution of the test. In
addition to other assessments, this test is also an important tool
in the evaluation and follow-up of OA of the hip or knee joint
[43,44]. The embedding of such assessment tools into an OA
app could make a decisive contribution to the high quality of
the app. Data show that for patients with OA of the knee,
walking can have a beneficial effect on symptoms and
functioning [45,46]. As a strategy to promote regular walking,
tools just as pedometers could be integrated into an OA app.

Limitations
One limitation of our study is the rather low participation of
physicians who perform surgery in the survey population. This

could explain why knowledge units about surgical options met
with the least approval. Furthermore, the survey was conducted
at a congress for rehabilitation medicine. This resulted in a
certain preselection of participants in terms of the specialties
of participants and a bias toward more academically oriented
professionals choosing to attend an academic conference. Due
to the survey having partially closed questions, a certain loss
of information and a selection bias cannot be excluded. Other
approaches, most notably qualitative methods, might lead to
different outcomes when assessing the expectations of HCPs
toward apps for OA. Furthermore, the high approval rate for
app-based therapy may have been influenced by the fact that,
as is known, people who are interested in a certain topic are
more likely to participate in a corresponding survey [47].

Conclusions
In our survey, there is a very positive attitude of HCPs toward
app-based therapy for patients with OA of the hip or knee,
indicating untapped potential in the development of an
appropriate app. Because HCPs, in principle, see great
opportunities in app-based therapy, well-thought-out, secure
apps should stand a great chance of being recommended and
used in practice. It turned out that an app structure with various
modules consisting of knowledge transfer, physical exercises,
and practices based on motivation psychology was widely
supported. Future studies in the field should address patients’
expectations regarding mHealth treatments for OA to ensure
these expectations are known and met.
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Abstract

Background: As the development of mobile health apps continues to accelerate, the need to implement a framework that can
standardize the categorization of these apps to allow for efficient yet robust regulation is growing. However, regulators and
researchers are faced with numerous challenges, as apps have a wide variety of features, constant updates, and fluid use cases
for consumers. As past regulatory efforts have failed to match the rapid innovation of these apps, the US Food and Drug
Administration (FDA) has proposed that the Software Precertification (Pre-Cert) Program and a new risk-based framework could
be the solution.

Objective: This study aims to determine whether the risk-based framework proposed by the FDA’s Pre-Cert Program could
standardize categorization of top health apps in the United States.

Methods: In this quality improvement study during summer 2019, the top 10 apps for 6 disease conditions (addiction, anxiety,
depression, diabetes, high blood pressure, and schizophrenia) in Apple iTunes and Android Google Play Store in the United States
were classified using the FDA’s risk-based framework. Data on the presence of well-defined app features, user engagement
methods, popularity metrics, medical claims, and scientific backing were collected.

Results: The FDA’s risk-based framework classifies an app’s risk by the disease condition it targets and what information that
app provides. Of the 120 apps tested, 95 apps were categorized as targeting a nonserious health condition, whereas only 7 were
categorized as targeting a serious condition and 18 were categorized as targeting a critical condition. As the majority of apps
targeted a nonserious condition, their risk categorization was largely determined by the information they provided. The apps that
were assessed as not requiring FDA review were more likely to be associated with the integration of external devices than those
assessed as requiring FDA review (15/58, 26% vs 5/62, 8%; P=.03) and health information collection (24/58, 41% vs 9/62, 15%;
P=.008). Apps exempt from the review were less likely to offer health information (25/58, 43% vs 45/62, 72%; P<.001), to
connect users with professional care (7/58, 12% vs 14/62, 23%; P=.04), and to include an intervention (8/58, 14% vs 35/62, 55%;
P<.001).

Conclusions: The FDA’s risk-based framework has the potential to improve the efficiency of the regulatory review process for
health apps. However, we were unable to identify a standard measure that differentiated apps requiring regulatory review from
those that would not. Apps exempt from the review also carried concerns regarding privacy and data security. Before the framework
is used to assess the need for a formal review of digital health tools, further research and regulatory guidance are needed to ensure
that the Pre-Cert Program operates in the greatest interest of public health.

(JMIR Mhealth Uhealth 2020;8(10):e20482)   doi:10.2196/20482
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Introduction

Background
The development of mobile health apps has been increasing in
recent years; recent estimates found that approximately 325,000
mobile health apps are available in the marketplace [1].
However, a consequence of rapid technological development
is that many health apps remain to be unevaluated by researchers
[2]. Thus, clinicians and patients are largely uninformed about
the efficacy of these apps and lack data on their potential to
benefit health and/or cause harm.

Despite a lack of evidence and in the absence of direct
regulation, smartphone ownership and interest in health apps
remain to be high among patients [3-5] and those who might
not have a diagnosis but are seeking to improve their well-being
[6-10]. However, the majority of the population has still not
downloaded health apps [3,9-11], and clinicians are hesitant to
recommend apps [12] because of concerns over privacy, data
security [6-9,11], and app effectiveness [7,12]. As such, the
need for evidence, guidance, and thoughtful regulation in digital
health is clear [13]. More concrete government regulations have
the potential to set a quality baseline and reduce the number of
unsubstantiated claims made by health apps. These measures
could increase clinicians’ and patients’ trust in digital health
tools [14].

In the past, the US Food and Drug Administration (FDA)
focused its regulatory efforts on a small subset of mobile
medical apps: those that provided treatment or diagnosis to users
and those that were an extension of or transformed into regulated
medical devices [15]. These mobile medical apps would be
subjected to a formal FDA review and the same regulatory
requirements as other medical devices [15]. This review process
requires app developers to register their organization and product
and provide information regarding the design procedure,
facilities, and how their app will be described. Depending on
the classification of their product, developers must also submit
a premarket notification or approval with supporting clinical
evidence [16]. However, the FDA has acknowledged that this
framework is not well suited for rapid development and changes
made to many health apps [17].

The Software Precertification Pilot Program
As a result, in June 2018, the FDA published a working model
for its Software Precertification (Pre-Cert) Pilot Program and
released a Test Plan for the program in early 2019 [18,19]. This

program hopes to provide a more efficient review process for
software-only products that would reduce the regulatory burden
of entering certain software product markets and would
encourage software developers to advance the capabilities of
their products [20]. The Pre-Cert Program is designed to address
many of the tensions between software development and
traditional regulated medical technologies [17,18], such as the
tradition of regular product updating (by software developers)
versus testing and quality assurance before infrequent and
discrete product updates (by medical device developers) [21,22].
The FDA’s work on piloting the Pre-Cert Program has continued
in recent months, with ongoing evaluation and mid-2019
reporting on how mock reassessments of already-approved
software products would have fared under a streamlined
regulatory review process [23].

Under the Pre-Cert Program, FDA regulators plan to first
evaluate digital health app developers and not the apps
themselves [17]. In its current form, the program will only apply
to developers marketing software as a medical device (SaMD),
which the FDA defines as software that is intended to be used
for medical purposes without a hardware extension [24]. Medical
purposes applicable to SaMD are defined by the FDA as
including but not limited to the diagnosis, prevention,
monitoring, treatment, and alleviation of disease or injury [25].

Under Pre-Cert, FDA regulators would first examine companies
through an excellence appraisal, during which the FDA would
review app developers’ policies and practices to determine if
and how a developer’s policies enable the organization to excel
in 5 proposed excellence principles: (1) patient safety, (2)
product quality, (3) clinical responsibility, (4) cybersecurity
responsibility, and (5) a proactive culture [18]. If a developer
is deemed to have met all 5 principles, the FDA will grant it 1
of 2 precertification statuses: A Level One or Level Two
Pre-Cert. A Level One Pre-Cert would enable organizations to
market lower-risk software products without any regulatory
review, but moderate- and high-risk products would receive the
benefit of undergoing a streamlined (abbreviated) review
process. This status will be given to developer companies that
have met the 5 principles but have less experience producing
health care products. A Level Two Pre-Cert would enable
developer companies to market low- and moderate-risk products
without any regulatory review (but would require review for
high-risk products) and would only be rewarded to developers
that both excelled in the 5 principles and have a history of
producing safe and effective health care products [18]. This
process is shown in Figure 1.
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Figure 1. Precertification status determination process. This figure is an overview of how the FDA will determine the precertification status of different
organizations. FDA: Food and Drug Administration.

After a developer’s Pre-Cert status is granted, the type of review
(if any review is necessary) that each new software product will
undergo would be determined by its risk profile. In addition to
the developer’s Pre-Cert status, each new software must
complete a risk analysis, and together, these designations will
determine if a review is necessary. Using a risk-based
framework developed by the International Medical Device
Regulators Forum (IMDRF) SaMD Working Group, software
developers will perform this risk analysis and determine an
SaMD’s risk by considering the severity of the medical condition
it targets and the type of information the app offers [26]. The
IMDRF framework categorized medical conditions as
nonserious, serious, or critical, and the FDA has further specified
the characteristics of each categorization for the Pre-Cert
Program. Similarly, the IMDRF broke down the significance
of app-provided information into informing clinical care, driving
clinical management, or treating and diagnosing, and the FDA
uses these categories in the Pre-Cert Program [18]. The
combination of these two-dimensional categorizations, coupled
with an organization’s Pre-Cert status, will then jointly

determine whether the FDA would perform a regulatory review
for a given SaMD product. If necessary, a review would then
be completed before an SaMD product can be marketed.
Importantly, the FDA plans to continue regulating products that
come to market through the Pre-Cert process by continuously
examining their real-world performance in the postmarket
setting [18,27].

The Pre-Cert Program hopes to streamline the FDA’s review
process by incorporating FDA oversight during the development
of precertified organizations’ apps and not just when the app is
finalized. The FDA also hopes to minimize the burden on
developers to prove their product’s efficacy and safety, but the
list of reduced requirements has yet to be finalized [17].

Current Frameworks
The FDA’s effort to modernize its regulatory framework is not
unique, as multiple guidelines attempting to clarify and
streamline government regulations of digital health tools have
been implemented in both the United States and Europe. In
conjunction with the FDA and other departments, the Federal
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Trade Commission has developed a web-based survey helping
app developers identify what federal regulations pertain to their
app [28]. In Europe, the European Commission eHealth Action
Plan was first adopted in 2004 and has worked to clarify policies
and present the possibilities of using digital health tools to
populations throughout the European Union [29]. In 2017, the
World Health Organization published guidelines for classifying
digital health interventions [30]. In March 2019, the UK
National Institute for Health and Care Excellence published a
framework establishing standards of evidence for these
technologies [31].

In addition, the clinical community has already begun the
process of evaluating apps (including highlighting concerns
around both patient privacy and app efficacy) [32-35] and thus
has gained insight into how patients use apps and the current
quality of available apps. As the clinical community has gained
experience with digital health and patients and clinicians will
be the ones using and recommending these tools, we sought to
determine if their findings and concerns are reflected in this
new model. To achieve this goal, we simulated the Pre-Cert
Program’s risk categorization of SaMD products and considered
whether such a risk-based framework would be able to
differentiate top health apps based on their features. We aimed
to determine if there is a correlation between apps’ features,
attributes, and functionality and their Pre-Cert risk
categorization. This correlation could indicate that the
framework is reliable and accurate and thus would provide a
standardized way to characterize these technologies.

Methods

Data Collection
We based our analysis on the methods outlined in a study by
Wisniewski et al [32] following published and peer-reviewed
methods for app selection and classification that attempt to
standardize app categorization. Patient feedback was involved
in the design of the codebook used in the study, determining
what app features should be included. On June 20, 2019, the
top 10 apps in both Apple iTunes and Android Google Play
Store in the United States were selected out of a total of 120
apps for 6 common disease conditions: addiction, anxiety,
depression, diabetes, high blood pressure, and schizophrenia.
As 10 apps for each disease condition were chosen across 2
platforms, 20 apps in total were assessed for each condition.
The top 10 apps represent the sample that consumers would
likely be exposed to first and thus, most likely to use. As a result,
although this sample is a convenience sample, it has clinical
and real-world relevance. As the methodology was based on
Wisniewski et al [32], the same disease conditions were studied
to maintain consistency. In total, 2 independent coders
downloaded, used, and evaluated the apps. Dummy profiles
were created, and each app was tested with data provided by
the researchers. Any disagreements between coders were
resolved via discussion until a consensus was reached. All the
raw data and significance testing performed were reviewed by
a clinician who offered guidance on the clinical relevance of

the data. Each coder completed a spreadsheet that prompted
information identical to that of Wisniewski et al [32], including
the presence of app attributes (such as a written privacy policy),
information on how the app gathered and returned data, stated
patient engagement methods, visible popularity metrics, stated
medical claims, and the presence (or absence) of scientific
evidence (ie, evidence-based claims). Wisniewski et al [32] is
useful for further reference. Only the presence of observable
features was coded for each app. Features such as ease of use
are dependent on the user and were not included in the codebook
in an attempt to achieve reliability between coders in an app’s
categorization. A risk-based framework, following the
characteristics outlined in the FDA’s current draft of the Pre-Cert
Program, was added to the coding procedure to simulate
applying the model in potential regulatory use [18]. A
correlation between the presence of apps’ features, attributes,
and functionality and their Pre-Cert risk categorization could
point to the framework’s reliability and accuracy when
categorizing apps. For example, if an app’s ability to access the
phone’s camera is found to differentiate between apps that
require a review and those that are exempt, then this result
suggests that the Pre-Cert’s risk categorization is not based on
subjective measures and has the potential to weed out the apps
that pose a greater risk to consumers. Thus, both metrics were
coded for, and comparisons were made between them.

We translated both the disease condition and significance of
information categories to a numerical scale, allowing for easier
data analysis: apps that were deemed to target a nonserious
condition were rated as 0, whereas serious and critical conditions
were given a 1 and 2, respectively. If an app targeted several
diagnoses, it was categorized by the most severe disease
condition described. Regarding the information provided,
informing clinical care was rated an “A,” whereas apps that
drove clinical management or treated and diagnosed users were
given a “B” and “C,” respectively. Using the FDA’s current
guidelines, we coded apps as informing clinical care if they
simply provided information. Any personal data entry that was
used to monitor symptoms was coded as driving clinical
management, whereas apps providing treatment and diagnosis
were differentiated from other functionalities. An app’s review
required status, the classification that decides whether an FDA
review would be required under the Pre-Cert Program, was
determined by the combination of both criteria and given the
numerical value that the IMDRF working group had previously
attributed to each category, ranging from 1 to 4 (I, II, III, and
IV). For example, a meditation app claiming to alleviate anxiety
and stress would have been coded as targeting a nonserious
condition (0) and providing treatment (C). Under the Pre-Cert
Program, this app would be given a review level of II, which
requires Level One Pre-Cert organizations to undergo a
streamlined review, whereas Level Two organizations are exempt
from any FDA review. The rating system used is shown in
Figure 2. Following the previous literature, we coded only for
the presence of and not the quality of app features to maintain
the reliability of the data.
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Figure 2. Risk categorization rating system. This figure shows how the Pre-Cert Program uses the disease condition an app targets (0-2) and what
information that app provides (A-C) to determine what review that app must undergo (I-IV).

Statistical Analysis
Following coding and data reconciliation, apps were
dichotomized into exemption from a review or requiring a
review. Apps given an IMDRF categorization of “I” would be
exempt from any regulatory review, whereas type II, III, and
IV apps would undergo some form of review depending on the
precertification status of the organization. As types II, III, and

IV apps would undergo some form of review, we grouped these
apps together. The data were further stratified by categorical
measures, such as which disease condition they targeted.
Two-sided t tests of differences between categories under the
assumption of equal variances were performed using Microsoft
Excel 2019 (version 16.0.6742.2048) to determine statistical
significance.
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Results

Principal Results
Of the 120 total Apple and Android apps examined in the
simulation, 95 (79.2%) were categorized as targeting a
nonserious health condition, whereas only 7 (5.8%) apps
targeted a serious condition, including one app that targeted
addiction, 5 that targeted depression, and one that targeted
anxiety. The remaining 18 (15.0%) apps targeted a critical
condition; however, all apps in this group targeted
schizophrenia.

Review required status—that is, the classification that
determines if an FDA review would be required under the
Pre-Cert Program and represented by code I, II, III, or IV (Figure
2)—was largely determined by the information that the app’s
developer provided. Of 120 apps, 30 (25.0%) were found to
have informed clinical care, whereas driving clinical
management and treating or diagnosing each had 42 (35.0%)
apps fitting their respective descriptions. The significance of
information, which is coded A, B, or C (Figure 2), for the
remaining 6 (5.0%) apps was unclassifiable, as these apps were
not intended for or did not claim to provide any health-related
advice or treatment. As these apps did not offer any health
information, they were deemed to be exempt from an FDA
regulatory review. These apps were included in the original
sample as a general search in both app stores was performed in
an attempt to mimic the experience of consumers if they
searched for health apps. As a result, not all apps were
necessarily marketed under the store’s medical category.

When comparing the reliability between Apple and Android
apps, no statistically significant differences were found between
whether or not review was required for each disease condition
between the platforms (addiction: 1.25 vs 1.22, P=.72; anxiety:
1.8 vs 2, P=.34; depression: 1.8 vs 2, P=.55; high blood pressure:
1.22 vs 1.3, P=.41; and schizophrenia: 2.22 vs 2.56; P=.57).
This suggests that the Pre-Cert’s categorization is reliable across
platforms. As both platforms are available for consumers to
choose from, it is worthwhile to note the lack of statistical
significance between them.

Stratification by Review Required Status
The number of apps and their features were stratified by whether
a review was required and are shown in Figure 3. The features
coded for are grouped thematically, as features associated with
gathering data are labeled (in) and those involved with user
engagement or presenting information are labeled (out; Figure
3). App attributes associated with privacy, medical claims,
presence of scientific evidence, connection to professional care,
and use of rewards or inventions are listed below.

Two-sided t tests comparing all app features described between
apps that the Pre-Cert Program exempted from review and those
that would require a regulatory review were performed (Figure
3). Apps with a review level of 2 or greater were combined
because of the small number of apps under the third and fourth
review levels (III and IV) and because all these apps would
require a review. Apps that did not require any review (review
level I) were more likely than those that definitely or may have
required review to integrate data from external devices such as
smartwatches (15/58, 26% of review level I apps vs 5/62, 8%
of reviews II, III, and IV level apps; P=.03) and collect health
information such as step counts (24/58, 41% vs 9/62, 15%;
P=.008). Apps expected to be exempt from FDA review (I)
were less likely to offer information or reference facts (25/58,
43% vs 45/62, 72%; P<.001), were less likely to connect to
professional care (7/58, 12% vs 14/62, 23%; P=.04), and were
less likely to include an intervention (8/58, 14% vs 35/62, 55%;
P<.001) than those requiring a review. User-given star ratings
also significantly differed between apps that did not require
review versus those that definitely or may have required review
(4.48 vs 4.13; P=.003), suggesting that streamlined apps were
rated more highly than those definitely or potentially requiring
a review. Notably, there were no statistically significant
differences between the 2 potential review profiles in the
provision of information about the ability for data deletion
(37/58, 64% vs 34/62, 55%; P=.20) or the average days since
the app’s last update (189 vs 264; P=.60).

The mean values and SDs of proxies for app popularity (star
ratings, number of reviews, and days since the last update) and
data on days since each app’s last update are summarized in
Table 1.
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Figure 3. App features by review required. The orange bars represent apps that would undergo a regulatory review in the Pre-Cert Program (review
levels II, III, and IV), and the blue bars represent apps exempt from review (review level I).

Table 1. Popularity metrics and update history by review required.

Review required (n=62)No review required (n=58)Review required

4.13 (1)4.48 (0.6)User star ratings, mean (SD)

14,018 (70,454)14,554 (42,409)Number of ratings, mean (SD)

264 (338)189 (335)Days since last update, mean (SD)

Stratification by Targeted Disease
When the data were stratified by targeted disease, the number
of apps requiring review within each condition varied
dramatically. In total, 16 apps targeting addiction required no
review (I), while only 4 apps would undergo a review (II, III,
and IV). A similar trend is seen in apps targeting high blood
pressure as 15 of these apps were determined to be exempt from
a review (I), leaving only 5 apps to undergo a review (II, III,
and IV). Notably, all apps targeting diabetes were deemed to
be exempt from any review (I), whereas anxiety, depression,
and schizophrenia apps comprised the majority of those

definitely or possibly requiring review (II, III, and IV). This
result was driven by the finding that most anxiety and depression
apps offered treatment and schizophrenia was classified as a
critical disease condition, which resulted in a higher likelihood
that review would be required.

When stratified by disease, the samples become underpowered
because of the small number of apps in each subgroup. However,
it is worth noting that some of the differences noted earlier
remain. For example, only 6% (1/16) of addiction apps exempt
from review offered an intervention, whereas 100% (4/4) of
addiction apps requiring a review did. The same trend holds
true for apps targeting anxiety (0/3, 0% vs 16/17, 94%) and
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depression (1/6, 17% vs 11/14, 79%). In addition, none of the
apps targeting depression that were exempt from review offered
external information, whereas 79% (11/14) of those requiring
reviews did. Notable results are summarized in Tables 2 and 3,

whereas a full table comparing app features and whether review
would be required, stratified by targeted disease, is provided in
Multimedia Appendix 1.

Table 2. Apps’ features for addiction, anxiety, and depression by review required, stratified by targeted disease.

Depression apps re-
quiring reviews
(n=14)

Depression apps ex-
empt from review
(n=6)

Anxiety apps re-
quiring reviews
(n=17)

Anxiety apps ex-
empt from review
(n=3)

Addiction apps re-
quiring reviews
(n=4)

Addiction apps ex-
empt from review
(n=16)

App features

0 (0)1 (17)2 (12)0 (0)0 (0)0 (0)Device integration, n
(%)

3 (21)1 (17)3 (18)1 (33)0 (0)0 (0)Steps or health infor-
mation, n (%)

11 (79)0 (0)12 (71)2 (67)4 (100)2 (13)Offer information, n
(%)

6 (43)0 (0)6 (35)1 (33)1 (25)5 (31)Connect to profession-
al care, n (%)

11 (79)1 (17)16 (94)0 (0)4 (100)1 (6)In-app interventions,
n (%)

4.2 (0.56)4.55 (0.23)4.65 (0.19)4.5 (0.52)4.68 (0.17)4.7 (0.18)User star ratings,
mean (SD)

Table 3. Apps’ features for diabetes, high blood pressure, and schizophrenia.

Schizophrenia apps requir-
ing review (n=16)

Schizophrenia apps ex-
empt from review (n=4)

High blood pressure
apps requiring review
(n=5)

High blood pressure
apps exempt from re-
view (n=15)

Diabetes apps ex-
empt from review
(n=20)

App features

3 (19)0 (0)0 (0)3 (20)11 (55)Device integration, n
(%)

3 (19)0 (0)0 (0)1 (7)8 (40)Steps or health informa-
tion, n (%)

15 (94)2 (50)1 (20)5 (33)14 (70)Offer information, n
(%)

1 (6)0 (0)0 (0)0 (0)1 (5)Connect to professional
care, n (%)

1 (6)0 (0)1 (20)0 (0)6 (30)In-app interventions, n
(%)

2.5 (1.9)4.18 (0.57)3.28 (1.19)4.13 (0.94)4.48 (0.47)User star ratings, mean
(SD)

Discussion

Principal Findings
After coding for the presence of observable features of top health
apps, we found attributes that differentiated the apps that would
likely undergo an FDA regulatory review under the Pre-Cert
Program versus those that would not. Apps offering
interventions were most likely to require a review (II, III, and
IV), whereas monitoring apps were more likely to be
streamlined. In addition, apps requiring FDA review were more
likely to offer references and connect users to professional care
than streamlined apps. This distinction between formal medical
advice and user-led data embedded in the FDA’s risk
categorization demonstrates a promising foundation for the
framework. Apps gearing themselves toward providing more
formal care, such as interventions or references, have the
potential to elicit greater harm than monitoring apps if these

features are erroneous. Consumers are using these apps for
treatment or diagnosis and are being exposed to the information
provided by these health apps. Monitoring apps largely rely on
data provided by the user rather than on the supply of novel
information. The Pre-Cert’s risk categorization’s ability to
differentiate between apps relying on formal medical advice
versus user-led data and require a review from the former
indicates its potential to catch apps that pose a greater risk.

When the data were stratified by targeted disease, the sample
became underpowered, and we were unable to perform
significance testing. However, although the small size of each
subgroup is a limitation in this study, the observed trends offer
valuable and novel insight into how the Pre-Cert Program’s
categorization should be refined before full implementation.
For example, in the subgroup analysis, the percentage of apps
offering an intervention differed dramatically between those
exempt from review and those requiring a review for apps
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targeting addiction, anxiety, and depression. This finding hints
that the presence of an intervention is one of the strongest
associations for apps requiring a review. However, this metric
is challenging to reliably differentiate from apps that simply
monitor symptoms. In particular, in the mental health setting,
it has been established that individuals who monitor their
symptoms feel better [36,37], and the line between ecological
momentary assessments versus intervention is blurred with apps.
Determining whether an app drives clinical management or
provides treatment is pivotal for that app’s risk categorization
under Pre-Cert. Therefore, the FDA should set clear guidelines
and give examples of what apps they consider provide an
intervention versus monitor symptoms. Although we coded 24
features of apps (Figure 3) and (Table 1), only a few were found
to differentiate between apps that would require FDA review
and those that would have been streamlined. In addition, as
described earlier, the strongest association between apps
requiring a review that are offering an intervention remains to
be difficult to clearly define. These results suggest that if the
FDA wants to implement an appropriately detailed risk-based
framework that can address the features of already-existing
apps, they will need to publish more explicit guidelines and
likely require extensive training for coders in order to obtain
high interrater reliability and avoid possible misclassifications.

A specific criterion that the FDA should set more explicit
guidelines around is the disclosure of apps’ data policies. At
present, the framework does not reflect if or how an app
discloses how users can delete their information. For example,
only 64% (37/58) of apps evaluated as likely to be exempt from
review provided information about data deletion, although
cybersecurity responsibility remains one of the Pre-Cert
Program’s 5 excellence principles. Apps requiring review levels
of 2 or higher had a similar percentage of 55% (34/62). This
result indicates that apps containing features and functions that
pose legitimate risks on user privacy and data security are
exempt from review under the Pre-Cert Program. Patients and
clinicians who today use medical apps note privacy and security
to be one of their top concerns with mobile health, meaning
there is an opportunity for the FDA to be more explicit when
assessing app developers’ data policies.

The Pre-Cert Program and its risk categorization are still in their
early developmental stages, as the FDA continues to test myriad
aspects of the program. In an update summarizing testing
performed through May 2019, the FDA described their
refinement of this review determination process and admitted
that further insight from patients and the digital health
community is needed [23]. Our results can help inform the
program in these pivotal early stages. To make the framework
more useful, more data concerning its strengths and weaknesses
are necessary. A novel challenge for evaluating apps is that their
use case is not static and will vary based on the patients’ clinical
needs and treatment goals. For example, a mindfulness app may
be a well-being tool, exempt from regulation in some contexts,
but could also be recommended by clinicians in the treatment
of major depressive disorders. This fluidity of purposes is
different from that of a traditional medical device, for example,
a pacemaker, which has a narrow and well-defined use among
patients. In addition, further clarification as to what the FDA

defines as a nonserious, serious, and critical condition and what
regulators consider to be informing clinical care, driving
management, or treating and diagnosing should be published.
Finally, as the FDA plans to surveil an app’s real-world
performance in a postmarket setting, it will be important for
them to publish guidelines of how they will ensure that not only
the app’s quality remains consistent but also that the developer
continues to excel in the 5 criteria that granted them Pre-Cert
status initially. Creating optimal systems is complex and will
require the right combination of diverse stakeholder
involvement. Thus, clinicians, patients, and leaders in the digital
health community should be fully incorporated into this process
and will likely welcome the opportunity to provide feedback.

Limitations
Our results must be interpreted in light of several limitations.
First, we examined only 120 apps out of thousands that are
currently marketed. As we took a convenience sample, there is
the possibility that this sample does not reflect the top 10 apps
presented to every consumer upon their search. In addition, at
present, it is unclear which apps will need to be regulated with
Pre-Cert and which will voluntarily partake—although as many
health-related apps at present make clinical claims, many likely
would fall under the scope of regulation. Second, our ratings
were obtained by 2 reviewers and checked by a third reviewer.
No third-party standards currently exist for determining how to
score apps and to maintain validity, although we used published
evaluation standards from previous research. Our research team
only coded those features that could be verified, meaning that
more subjective aspects of software products, such as app
usability, were not coded. Third, we recognize that apps
targeting certain disease conditions will have some inherent
features and classifications. For example, apps targeting diabetes
are more likely to integrate external devices than apps targeting
other disease conditions because of their connection to blood
glucose monitors. We attempted to minimize this effect by
having a large sample of apps across a diverse range of
conditions. In addition, the Pre-Cert’s risk categorization will
be used to classify these mobile health apps and will also need
to account for these inherent features. Finally, we acknowledge
that this risk-based framework is still in its testing phase and
that revisions and additions will be made that are likely to
increase the clarity of the criteria. Indeed, we expect this and
applaud ongoing FDA efforts to pilot its framework and invite
feedback from user communities.

Comparison With Prior Work
In the current state of digital health, the need to provide these
more explicit guidelines is clear. There remains a lack of
standards-based and reliable regulatory frameworks and
evaluations that assess app quality, which, in turn, diminish
consumers’ confidence in digital health [38]. Researchers have
attempted to bridge this gap by testing the reliability and
accuracy of current rating systems [13,33,35] and deriving their
own frameworks [34,38]. Our study fits into this landscape as
we simulated using a proposed framework, the Pre-Cert
Program’s risk categorization, to classify top health apps. We
provide novel information, as the Pre-Cert’s framework has not
been used on a sample of currently available apps. Thus, our
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study identifies the potential of the program and areas for its
improvement, which can inform other app classification
initiatives. In addition, our studies and others similar to ours
could potentially be used to surveil apps after they have reached
the market. We used a peer-reviewed and published method
that standardizes app selection and classifies apps based on 24
features. The iterations of this study over time can track if an
app updates its features or changes its policies. Therefore, the
community could play a role in the postmarket surveillance that
FDA plans to implement in the Pre-Cert Program. We were
limited by the fact that this risk categorization has not been
previously studied as other rating systems. The lack of guidance
and clarifications when discrepancies arose is an area of concern
as digital health remains to be an evolving and sometimes
ambiguous landscape.

Conclusions
The Pre-Cert Program’s risk-based framework for assessing
digital health apps and other SaMD products offers a promising
foundation for enforcing appropriate digital health regulation
while facilitating innovation and the use of technological
advancements. However, the limited differences in our sample
between apps likely requiring regulatory review and those that
likely do not suggest that more detailed criteria are needed. We
believe that additional exercises such as those done in this study,
which can shed light on how the framework is likely to play
out in the context of real-world digital health products, will be
of high value. On the basis of such research, regulatory
guidelines could be clarified and specified before the framework
is deployed in the complex and dynamic landscape of digital
health.

 

Acknowledgments
This research received no specific grant from any funding agency in the public, commercial, or not-for-profit sectors.

Authors' Contributions
JT conceived the study. NA and student volunteers collected the data, and NA conducted the analysis, which was reviewed by
JT. NA drafted the manuscript, and all authors contributed significantly to editing and the final version.

Conflicts of Interest
JT receives unrelated research support from Otsuka. Other authors declare no conflicts of interest.

Multimedia Appendix 1
Apps reviewed.
[DOCX File , 17 KB - mhealth_v8i10e20482_app1.docx ]

References
1. Pohl M. 325,000 Mobile Health Apps Available in 2017: Android Now the Leading Mhealth Platform. Research 2 Guidance.

2017. URL: https://research2guidance.com/325000-mobile-health-apps-available-in-2017/ [accessed 2019-08-06]
2. Anthes E. Mental health: there's an app for that. Nature 2016 Apr 7;532(7597):20-23. [doi: 10.1038/532020a] [Medline:

27078548]
3. Beard C, Silverman AL, Forgeard M, Wilmer MT, Torous J, Björgvinsson T. Smartphone, social media, and mental health

app use in an acute transdiagnostic psychiatric sample. J Med Internet Res Mhealth Uhealth 2019 Jun 7;7(6):e13364 [FREE
Full text] [doi: 10.2196/13364] [Medline: 31199338]

4. Firth J, Cotter J, Torous J, Bucci S, Firth JA, Yung AR. Mobile phone ownership and endorsement of 'Mhealth' among
people with psychosis: a meta-analysis of cross-sectional studies. Schizophr Bull 2016 Mar;42(2):448-455 [FREE Full
text] [doi: 10.1093/schbul/sbv132] [Medline: 26400871]

5. Robertson MC, Tsai E, Lyons EJ, Srinivasan S, Swartz MC, Baum ML, et al. Mobile health physical activity intervention
preferences in cancer survivors: a qualitative study. J Med Internet Res Mhealth Uhealth 2017 Jan 24;5(1):e3 [FREE Full
text] [doi: 10.2196/mhealth.6970] [Medline: 28119278]

6. Stawarz K, Preist C, Coyle D. Use of smartphone apps, social media, and web-based resources to support mental health
and well-being: online survey. J Med Internet Res Ment Health 2019 Jul 12;6(7):e12546 [FREE Full text] [doi:
10.2196/12546] [Medline: 31301126]

7. Schueller SM, Neary M, O'Loughlin K, Adkins EC. Discovery of and interest in health apps among those with mental
health needs: survey and focus group study. J Med Internet Res 2018 Jun 11;20(6):e10141 [FREE Full text] [doi:
10.2196/10141] [Medline: 29891468]

8. Thornton LK, Kay-Lambkin FJ. Specific features of current and emerging mobile health apps: user views among people
with and without mental health problems. Mhealth 2018;4:56 [FREE Full text] [doi: 10.21037/mhealth.2018.11.04] [Medline:
30701174]

9. Vangeepuram N, Mayer V, Fei K, Hanlen-Rosado E, Andrade C, Wright S, et al. Smartphone ownership and perspectives
on health apps among a vulnerable population in East Harlem, New York. Mhealth 2018;4:31 [FREE Full text] [doi:
10.21037/mhealth.2018.07.02] [Medline: 30221166]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e20482 | p.573http://mhealth.jmir.org/2020/10/e20482/
(page number not for citation purposes)

Alon et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=mhealth_v8i10e20482_app1.docx&filename=7dd51bb66c6c2f28e6cb4c621eb972dc.docx
https://jmir.org/api/download?alt_name=mhealth_v8i10e20482_app1.docx&filename=7dd51bb66c6c2f28e6cb4c621eb972dc.docx
https://research2guidance.com/325000-mobile-health-apps-available-in-2017/
http://dx.doi.org/10.1038/532020a
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27078548&dopt=Abstract
https://mhealth.jmir.org/2019/6/e13364/
https://mhealth.jmir.org/2019/6/e13364/
http://dx.doi.org/10.2196/13364
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31199338&dopt=Abstract
http://europepmc.org/abstract/MED/26400871
http://europepmc.org/abstract/MED/26400871
http://dx.doi.org/10.1093/schbul/sbv132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26400871&dopt=Abstract
https://mhealth.jmir.org/2017/1/e3/
https://mhealth.jmir.org/2017/1/e3/
http://dx.doi.org/10.2196/mhealth.6970
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28119278&dopt=Abstract
https://mental.jmir.org/2019/7/e12546/
http://dx.doi.org/10.2196/12546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31301126&dopt=Abstract
https://www.jmir.org/2018/6/e10141/
http://dx.doi.org/10.2196/10141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29891468&dopt=Abstract
https://doi.org/10.21037/mhealth.2018.11.04
http://dx.doi.org/10.21037/mhealth.2018.11.04
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30701174&dopt=Abstract
https://doi.org/10.21037/mhealth.2018.07.02
http://dx.doi.org/10.21037/mhealth.2018.07.02
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30221166&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


10. Montagni I, Cariou T, Feuillet T, Langlois E, Tzourio C. Exploring digital health use and opinions of university students:
field survey study. J Med Internet Res Mhealth Uhealth 2018 Mar 15;6(3):e65 [FREE Full text] [doi: 10.2196/mhealth.9131]
[Medline: 29549071]

11. Torous J, Wisniewski H, Liu G, Keshavan M. Mental health mobile phone app usage, concerns, and benefits among
psychiatric outpatients: comparative survey study. J Med Internet Res Ment Health 2018 Nov 16;5(4):e11715 [FREE Full
text] [doi: 10.2196/11715] [Medline: 30446484]

12. Byambasuren O, Beller E, Glasziou P. Current knowledge and adoption of mobile health apps among australian general
practitioners: survey study. J Med Internet Res Mhealth Uhealth 2019 Jun 3;7(6):e13199 [FREE Full text] [doi:
10.2196/13199] [Medline: 31199343]

13. Torous J, Firth J, Huckvale K, Larsen ME, Cosco TD, Carney R, et al. The emerging imperative for a consensus approach
toward the rating and clinical recommendation of mental health apps. J Nerv Ment Dis 2018 Aug;206(8):662-666. [doi:
10.1097/NMD.0000000000000864] [Medline: 30020203]

14. Gordon WJ, Landman A, Zhang H, Bates DW. Beyond validation: getting health apps into clinical practice. NPJ Digit Med
2020;3:14 [FREE Full text] [doi: 10.1038/s41746-019-0212-z] [Medline: 32047860]

15. Policy for Device Software Functions and Mobile Medical Applications. Food and Drug Adminstration. 2019. URL: https:/
/www.fda.gov/media/80958/download [accessed 2019-08-07]

16. Overview of Device Regulation. US Food and Drug Administration. 2020. URL: https://www.fda.gov/medical-devices/
device-advice-comprehensive-regulatory-assistance/overview-device-regulation [accessed 2020-03-01]

17. Digital Health Innovation Action Plan. US Food and Drug Administration. URL: https://www.fda.gov/media/106331/
download [accessed 2019-08-07]

18. Developing Software Pre-Certification Program: A Working Model. US Food and Drug Administration. 2018 Jun. URL:
https://www.fda.gov/media/113802/download [accessed 2019-08-07]

19. Software Precertification Program: 2019 Test Plan. US Food and Drug Administration. 2019 Jan. URL: https://www.fda.gov/
media/119723/download [accessed 2019-09-25]

20. Niewood T. New Class of Therapeutics Calls for New Regulations: Thoughts on the Fda’s New Process for Regulating
Digiceuticals. Recon Strategy - Strategic Healthcare Partners. 2018 Nov 15. URL: http://reconstrategy.com/2018/11/
new-class-of-therapeutics-calls-for-new-regulations-thoughts-on-the-fdas-new-process-for-regulating-digiceuticals/ [accessed
2019-08-08]

21. Peiris D, Miranda JJ, Mohr DC. Going beyond killer apps: building a better mHealth evidence base. Br Med J Glob Health
2018;3(1):e000676. [doi: 10.1136/bmjgh-2017-000676] [Medline: 29527353]

22. Gordon WJ, Stern AD. Challenges and opportunities in software-driven medical devices. Nat Biomed Eng 2019
Jul;3(7):493-497. [doi: 10.1038/s41551-019-0426-z] [Medline: 31278389]

23. Software Pre-Certification Program 2019 Mid-Year Update. US Food and Drug Administration. 2019. URL: https://www.
fda.gov/media/129047/download [accessed 2019-08-08]

24. Software as a Medical Device. US Food and Drug Administration. 2018 Apr 12. URL: https://www.fda.gov/medical-devices/
digital-health/software-medical-device-samd [accessed 2019-08-12]

25. Spanou D. Software as a Medical Device (SaMD): Key Definitions. International Medical Device Regulators Forum
(IMDRF). 2103 Dec 9. URL: http://www.imdrf.org/docs/imdrf/final/technical/
imdrf-tech-131209-samd-key-definitions-140901.pdf [accessed 2020-03-01]

26. Global Approach to Software as a Medical Device Software as a Medical Device. US Food and Drug Administration. 2107
Jun 12. URL: https://www.fda.gov/medical-devices/software-medical-device-samd/
global-approach-software-medical-device-software-medical-device [accessed 2019-08-07]

27. Digital Health Software Precertification (Pre-Cert) Program. US Food and Drug Administration. 2020 Sep 14. URL: https:/
/www.fda.gov/medical-devices/digital-health/digital-health-software-precertification-pre-cert-program [accessed 2019-08-07]

28. Federal TC. FTC Releases New Guidance For Developers of Mobile Health Apps. Federal Trade Commission | Protecting
America's Consumers. 2106 Apr 5. URL: https://www.ftc.gov/news-events/press-releases/2016/04/
ftc-releases-new-guidance-developers-mobile-health-apps [accessed 2020-03-01]

29. ehealth Action Plan 2012-2020: Innovative Healthcare for the 21st Century. European Commission. 2012 Dec 7. URL:
https://ec.europa.eu/digital-single-market/en/news/ehealth-action-plan-2012-2020-innovative-healthcare-21st-century

30. Classification of Digital Health Interventions v 1.0. World Health Organization. URL: https://apps.who.int/iris/bitstream/
handle/10665/260480/WHO-RHR-18.06-eng.pdf;jsessionid=EF5C7B012765D3D18F62E3B3C71E67DC?sequence=1
[accessed 2020-03-01]

31. Evidence Standards Framework for Digital Health Technologies. National Institute for Health and Care Excellence. 2019
Mar. URL: https://www.nice.org.uk/Media/Default/About/what-we-do/our-programmes/evidence-standards-framework/
digital-evidence-standards-framework.pdf [accessed 2020-03-01]

32. Wisniewski H, Liu G, Henson P, Vaidyam A, Hajratalli NK, Onnela J, et al. Understanding the quality, effectiveness and
attributes of top-rated smartphone health apps. Evid Based Ment Health 2019 Feb;22(1):4-9 [FREE Full text] [doi:
10.1136/ebmental-2018-300069] [Medline: 30635262]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e20482 | p.574http://mhealth.jmir.org/2020/10/e20482/
(page number not for citation purposes)

Alon et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://mhealth.jmir.org/2018/3/e65/
http://dx.doi.org/10.2196/mhealth.9131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29549071&dopt=Abstract
https://mental.jmir.org/2018/4/e11715/
https://mental.jmir.org/2018/4/e11715/
http://dx.doi.org/10.2196/11715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30446484&dopt=Abstract
https://mhealth.jmir.org/2019/6/e13199/
http://dx.doi.org/10.2196/13199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31199343&dopt=Abstract
http://dx.doi.org/10.1097/NMD.0000000000000864
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30020203&dopt=Abstract
http://europepmc.org/abstract/MED/32047860
http://dx.doi.org/10.1038/s41746-019-0212-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32047860&dopt=Abstract
https://www.fda.gov/media/80958/download
https://www.fda.gov/media/80958/download
https://www.fda.gov/medical-devices/device-advice-comprehensive-regulatory-assistance/overview-device-regulation
https://www.fda.gov/medical-devices/device-advice-comprehensive-regulatory-assistance/overview-device-regulation
https://www.fda.gov/media/106331/download
https://www.fda.gov/media/106331/download
https://www.fda.gov/media/113802/download
https://www.fda.gov/media/119723/download
https://www.fda.gov/media/119723/download
http://reconstrategy.com/2018/11/new-class-of-therapeutics-calls-for-new-regulations-thoughts-on-the-fdas-new-process-for-regulating-digiceuticals/
http://reconstrategy.com/2018/11/new-class-of-therapeutics-calls-for-new-regulations-thoughts-on-the-fdas-new-process-for-regulating-digiceuticals/
http://dx.doi.org/10.1136/bmjgh-2017-000676
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29527353&dopt=Abstract
http://dx.doi.org/10.1038/s41551-019-0426-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31278389&dopt=Abstract
https://www.fda.gov/media/129047/download
https://www.fda.gov/media/129047/download
https://www.fda.gov/medical-devices/digital-health/software-medical-device-samd
https://www.fda.gov/medical-devices/digital-health/software-medical-device-samd
http://www.imdrf.org/docs/imdrf/final/technical/imdrf-tech-131209-samd-key-definitions-140901.pdf
http://www.imdrf.org/docs/imdrf/final/technical/imdrf-tech-131209-samd-key-definitions-140901.pdf
https://www.fda.gov/medical-devices/software-medical-device-samd/global-approach-software-medical-device-software-medical-device
https://www.fda.gov/medical-devices/software-medical-device-samd/global-approach-software-medical-device-software-medical-device
https://www.fda.gov/medical-devices/digital-health/digital-health-software-precertification-pre-cert-program
https://www.fda.gov/medical-devices/digital-health/digital-health-software-precertification-pre-cert-program
https://www.ftc.gov/news-events/press-releases/2016/04/ftc-releases-new-guidance-developers-mobile-health-apps
https://www.ftc.gov/news-events/press-releases/2016/04/ftc-releases-new-guidance-developers-mobile-health-apps
https://ec.europa.eu/digital-single-market/en/news/ehealth-action-plan-2012-2020-innovative-healthcare-21st-century
https://apps.who.int/iris/bitstream/handle/10665/260480/WHO-RHR-18.06-eng.pdf;jsessionid=EF5C7B012765D3D18F62E3B3C71E67DC?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/260480/WHO-RHR-18.06-eng.pdf;jsessionid=EF5C7B012765D3D18F62E3B3C71E67DC?sequence=1
https://www.nice.org.uk/Media/Default/About/what-we-do/our-programmes/evidence-standards-framework/digital-evidence-standards-framework.pdf
https://www.nice.org.uk/Media/Default/About/what-we-do/our-programmes/evidence-standards-framework/digital-evidence-standards-framework.pdf
http://europepmc.org/abstract/MED/30635262
http://dx.doi.org/10.1136/ebmental-2018-300069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30635262&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


33. Carlo AD, Ghomi RH, Renn BN, Areán PA. By the numbers: ratings and utilization of behavioral health mobile applications.
NPJ Digit Med 2019;2:54 [FREE Full text] [doi: 10.1038/s41746-019-0129-6] [Medline: 31304400]

34. Henson P, David G, Albright K. Deriving a Practical Framework for the Evaluation of Health Apps. Lancet Digit Health.
2019. URL: https://doi.org/10.1016/S2589-7500(19)30013-5 [accessed 2020-09-23]

35. LeBeau K, Huey LG, Hart M. Assessing the quality of mobile apps used by occupational therapists: evaluation using the
user version of the mobile application rating scale. J Med Internet Res Mhealth Uhealth 2019 May 1;7(5):e13019 [FREE
Full text] [doi: 10.2196/13019] [Medline: 31066712]

36. Osborn J, Ajakaiye A, Cooksley T, Subbe CP. Do mHealth applications improve clinical outcomes of patients with cancer:
a critical appraisal of the peer-reviewed literature. Support Care Cancer 2020 Mar;28(3):1469-1479 [FREE Full text] [doi:
10.1007/s00520-019-04945-4] [Medline: 31273501]

37. Walsh S, Golden E, Priebe S. Systematic review of patients' participation in and experiences of technology-based monitoring
of mental health symptoms in the community. Br Med J Open 2016 Jun 21;6(6):e008362. [doi:
10.1136/bmjopen-2015-008362] [Medline: 27329437]

38. Mathews SC, McShea MJ, Hanley CL, Ravitz A, Labrique AB, Cohen AB. Digital health: a path to validation. NPJ Digit
Med 2019;2:38. [doi: 10.1038/s41746-019-0111-3] [Medline: 31304384]

Abbreviations
FDA: Food and Drug Administration
IMDRF: International Medical Device Regulators Forum
Pre-Cert: Software Precertification
SaMD: Software as a Medical Device

Edited by G Eysenbach; submitted 19.05.20; peer-reviewed by G Adrian, J Taylor, B Rudd; comments to author 29.06.20; revised
version received 07.07.20; accepted 22.07.20; published 26.10.20.

Please cite as:
Alon N, Stern AD, Torous J
Assessing the Food and Drug Administration’s Risk-Based Framework for Software Precertification With Top Health Apps in the
United States: Quality Improvement Study
JMIR Mhealth Uhealth 2020;8(10):e20482
URL: http://mhealth.jmir.org/2020/10/e20482/ 
doi:10.2196/20482
PMID:32927429

©Noy Alon, Ariel Dora Stern, John Torous. Originally published in JMIR mHealth and uHealth (http://mhealth.jmir.org),
26.10.2020. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR mHealth and uHealth, is properly cited. The complete bibliographic information,
a link to the original publication on http://mhealth.jmir.org/, as well as this copyright and license information must be included.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e20482 | p.575http://mhealth.jmir.org/2020/10/e20482/
(page number not for citation purposes)

Alon et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://europepmc.org/abstract/MED/31304400
http://dx.doi.org/10.1038/s41746-019-0129-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31304400&dopt=Abstract
https://doi.org/10.1016/S2589-7500(19)30013-5
https://mhealth.jmir.org/2019/5/e13019/
https://mhealth.jmir.org/2019/5/e13019/
http://dx.doi.org/10.2196/13019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31066712&dopt=Abstract
http://europepmc.org/abstract/MED/31273501
http://dx.doi.org/10.1007/s00520-019-04945-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31273501&dopt=Abstract
http://dx.doi.org/10.1136/bmjopen-2015-008362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27329437&dopt=Abstract
http://dx.doi.org/10.1038/s41746-019-0111-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31304384&dopt=Abstract
http://mhealth.jmir.org/2020/10/e20482/
http://dx.doi.org/10.2196/20482
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32927429&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Implementation of a Home-Based mHealth App Intervention
Program With Human Mediation for Swallowing Tongue Pressure
Strengthening Exercises in Older Adults: Longitudinal
Observational Study

HyangHee Kim1,2, PhD, CCC-SLP; Nam-Bin Cho1, BA; Jinwon Kim3, MSc; Kyung Min Kim1, BA; Minji Kang1,

MA; Younggeun Choi3, MSc; Minjae Kim3, BSc; Heecheon You3, PhD; Seok In Nam4, PhD; Soyeon Shin1, BA
1Graduate Program in Speech-Language Pathology, Yonsei University College of Medicine, Seoul, Republic of Korea
2Department and Research Institute of Rehabilitation Medicine, Yonsei University College of Medicine, Seoul, Republic of Korea
3Department of Industrial and Management Engineering, Pohang University of Science and Technology, Pohang, Republic of Korea
4Graduate School of Social Welfare, Yonsei University, Seoul, Republic of Korea

Corresponding Author:
HyangHee Kim, PhD, CCC-SLP
Graduate Program in Speech-Language Pathology
Yonsei University College of Medicine
11-12 Yondaedongmun-gil
Seodaemun-gu
Seoul, 03721
Republic of Korea
Phone: 82 2 2228 3900
Email: h.kim@yonsei.ac.kr

Abstract

Background: Tongue pressure is an effective index of swallowing function, and it decreases with aging and disease progression.
Previous research has shown beneficial effects of swallowing exercises combined with myofunctional tongue-strengthening
therapy on tongue function. Tongue exercises delivered through mobile health (mHealth) technologies have the potential to
advance health care in the digital age to be more efficient for people with limited resources, especially older adults.

Objective: The purpose of this study is to explore the immediate and long-term maintenance effects of an 8-week home-based
mHealth app intervention with biweekly (ie, every 2 weeks) human mediation aimed at improving the swallowing tongue pressure
in older adults.

Methods: We developed an mHealth app intervention that was used for 8 weeks (3 times/day, 5 days/week, for a total of 120
sessions) by 11 community-dwelling older adults (10 women; mean age 75.7 years) who complained of swallowing difficulties.
The app included a swallowing monitoring and intervention protocol with 3 therapy maneuvers: effortful prolonged swallowing,
effortful pitch glide, and effortful tongue rotation. The 8-week intervention was mediated by biweekly face-to-face meetings to
monitor each participant’s progress and ability to implement the training sessions according to the given protocol. Preintervention
and postintervention isometric and swallowing tongue pressures were measured using the Iowa Oral Performance Instrument.
We also investigated the maintenance effects of the intervention on swallowing tongue pressure at 12 weeks postintervention.

Results: Of the 11 participants, 8 adhered to the home-based 8-week app therapy program with the optimal intervention dosage.
At the main trial end point (ie, 8 weeks) of the intervention program, the participants demonstrated a significant increase in
swallowing tongue pressure (median 17.5 kPa before the intervention and 26.5 kPa after the intervention; P=.046). However,
long-term maintenance effects of the training program on swallowing tongue pressure at 12 weeks postintervention were not
observed.

Conclusions: Swallowing tongue pressure is known to be closely related to dysphagia symptoms. This is the first study to
demonstrate the effectiveness of the combined methods of effortful prolonged swallowing, effortful pitch glide, and effortful
tongue rotation using mobile app training accompanied by biweekly human mediation in improving swallowing tongue pressure
in older adults. The mHealth app is a promising platform that can be used to deliver effective and convenient therapeutic service
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to vulnerable older adults. To investigate the therapeutic efficacy with a larger sample size and observe the long-term effects of
the intervention program, further studies are warranted.

International Registered Report Identifier (IRRID): RR2-10.2196/19585

(JMIR Mhealth Uhealth 2020;8(10):e22080)   doi:10.2196/22080

KEYWORDS

mHealth; older adults; swallowing tongue pressure; Iowa Oral Performance Instrument; app; swallowing disorders; swallowing
maneuver; effortful prolonged swallowing; effortful pitch glide; effortful tongue rotation

Introduction

The tongue plays an important role in both the oral and
pharyngeal stages of swallowing, especially in proper bolus
formation and propulsion [1]. Thus, its impairment is heavily
linked to swallowing difficulties or dysphagia by inhibiting
adequate bolus formation and transportation within the oral and
pharyngeal cavities [2]. During liquid consumption, the bolus
is initially held in the anterior part of the mouth or in the
chamber between the tongue surface and the hard palate.

In older adults, sarcopenia, which is defined as loss of muscle
mass due to aging, contributes to lingual dysfunction, resulting
in swallowing impairments [3]. Previous studies have shown
that sarcopenia and tongue muscle degeneration are highly
related to aging [3-5] and negatively influence tongue pressure
generation and swallowing in older adults, escalating the risk
of aspiration and dysphagia [3,4,6].

The ability to generate tongue pressure is critical for liquid bolus
propulsion in swallowing and is also an effective index for
evaluating swallowing function [7,8]. Tongue pressure
commonly decreases with aging [2,4], partly due to sarcopenia
of the tongue [1,4]. Specifically, reduction in tongue pressure
in older adults might cause an increase in oropharyngeal residue
and consequently increase the risk of aspiration and pneumonia
[7,9] due to reduction in proper bolus control and transfer [1].
Approximately 13% to 54% of older individuals have reported
swallowing difficulties, with the rate varying with age,
underlying diseases, and care level [10-12]. Major swallowing
symptoms, such as coughing, choking [11,13], and
malnourishment in older adults [6], are reportedly influenced
by tongue dysfunction and tongue pressure measures [14-16].

Swallowing tongue pressure is generated when an individual
swallows different types of food or liquid or during dry
swallowing. The decrease in swallowing tongue pressure in
older adults is prevalent [7,17] depending on the types and the
viscosity of the intake [1,7,17,18] and during dry swallowing
[7]. As the decline in tongue pressure due to aging may be
indicative of risk factors related to dysphagia [17], it is crucial
to pay attention to swallowing tongue pressure measures in
order to incorporate swallowing rehabilitation.

Past studies have shown beneficial effects of swallowing
exercises combined with myofunctional tongue-strengthening
exercises in older adults, as well as in adults with various types
of disease. Among diverse rehabilitative techniques using
swallowing interventions, the Mendelsohn maneuver [19] and
effortful swallowing are swallowing-focused methods. The
implementation of both treatment methods has shown a positive

effect on tongue pressure [20], as well as on pharyngeal [21]
and hyolaryngeal functions [22]. Moreover, the combination of
the two methods has led to increased anterior and posterior
tongue pressure [23] and decreased aspiration rates in dysphagic
patients [24].

Meanwhile, indirect methods of swallowing treatment include
effortful pitch glide and effortful tongue rotation. Effortful pitch
glide does not invoke the principle of task specificity for
swallowing [25,26]. However, when effortful pitch glide was
combined with the Mendelsohn maneuver, its positive effect
on the activation of suprahyoid muscles, the functioning of
which is regarded as essential in hyolaryngeal excursion (and
thus in swallowing), was observed [27]. Such results may also
account for the observed coordination of suprahyoid muscle
activity, hyoid movement, and tongue pressure production
during tongue squeezing [28]. A significant increase in
maximum tongue pressure was also observed after effortful
tongue rotation [29] and directional exercises of the tongue (ie,
elevation, protrusion, and lateralization) [30].

Repetition and intensity of training are key components needed
to facilitate experience-dependent neural plasticity in motor
behaviors [25] and swallowing [26]. Training with evident goals,
however, requires participants to regularly visit swallowing
clinics. Several studies have provided information on factors
associated with the difficulty of ensuring regular visits to clinics
among older adults, including expenses, distance, transportation,
and the time required [31,32]. Therefore, mobile health
(mHealth) technologies may have great potential in advancing
health care in the digital age to be more efficient for people [33]
with limited resources, especially for older adults.

Thus, this study explores the immediate and long-term
maintenance effects of an 8-week home-based mHealth app
intervention program with human mediation aimed at improving
the swallowing tongue pressure in older adults. We further
highlight several clinical issues raised during the intervention
program that needed to be addressed. This study was part of an
ongoing larger 7-year national grant project entitled
“Development and Implementation of Swallowing Evaluation
and Intervention Program for Older Adults.”

Methods

Participants
The participants in this study were identical to those who took
part in the usability study of the mHealth app [34]. The data for
the usability evaluation [34] and the current study (ie,
swallowing training results) were collected from these
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participants in the same time frame. A total of 11 older adults
(10 women; mean age 75.7 years, SD 4.96; mean education
10.4 years, SD 3.83; mean Korean Mini-Mental State
Examination score 28.1, SD 1.72) from 2 district-run senior
welfare centers in Seoul participated in the program. The
inclusion criteria were (1) older than 65 years; (2) complaints
of swallowing difficulties (ie, increased aspiration rate and
foreign body sensation in throat); (3) a Korean Mini-Mental
State Examination score within normal limits; (4) no problem
with vision, hearing, and motor functions required for using a
tablet; and (5) no hearing problems that may prevent the

participant from following directions. The exclusion criteria
were (1) any history of neurological disorders (ie, stroke and
Parkinson disease) and (2) nonoral feeding (ie, nasogastric tube
and percutaneous endoscopic gastrostomy). Self-reported
swallowing rating was indicated as responses to the survey item
“I have a swallowing problem” (with a scale of 0=never,
1=seldom, 2=sometimes, 3=often, and 4=always). Table 1
presents the characteristics of the participants. All participants
gave informed, written consent as per the Declaration of
Helsinki before conducting the study (institutional review board
No. PIRB-2019-E024).

Table 1. Participant characteristics.

Self-reported swallowing ratingbK-MMSEa scoreEducation (years)Age (years)GenderParticipant No.

330680Female1

3291671Female2

2301267Female3

424983Female4

3271277Female5

229971Female6

329682Female7

3281273Female8

227576Female9

2281675Male10

229678Female11

2.64 (0.67)28.18 (1.72)9.45 (4.80)75.73 (4.96)N/AcTotal, mean (SD)

aK-MMSE: Korean Mini-Mental State Examination. A perfect score is 30.
bResponse to the survey item “I have a swallowing problem” (with a scale of 0=never, 1=seldom, 2=sometimes, 3=often, and 4=always).
cN/A: not applicable.

App Therapy Contents
The app contents included a swallowing monitoring and
intervention protocol with 3 therapeutic methods or maneuvers:
(1) effortful prolonged swallowing, which incorporated effortful
swallowing [35] with the Mendelsohn maneuver [19,36], (2)
the effortful pitch glide exercise [37], and (3) effortful tongue
rotation [29]. The 3 effortful maneuvers were named A
Successful Swallow with Effortful Trainings (ASSET). Methods

for each training maneuver used in this study are shown in Table
2.

Participants were required to perform a total of 120 sessions (3
times/day, 5 days/week for 8 weeks). A 1-day session involved
20 repetitions of each of the 3 exercises (effortful prolonged
swallowing, effortful pitch glide, effortful tongue rotation) in
the morning, afternoon, and evening, with each time-specific
session taking approximately 30 minutes. If the individuals
failed to conduct the exercises on time, they were allowed to
make up for the missed sessions on the same day only.
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Table 2. Procedures for each training maneuver.

ProcedureExercise

(Phase 1: water swallow)

Step 1. Hold 5 mL of water in your mouth.

Step 2. Push all muscles around your neck and swallow as hard as you can (at this time, maintain your muscular strength for
2 seconds).

(Phase 2: dry swallow)

Step 1. Collect saliva in your mouth.

Step 2. Push all muscles around your neck and swallow as hard as you can (at this time, maintain your muscular strength for
2 seconds).

Effortful prolonged
swallowing

Step 1. Make an elongated “ee” sound at a comfortable pitch.

Step 2. Gradually raise your pitch to the highest pitch possible.

Step 3. Keep the pitch at the highest range as long as possible.

Effortful pitch glide

Step 1. Stretch your tongue and move it to one side of your cheek.

Step 2. Rotate your tongue fully around the space between your teeth and back of the lips once while maintaining your strength
for 5 seconds.

Effortful tongue

rotation

App Features
We developed a tablet-based mHealth app (Android operating
system) called 365 Healthy Swallowing Coach, which enables
older adults to execute the given 3 types of swallowing training
maneuvers without a clinician physically present. It contains
an educational program, a feedback system, an adherence
monitoring system, and a tailored training setting. The mobile
app was designed to be downloaded and used on a tablet, the
Samsung Galaxy Tab A (model No. SM-P580; Samsung), and
to be user-friendly for older adults. Examples of user interface
designs for older adults with decreased cognitive and
psychomotor functions include (1) tabs arranged by use
sequence for ease of navigation, (2) buttons containing both
icons and text for ease of understanding, and (3) apposite button
activation ranges, button sizes, and interbutton spaces
empirically identified for the trade-off between ease of activation
and prevention of inadvertent activation [34]. Furthermore, the
mHealth app supports a variety of features that could enable
older adults to properly and effectively train themselves.
Examples of training compliance enablers include videos,
animations, multimodal content, a biofeedback system for ease
of understanding [38], and an automatic training data-logging
system and training scheduler for ease of adherence monitoring
[34]. A usability and feasibility test of the 365 Healthy
Swallowing Coach app reported significantly higher usability
scores from older adults with higher levels of education and

smart device usage. Moreover, an increase in favorable
responses regarding app acceptability, training program
utilization, emotional responses, and learning experience with
the intervention program was observed as the participants
continued to use the app [34].

Educational Program
The educational content of the 365 Healthy Swallowing Coach
app includes introductory videos on the basics of swallowing
mechanisms and swallowing disorders, as well as training
methods for each exercise (ie, effortful prolonged swallowing,
effortful pitch glide, and effortful tongue rotation). Information
on the basics of swallowing is introduced through a
self-produced animation in the current study. The animation
educates users on the physiological changes that occur during
swallowing, such as epiglottic closure for airway protection,
and promotes awareness on the danger of aspiration and
pneumonia. The educational video for each exercise method
consists of a demonstration carried out by a researcher and a
practice trial. Users can practice each method after observing
the demonstrations, which include a live-action video for
effortful prolonged swallowing and effortful tongue rotation or
a real-time pitch glide graph for effortful pitch glide. These
videos are always shown prior to the beginning of the actual
training sessions to ensure that users perform the exercises in
an appropriate way. Screenshots of the educational content are
shown in Figures 1 and 2.
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Figure 1. A screenshot of an example introductory video on the basics of swallowing mechanisms (describing hyolaryngeal excursion and epiglottic
closure) and dysphagia. The caption in the video states, “At this point, the epiglottis closes as the hyoid bone and the larynx rise, protecting the airway.”

Figure 2. A screenshot of the educational demo video of the effortful prolonged swallowing exercise maneuver in the 365 Healthy Swallowing Coach
app, with training procedures (top right) and preparation materials (bottom right). The caption in the video says, “First, hold 5 mL of water in your
mouth.”
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Biofeedback System
While the user exercises, the app provides instant visual
biofeedback. For the effortful prolonged swallowing and
effortful tongue rotation exercises, the screen displays a demo
video and a mirror function on the same screen so that users
can follow the demonstration while watching themselves train,
as seen in Figure 3. The screenshot of the effortful pitch glide

exercise displays a real-time pitch glide graph with 2 colors
(Figure 4). The red line represents the pitch of the demonstration
audio, and the blue line represents the user’s pitch. Users glide
and adjust their pitch according to the shape of the red line. The
biofeedback system allows users to appropriately perform the
exercise methods each time by providing instant feedback
regarding their performance.

Figure 3. A screenshot of the visual biofeedback in the “Today’s Training” section, with the effortful tongue rotation demo video displayed on the left,
the mirror function on the right, and the number of repetitions on the bottom right. The caption on the screen says, “2. Rotate your tongue fully around
the space between your teeth and the back of the lips once while maintaining your strength for 5 seconds.”
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Figure 4. A screenshot of the visual biofeedback in the “Today’s Training” section during the effortful pitch glide maneuver, with a real-time pitch
graph on the left, the training procedures on the right, and the number of repetitions indicated on the bottom right.

Adherence Monitoring System
Users can monitor their progress through an automatic
data-logging system that guides them through the performance
of rigorous daily sessions. Figure 5 shows a screenshot of the
exercise selection page for the swallowing function training.
The exercise selection screen and the exercise record screen of
the app show the time-specific and daily progress, respectively.
The exercise selection screen initially shows empty progress
bars on the selection tabs of each time-specific training session
(ie, morning, afternoon, and evening training) on the top portion

of the screen and on each exercise (ie, effortful prolonged
swallowing, effortful pitch glide, and effortful tongue rotation)
on the bottom portion of the screen (Figure 5). Meanwhile, the
overall progress can also be checked on the exercise record
screen, where a monthly calendar is provided, with the daily
performance rate marked with a green (performance rate of
100%), orange (50% to 99%), or red (less than 50%) circle
around a specific date. By using the adherence monitoring
system of the mHealth app, users can constantly check their
progress, which can help minimize the number of missed
exercises.
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Figure 5. A screenshot of the exercise selection section (for the swallowing function training) of the 365 Healthy Swallowing Coach app, with green
bars indicating exercise- and time-specific progress.

Procedures
A flowchart of the 8-week home-based intervention study with
biweekly (ie, every 2 weeks) human mediation is presented in
Figure 6. Two weeks before the beginning of the intervention
program, participants’ demographic information and medical
histories were collected, and their isometric and swallowing
tongue pressures were measured by a clinician. Subsequently,
they were educated on how to operate the designated tablet and
the swallowing function training contents of the 365 Healthy
Swallowing Coach app before starting their home training using
the mobile device (orientation stage). Upon commencing the
intervention program, the researchers held biweekly face-to-face
meetings with each of the participants for the purpose of
checking the participant’s ability to carry out the training
sessions without assistance and perform the exercises in
accordance with the given protocol. In this way, the researchers
acted as evaluators who checked and monitored the training
status of the participants. However, since the primary purpose
of the face-to-face meetings was strictly confined to monitoring
the participants’ progress, the researchers minimized giving
advice that might directly influence their self-administered
performance. Each face-to-face meeting was held for
approximately 30 minutes. During the meetings, the participants
were asked to navigate through the app (ie, from the main screen
of the tablet to the training selection screen) and perform 1

training session as an example while the researchers monitored
their presentation. If the participants failed to operate the app
properly or performed training inaccurately, they were advised
by the researchers to try to correct themselves. After each
participant finished a training session and closed the app, the
researchers then checked the participant’s progress by reviewing
the sessions tracked in their tablet.

At postintervention (ie, immediately after the 8-week
intervention), the participants’ isometric and swallowing tongue
pressures were evaluated, as previously performed during the
preintervention evaluation stage. No additional intervention or
intervention-related mediation took place after the
postintervention evaluation stage. Then, at 12 weeks
postintervention (ie, 20th week from the beginning of the
intervention program), the participants’ isometric and
swallowing tongue pressures were reevaluated in an identical
manner as in the preintervention and postintervention evaluation
stages in order to evaluate the maintenance effect of the
intervention program.

Swallowing and isometric tongue pressures were measured
using the Iowa Oral Performance Instrument (IOPI) (model 2.1;
IOPI Medical LLC). The IOPI is a handheld device with a
connecting tube and a measurement bulb (Figure 7) used to
measure tongue pressure against the hard palate in an air-filled
bulb.
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Figure 6. Flowchart of the 8-week home-based intervention and maintenance study.

Figure 7. The Iowa Oral Performance Instrument components and the tongue bulb position. (A) Iowa Oral Performance Instrument model 2.1, (B)
connecting tube, (C) air-filled tongue bulb, and (D) the position of the tongue bulb against the hard palate [39] (cited with permission).

The evaluations were conducted by the authors HK, N-BC, and
SS. All participants had a verbal training session before having
their perioral pressure recorded. During the tongue pressure
measurement, the participants were in a comfortable and relaxed
upright seated position to achieve a natural head posture, and
the researchers oversaw their posture and the bulb position.
When measuring the swallowing tongue pressure, the
participants were asked to swallow the saliva as naturally as
possible while the tongue bulb was placed between their tongue
and the anterior one-third of their hard palate. When measuring
the isometric tongue pressure, they were asked to push the bulb
with maximum force toward their hard palate with their tongue
for 2 seconds.

Each measurement was repeated 2 times. The pressure was
recorded in kilopascals and the maximum value was retrieved.
For swallowing tongue pressure, the participant was asked to
perform a dry swallow [7]. Tongue pressure measurements were
recorded before and after the intervention, as well as at 12 weeks
postintervention. Immediate postintervention evaluation and
12-week postintervention evaluation findings were compared
with preintervention evaluation findings to identify the
short-term and long-term effects of the given therapy sessions.
Statistical analysis was conducted using the Wilcoxon signed
rank test (SPSS version 25; IBM Corp).
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Results

Adherence to Intervention Program
The adherence of all 11 participants was evaluated at the end
of the 8-week intervention program. Table 3 presents the
adherence of each participant. Out of the 11 participants, 8
completed the 8-week program with the proper amount of
training suggested by the researchers (adherence of
83.2%-100.8%) and were categorized as compliant participants.
Only these participants were included in the data analysis.
Meanwhile, 3 participants (No. 9, No. 10, and No. 11) labeled
as noncompliant participants were excluded from the analysis

due to failure to correctly adhere to the program protocol.
Participants No. 9 and No. 10 were excluded because they
completed only 35.4% and 41.1% of the required sessions,
respectively. The 2 participants reported that they did not have
enough time to carry out the training sessions and that they
could not perform each training session in accordance with the
given protocol due to the excessive amount of training.
Meanwhile, participant No. 11 was excluded due to greatly
exceeding (264.7%) the amount of training required. She
reported that she did not understand the adherence monitoring
system of the app due to unfamiliarity with the technology,
resulting in an excessive amount of training.

Table 3. Adherence of each participant.

Adherence, %Participant classification and number

TotalEffortful tongue rotationEffortful pitch glideEffortful prolonged swallowing

Compliant participants

93.292.993.793.01

100.0100.098.7101.32

97.497.497.497.53

83.282.182.285.34

99.597.2100.3101.05

91.789.691.693.86

95.295.793.796.37

100.8101.3101.1100.18

Noncompliant participants

35.434.237.034.99

41.137.137.848.510

264.7236.3305.2252.711

Intervention Effect: Preintervention Versus
Postintervention
The 8 participants who properly completed the 8-week training
protocol, which was mediated by 3 sessions of biweekly
meetings, demonstrated statistically significant increases in
swallowing tongue pressure postintervention (median 26.5 kPa)

compared with the preintervention (median 17.5 kPa) values
(z=–1.992, P=.046). On the other hand, maximum isometric
tongue pressures were not statistically different between the
postintervention (median 41 kPa) and preintervention (median
40.5 kPa) evaluation (z=–0.632, P=.53). Table 4 and 5 show
ranks and test statistics of swallowing and isometric tongue
pressure before and after the intervention.
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Table 4. Ranks and test statistics of swallowing tongue pressure before and after the intervention.

zbP valueaSum of
ranks

Mean
rank

Pressure (kPa),
median

Pressure (kPa),
range

Pressure (kPa),
mean (SD)

Participants,
n

Swallowing tongue pressure

–1.992.046Intervention

N/AN/Ac17.57-2718.3 (6.5)8Preintervention 

N/AN/A26.512-4127.4 (9.4)8Postintervention

N/AN/ARank: post-pre

11N/AN/AN/A1dNegative ranks

20.54N/AN/AN/A5ePositive ranks

N/AN/AN/AN/AN/A2fTies

N/AN/AN/AN/AN/A8Total

aWilcoxon signed ranks test.
bBased on negative ranks.
cN/A: not applicable.
dPostintervention<preintervention.
ePostintervention>preintervention.
fPostintervention=preintervention.

Table 5. Ranks and test statistics of isometric tongue pressure before and after the intervention.

zbP valueaSum of
ranks

Mean
rank

Pressure (kPa),
median

Pressure (kPa),
range

Pressure (kPa),
mean (SD)

Participants,
n

Isometric tongue pressure

–0.632.53Intervention

N/AN/Ac40.529-4640.3 (5.1)8Preintervention

N/AN/A41.029-5241.0 (8.0)8Postintervention

N/AN/ARank: post-pre

13.54.5N/AN/AN/A3dNegative ranks

22.54.5N/AN/AN/A5ePositive ranks

N/AN/AN/AN/AN/A0fTies

N/AN/AN/AN/AN/A8Total

aWilcoxon signed ranks test.
bBased on negative ranks.
cN/A: not applicable.
dPostintervention<preintervention.
ePostintervention>preintervention.
fPostintervention=preintervention.

Long-Term Effect: Preintervention Versus 12-Week
Postintervention
Of the 8 participants, 6 (No. 1, No. 2, No. 3, No. 5, No. 7, No.
8) agreed to participate in the 12-week postintervention
evaluation for examination of maintenance effects. Compared

with preintervention (median 19 kPa), there was no statistically
significant difference in swallowing tongue pressure at the
12-week postintervention (median 20.5 kPa) (z=–0.734, P=.46).
Table 6 presents ranks and test statistics of swallowing tongue
pressure measured at the preintervention and 12-week
postintervention evaluation stages.
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Table 6. Ranks and test statistics of swallowing tongue pressure before the intervention and 12 weeks after the intervention.

zbP valueaSum of
ranks

Mean
rank

Pressure (kPa),
median

Pressure (kPa),
range

Pressure (kPa),
mean (SD)

Participants,
n

–0.734.46Intervention

N/AN/Ac19.07-2718.8 (7.5)6Preintervention

N/AN/A20.512-4524.8 (14.0)612-week postintervention

N/AN/ARank: 12-week post–pre

72.33N/AN/AN/A3dNegative ranks

144.67N/AN/AN/A3ePositive ranks

N/AN/AN/AN/AN/A0fTies

N/AN/AN/AN/AN/A6Total

aWilcoxon signed ranks test.
bBased on negative ranks.
cN/A: not applicable.
c12-week postintervention<preintervention.
d12-week postintervention>preintervention.
e12-week postintervention=preintervention.

Discussion

Overview
To the best of our knowledge, this investigation is the first
training study addressing an mHealth tongue-strengthening
exercise for older adults. As tongue pressure measures have
been determined to be effective indicators of swallowing
function [7,8], an increase in tongue pressure may positively
influence swallowing function as well. Decreases in swallowing
tongue pressure generated during dry and high-viscosity liquid
or bolus swallowing is prevalent in older adults [7,17]. Since
such decline may be indicative of risk factors of dysphagia,
looking at measures of swallowing tongue pressure in order to
improve swallowing rehabilitation endeavors is a compelling
pursuit [17]. In this study, a tablet-based swallowing training
app with biweekly human mediation was used for 8 weeks by
older adults who complained of swallowing difficulties. All 8
participants who completed the training demonstrated an
increase in swallowing tongue pressure, even though therapists
were not physically present during the training sessions. It
should be noted that biweekly face-to-face meetings were held
between the participants and the researchers for the main
purpose of checking and monitoring the participants’ training
progress, and this process may have affected the end results (ie,
increased swallowing tongue pressure) of the intervention
program. There are several important issues that must be
recognized regarding these study findings.

Exercise Maneuvers
Previous studies have shown that various tongue-strengthening
exercises resulted in an increase in tongue strength and pressure
[40-44]. Meanwhile, the current intervention contents (ASSET)
adopted 3 therapeutic methods or maneuvers (ie, effortful
prolonged swallowing, effortful pitch glide, and effortful tongue
rotation) in combination, which led to positive effects on the
swallowing tongue pressure of the participants, as indicated by

the study results. However, several differences have been
observed in treatment effects upon comparison of the current
study to those that adopted a single therapy maneuver.

First, the current study implemented effortful prolonged
swallowing, a combination of effortful swallowing training and
the Mendelsohn maneuver training. In previous studies, training
outcomes of effortful swallowing alone only revealed significant
increases in the maximum isometric pressure of the anterior
tongue, lingua-palatal pressures, and swallowing functions
[41,45]. However, in this study, effortful prolonged swallowing
positively affected swallowing tongue pressure. The functions
of the extrinsic tongue muscles (ie, hyoglossus), which were
shown to be active during the Mendelsohn maneuver [46], may
have improved after therapy, thus benefiting the participants
and positively affecting their swallowing tongue pressure.

Second, effortful tongue rotation is regarded as a promising
training method, since swallowing tongue pressure is closely
related to dysphagia symptoms such as aspiration [9] and
oropharyngeal residue [47]. A previously conducted study
observed a significant increase in maximum isometric tongue
pressure after effortful tongue rotation [29]. Interestingly,
however, only the swallowing tongue pressure and not the
maximum isometric tongue pressure was enhanced in this study
when the isokinetic effortful tongue rotation exercise was
implemented.

Partial discrepancies observed among the previous and current
results may be ascribed to the fact that the triple-combination
therapy (ASSET) of effortful prolonged swallowing, effortful
pitch glide, and effortful tongue rotation was employed in this
study. Hence, the combination effect is not yet comparable to
that of a single therapy maneuver. Consequently, the results
from this study protocol are not indicative of the individual
effect of each treatment method on posttreatment measures,
since the treatment effects of each of these methods were not
evaluated separately. Therefore, it cannot be concluded that the
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additive effect of the triple-combination therapy as a whole is
equal or similar to the arithmetic addition of each individual
exercise’s training effect. The effect that the 3 combined
methods yield may be smaller than the effect that each method
provides, or it may be greater [48] than the simple addition of
individual effects.

Optimal Dosage
Even though a significant effect on swallowing tongue pressure
was obtained from this intervention program, it remains unclear
if the actual cumulative exercise dosage (ie, intensity, frequency,
and duration) employed in this study is significant [49].
According to a scoping review, a tongue exercise dosage of 3
times a day for 7 days with a frequency of 30 repetitions for
each exercise was the most widely implemented regimen for
studies including single tongue exercises [50]. However, for
studies that adopted combined exercises (ie, more than one
therapy method), treatment dosage, frequency, and duration
varied widely, and thus, the improvements in various outcome
measures could not be concluded to be attributable to the use
of particular treatment dosages [50].

Determining the optimal exercise dosage of a treatment program
is crucial, as overtraining may contribute to exercise-induced
fatigue [51] and high dropout rates [52], whereas undertraining
may not result in any benefit [53]. In fact, some participants in
this study complained of the excessive training load and stated
that they could not complete the intervention program.

The “active ingredients” of interventions need to be identified
in order to determine the optimal intervention dosage and
intensity [49]. The active ingredients are components in an
intervention that can influence the treatment results.
Client-related variables, including life situations or
circumstances, or therapy-related variables, such as the
complexity of treatments and the treatment duration [54], may
also influence the optimal therapeutic dosages. Since the dosage
stated in repetitions (eg, 20 exercise repetitions per session)
indicates how many times an “active ingredient” appears per
training session, it may be important to represent exercise dosage
in such a form when determining the optimal intervention dosage
for speech language pathology–related fields [49].

Choosing to adopt a distributed intervention or an intensive
intervention is also critical in determining the ideal intervention
dosage and intensity. Previous studies have adopted intervention
programs for various speech and language disorders with
different levels of intensity [55-57]. One study that compared
the intervention results of a distributed (8 weeks, 6 hours per
week, for a total of 48 hours) and intensive (3 weeks, 16 hours
per week, for a total of 48 hours) aphasia intervention showed
that the distributed intervention derived greater therapeutic gains
compared with the intensive treatment [55]. The protocol
duration implemented by this study is comparable to the
distributed intervention adopted in the aforementioned study
because the total intervention duration of this mHealth program
was also 8 weeks (20 repetitions of each exercise, totaling 60
repetitions/session, 3 sessions/day, 5 times/week). However,
the exact dose per session, stated as the number of repetitions,
was not indicated in the aphasia intervention study. Thus, an
exact one-to-one comparison is not possible.

Long-Term Effects
The current study measured the swallowing tongue pressure at
baseline and at 2 follow-up time points, including at 20 weeks
after the intervention commenced (ie, 12-week postintervention),
in order to investigate long-term intervention effects. Tracking
changes in gained muscle (ie, tongue) pressure after the removal
of an intervention is of particular interest, since a consideration
of detraining effects may be necessary for the effective planning
of aftercare [30]. In the current study, the training effect in the
swallowing tongue pressure observed at the termination of the
8-week intervention program did not remain upon measuring
it at 12 weeks postintervention. Despite the clinical implications
of detraining effects, however, studies that examine the
long-term effects of swallowing interventions are largely lacking
[30,58]. Past studies show inconsistent results in posttreatment
decay of lingual strength. Discrepancies in the findings from
previous studies may be ascribed to several methodological
differences, including (1) the postintervention measurement
points, (2) the age of the participants, (3) the baseline health
conditions of the participants, (4) the intervention delivery
method, and (5) the type of outcome measure used.

The first factor is the postintervention measurement points.
When the current results are compared with those of past studies,
the long-term efficacy of tongue-strengthening exercises does
not seem to show a consistent correlation with the measurement
point alone. For instance, significant decreases in tongue
strength have been observed after 2 to 4 weeks [30] and after
12 weeks (in the current study) of detraining, while no changes
or decreases have been found at 4 weeks [59] and 28 weeks
[40] postintervention. Since participant details and intervention
dosages varied across the studies, the sole effect of
postintervention measurement points needs to be addressed in
a separate controlled study.

The second and third factors are the age and the baseline health
conditions of the participants. A common observation is that
older adults are more vulnerable to posttreatment decay [60,61].
Moreover, detraining effects are known to be larger for those
who exhibit more impaired swallowing than those with more
functional swallowing at baseline [58]. Hence, we hypothesize
that the relatively high age and the swallowing difficulties of
this study’s participants may have contributed to their markedly
decreased posttreatment performance compared with the
aforementioned studies, which targeted healthy adults without
swallowing problems.

The fourth factor is the intervention delivery method. This study
employed a tablet-based mHealth app for a swallowing
intervention, which fundamentally differs from traditional
methods, as telepractice requires participants’ self-management
with the technology and their active engagement [62] for higher
performance. Hence, it is possible that the long-term effects of
telepractice interventions are susceptible to individual-dependent
aspects (eg, technology learning rate, engagement rate).

The fifth factor is the type of outcome measure used (ie,
isometric tongue pressure vs swallowing tongue pressure). As
seen from the results, the comparison between isometric and
swallowing tongue pressure demonstrated that only the latter
was significantly improved in the posttreatment performance.
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In addition, both tongue-related measures returned to baseline
after the detraining period, providing no direct clues regarding
the correlation between a specific type of measure and its
long-term effect. Although the maintenance of different types
of measures is rarely found in the previous literature, the
discrepancy between the posttreatment performance of isometric
versus swallowing tongue pressure in this study indirectly
suggests that the chosen outcome measure may be one possible
factor that needs to be considered when interpreting long-term
postintervention effects.

mHealth and Self-Management
The mHealth platform can enhance the delivery of exercise
maneuvers through improvements in training accuracy,
economic efficiency, safety continuity, and self-management
compared with traditional clinician-to-client intervention
[63-66]. In this study, we used a biofeedback system involving
a mirror function (in effortful prolonged swallowing and
effortful tongue rotation) and a real-time pitch graph (in effortful
pitch glide), preventing improper or incorrect performance,
which may counteract the purpose of the maneuvers and become
entrenched [67,68]. In this way, the training accuracy is
maintained. Although there is no sufficient evidence that
biofeedback benefits overall swallowing functions among
patients with dysphagia, in studies that used tongue manometry
as biofeedback, significant increases in maximum isometric and
swallowing tongue pressure were observed in patients who
received biofeedback compared with those who did not [69].
In addition, a previous study has suggested that home-based
therapy can be as effective as office-based therapy if a
biofeedback system is applied [70]. In addition to increasing
training accuracy, the home-based mHealth training app may
enable the participants to attend various training programs (eg,
the 8-week program adopted in this study) without the burden
of visiting clinics as frequently or the need to pay extra costs
[71,72]. Thus, the time- and cost-effectiveness of mHealth
programs with tongue-strengthening exercises may represent
strong points for promoting their widespread use. Furthermore,
older adults, including community-dwelling and patient groups,
have higher risks for falls and disease complications, which
highlights the need to promote their safety by reducing the
frequency of their clinic visits [65,73]. The mHealth service
could also allow for continuation of therapy sessions even during
unexpected circumstances, such as pandemics (eg, COVID-19)
[74]. A nondirect clinician-to-client intervention service could
serve as a valid alternative to direct interaction.

In addition, it is highly necessary to construct mHealth tools
that provide the support needed to promote participants’
adherence to the program. In general, the training adherence
rate among the older population with various chronic diseases
tends to decrease significantly for long-term training [75]. To
address this, the tablet-based app used in this study included
reminder functions, such as a calendar, a progress bar, and
alarms, to promote participants’ self-monitoring of their
adherence level. For instance, if a participant did not meet the
training goal in a session, an incomplete red (or orange) circle
would appear on the calendar and the progress bar would not
be filled completely in green. The participant could then check
their progress through visual biofeedback and finish the training

accordingly. Such reminder features are commonly adopted in
other training apps [76,77] and may be considered a crucial
component of a self-therapy–related app. App features aimed
at promoting users' adherence (eg, reminders, feedback),
however, may not be designed to help users easily maintain
long-term engagement without external support [78-80]. This
is especially true for older adults who are not familiar with
digital devices and apps, including mHealth devices [34,81].
Therefore, a hybrid method of intervention delivery (eg,
mHealth app intervention with human mediation) may be
necessary to help older adults maintain their adherence and thus
potentially maximize the intended therapeutic effect, even when
using the mHealth app as a primary means of swallowing health
care. In this study, researchers checked the participants’progress
face-to-face once every 2 weeks to monitor their adherence to
the intervention program using the mHealth app. A total of 8
of 11 participants successfully completed the program with
optimal intended adherence, and it is possible that the overall
adherence of the participants may have been lower in the
absence of human mediation (ie, without the biweekly
face-to-face meeting). A further study is warranted to see if
similar therapeutic results would be observed for the mHealth
intervention without external support.

Furthermore, in order to compensate for the possible issues
caused by face-to-face interactions and to develop the current
app platform into a more convenient means of intervention, it
is suggested that real-time monitoring and control solutions be
added into the app to allow clinicians to remotely keep track of
the participants’ adherence and performance.

Limitations and Future Directions
The findings from the study indicate that, using the mHealth
app, the intervention was able to help older adults increase their
swallowing tongue pressures. However, this study is not without
limitations. This study involves a small number of participants,
which does not permit the generalization of its findings.
Accordingly, we could not classify participants by severity and
make group comparisons. Furthermore, only 6 participants
agreed to take part in the 12-week postintervention evaluation.
The results from these participants may not have been sufficient
to derive a generalized long-term effect of the given protocol.
Thus, an implementation of the mHealth app with a larger
sample size is proposed. Finally, although the effect of biweekly
face-to-face monitoring on the increased swallowing tongue
pressure measured at the postintervention phase is not negligible,
the current study did not address the independent effect of the
face-to-face monitoring on mHealth intervention effects.

We suggest additional issues that may be useful to address in
future studies. First, although the participants of the current
study did not receive any retraining during the 8 weeks of rest,
it is likely that subsequent retraining may help participants retain
their swallowing tongue pressures. Hence, a randomized
controlled trial is further warranted to see if a treatment group
(which follows a maintenance protocol after the intervention)
exhibits higher long-term effects of training compared with a
control group (which does not receive any retraining after the
intervention). In addition, it may be necessary to take into
consideration the frequency of postintervention measurements
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and the measurement points (eg, 8 weeks versus 12 weeks
postintervention) to see if the detraining period influences the
maintenance of swallowing functions.

Furthermore, the training intensity may have negatively affected
the participants’ overall adherence. Several participants in our
study expressed dissatisfaction toward the training intensity and
frequency, claiming that 3 sessions a day is excessive, given
that they have other plans during the day. Although the 365
Healthy Swallowing Coach app originally provided a tailored
training setting for users (ie, users are able to customize the
training schedule and training amount), this feature was made
unavailable in the current study to measure the therapeutic effect
of the fixed amount of training (ie, 3 times/day, 5 days/week).
Hence, the reported problems related to the intensity of the
protocol call for additional research to systematically investigate
the optimal dosage of the mHealth swallowing intervention by
comparing the effect of intensive (eg, 3 times/day, 7 days/week
for 2 weeks) versus distributed (eg, 1 time/day, 3 days/week
for 12 weeks) intervention methods.

Conclusion
Swallowing tongue pressure is known to be closely related to
dysphagia symptoms. This is the first study to demonstrate the
effectiveness of the combined methods of effortful prolonged
swallowing, effortful pitch glide, and effortful tongue rotation
using mobile app training accompanied by biweekly human
mediation in improving swallowing tongue pressure in older
adults. The fixed amount of the training dosage (ie, 3 times/day,
5 days/week) was monitored biweekly to maintain the
participants’ optimal adherence to the training program. As a
result, a significant increase in swallowing tongue pressure was
observed after 8 weeks of the intervention. This mHealth pilot
study will help guide future intervention studies for older adults
who have limited access to health care services. The mHealth
app program is a promising method of providing therapy through
the execution of intensive and repetitive tongue exercises for
vulnerable older adults. In order to observe therapy efficacy
with a larger sample size and to investigate long-term effects
of the intervention program, further studies are warranted.
Moreover, further studies using videofluoroscopic swallowing
studies are needed to investigate the effects that the app-based
therapy program may have on the various stages of swallowing.
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Abstract

Background: Worldwide, more than 75% of people with acquired brain injury (ABI) experience communication disorders.
Communication disorders are impairments in the ability to communicate effectively, that is, sending, receiving, processing, and
comprehending verbal and nonverbal concepts and symbols. Such disorders may have enduring impacts on employment, social
participation, and quality of life. Technology-enabled interventions such as mobile apps have the potential to increase the reach
of speech-language therapy to treat communication disorders. However, ensuring that apps are evidence-based and of high quality
is critical for facilitating safe and effective treatment for adults with communication disorders.

Objective: The aim of this review is to identify mobile apps that are currently widely available to adults with communication
disorders for speech-language therapy and to assess their content and quality using the validated Mobile App Rating Scale
(MARS).

Methods: Google Play Store, Apple App Store, and webpages were searched to identify mobile apps for speech-language
therapy. Apps were included in the review if they were designed for the treatment of adult communication disorders after ABI,
were in English, and were either free or for purchase. Certified speech-language pathologists used the MARS to assess the quality
of the apps.

Results: From a total of 2680 apps identified from Google Play Store, Apple App Store, and web searches, 2.61% (70/2680)
apps met the eligibility criteria for inclusion. Overall, 61% (43/70) were available for download on the iPhone Operating System
(iOS) platform, 20% (14/70) on the Android platform, and 19% (13/70) on both iOS and Android platforms. A content analysis
of the apps revealed 43 apps for language, 17 apps for speech, 8 apps for cognitive communication, 6 apps for voice, and 5 apps
for oromotor function or numeracy. The overall MARS mean score was 3.7 out of 5, SD 0.6, ranging between 2.1 and 4.5, with
functionality being the highest-scored subscale (4.3, SD 0.6), followed by aesthetics (3.8, SD 0.8), information (3.4, SD 0.6), and
engagement (3.3, SD 0.6). The top 5 apps were Naming Therapy (4.6/5), Speech Flipbook Standard (4.6/5), Number Therapy
(4.5/5), Answering Therapy, and Constant Therapy (4.4/5).

Conclusions: To our knowledge, this is the first study to systematically identify and evaluate a broad range of mobile apps for
speech-language therapy for adults with communication disorders after sustaining ABI. We found a lack of interactive and
engaging elements in the apps, a critical factor in sustaining self-managed speech-language therapy. More evidence-based apps
with a focus on human factors, user experience, and a patient-led design approach are required to enhance effectiveness and
long-term use.
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Introduction

Acquired brain injury (ABI) is a life-changing health condition
that can result from trauma, cerebrovascular events, and brain
tumors [1]. The population affected by ABI is large and
growing, with 69 million individuals sustaining a traumatic
brain injury (TBI) globally each year [2], and the global
incidence of first stroke is expected to rise from 16 million in
2005 to 23 million in 2030 [3]. More than 75% of people
experience a communication disorder after ABI [4]. A
communication disorder may involve speech impairment
characterized by slurred and indistinct speech (dysarthria or
apraxia of speech), specific language impairments characterized
by difficulties with comprehension or expression of language
(aphasia), communication difficulties associated with cognitive
disorders, and impaired social communication skills [5-7].
Post-ABI communication disorders can impact a person’s social
integration and participation in their school, work, and
community [8]. The quality of life and mood can also be reduced
for the affected person and their family members [9]. In addition,
communication difficulties may represent significant stressors
that influence family and/or caregiver burden [10].

Evidence supports the delivery of rehabilitation by
speech-language pathologists (SLPs) for adults after sustaining
ABI to treat language [11], motor speech [12], and social
communication skill [13] impairments. As the availability of
mobile technology increases, apps designed for mobile phones
and tablets are increasingly of interest for such therapy. Apps
have been developed to identify the presence of aphasia
(language impairment) and improve language outcomes [14,15],
facilitate homework completion in adults with stroke and TBI
[16,17], and improve cognitive skills in adults with acquired
cognitive disorders [18]. In a recent cohort study by Munoz et
al [16], adults with stroke and TBI used an app targeting speech,
language, and cognitive skills. Usage of this app was reported
to be higher in geographical areas with limited access to SLP
clinics, regardless of demographics such as age. Such apps have
the potential to increase the reach of allied health interventions
by making therapy available anywhere that a mobile device can
be used. The recent global COVID-19 pandemic has highlighted
the potential for digital health technologies to provide health
care support at a distance [19]. Specifically, mobile therapy
apps may increase customization, ease of access, engagement
with therapy, and optimize therapy dosage, which could assist
in reducing the effects of social stigmas associated with
communication impairment [20]. Mobile therapy apps may also
offer greater opportunities for generalizing therapy goals to
real-world settings and provide additional ways for clients to
receive valuable feedback to reinforce positive behaviors and
enhance performance [21,22].

Despite the availability and potential benefits of mobile apps
for adults with communication disorders after ABI, there is little
published evidence regarding their quality beyond the app star

rating allocated by some consumers in app store platforms and
web-based reviews. A recent analysis of apps for children with
speech-language disorders found that most apps were of average
quality and that app cost did not always correlate with
therapeutic quality [23]. A systematic review of apps targeting
general rehabilitation found that some may have a positive
impact on outcomes in exercise or gait training or
self-management or may be effective as measurement tools
[24]. However, only 3 apps targeting communication were
included in this general review. The review categorized app
functionality without evaluating app qualities such as usability,
consumer interaction, or engagement.

In recent years, the term gamification has become increasingly
popular in digital health technologies as an underlying element
to enhance individuals’ engagement with mobile health
technologies. Gamification has been described by Detering et
al [25] as the “use of game design elements in nongame
contexts,” that is, the use of game design, game playing
techniques, and game mechanisms to engage users and motivate
positive behavior [25,26]. Previous systematic reviews have
reported the positive effects of gamification on health-related
interventions [27,28]. Therefore, the design and development
of mobile health technologies should focus on relevant,
evidence-based therapy goals, and app functionality as well as
target positive user experience and sustained engagement (eg,
by using gamification principles). To our knowledge, no
systematic quality evaluation of apps for adults with
communication disorders has been conducted to date. Therefore,
an in-depth evaluation of the quality of mobile apps for adults
with communication disorders after ABI is needed.

This study aims to (1) identify the available apps designed for
adults with communication disorders and (2) evaluate the quality
of the available apps using the Mobile App Rating Scale
(MARS) [29], a validated tool that has been used to evaluate
various medical apps [23,30]. The outcomes of this study will
have implications for the design and development of mobile
apps as a clinical rehabilitation tool for speech-language therapy.

Methods

The PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analysis) guidelines were adopted for this
study. These have been used successfully for evaluating
speech-language therapy apps in children with speech disorders
[23].

App Eligibility Criteria
Apps were included in this review if they were primarily
designed for adults (18 years or older) with communication
disorders secondary to ABI, were for the provision of
speech-language therapy (eg, naming drills to improve
word-retrieval skills), were in English, were either free or for
purchase, were compatible with Android or iPhone Operating
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System (iOS), and were available on mobile phones and/or
tablets.

Apps were excluded if they were primarily designed for
children, were not designed for speech-language therapy (eg,
designed to teach English as a second language), provided
assessment only without speech-language therapy, and were
speech-to-text/text-to-speech apps or other augmentative and
alternative communication apps.

App Identification and Search Strategy
To identify mobile apps, a search on Google Play Store (74.6%
of the phone and 41.4% tablet market) and Apple App Store
(24.8% of the phone and 58.5% of tablet market) was conducted
using the following keywords: “aphasia,” “apraxia,”
“dysarthria,” “dyspraxia,” “dysphasia,” “speech,
articulation,” “speech therapy,” “speech pathology,”
“language therapy,” “speech-language pathology,” “speech
rehabilitation,” and “language rehabilitation”. The search
terms were generated in consultation with 4 certified and
experienced SLPs. One researcher entered the terms into the
search fields of both the Google Play Store and Apple App
Store. Boolean operators were not used as they were not
supported by these platforms. In addition, webpages reviewing
multiple apps for adults with communication disorders after
ABI were reviewed for apps that had not been identified
previously. The titles, app platform (ie, iOS or Android), and
marketing description of all resulting apps were extracted into
a spreadsheet and duplicates were removed. The last search was
conducted in November 2019.

App Screening and Extraction
App screening was performed by an Australian certified SLP
using the marketing description of the apps against a list of
eligibility criteria. If the SLP could not decide the eligibility, a
second reviewer was consulted. The included apps were
downloaded to either an Android (Samsung Galaxy) or iOS
(iPhone/iPad) device, depending on compatibility, for further
evaluation and quality appraisal.

To identify the functionality of the apps for adults with
communication disorders following ABI, a coding sheet was
developed to categorize the apps based on the description of
the primary therapeutic function contained in the app description
on the Apple App Store or Google Play Store (ie,
communication skills that the app is designed to improve). The
coding process was a two-step analysis in which 2 independent
researchers reviewed the coding sheet and extracted relevant
categories.

App Quality Appraisal
A total of 3 certified SLPs scored the quality of the included
apps using the MARS [29]. The MARS allows raters to assign
a 5-point Likert scale rating (1=inadequate to 5=excellent) across
6 categories. The categories were (1) engagement, including
individual items for entertainment, interest, customization,
interactivity, and whether the app was engaging for the target
users; (2) functionality, including performance, ease of use,
navigation, and gestural design; (3) aesthetics, including layout,
graphics, and visual appeal; and (4) information quality,

including accuracy of app description; whether the app had
specific, measurable, and achievable goals; quality of
information; quantity of information; visual information;
credibility; and whether the app was evidence-based.
Furthermore, 2 additional categories, subjective quality and
perceived impact, captured the rater’s overall impressions.
Subjective quality included whether the rater would recommend
the app (1=definitely not to 5=definitely yes); time predicted
by the rater during which the app would be used in the next 12
months, if it was relevant (1=none to 5=>50 times); rater
willingness to pay for the app (1=definitely not to 5=definitely
yes); and the overall star rating (1=one of the worst apps I have
used to 5=one of the best apps I have used). Perceived impact
was also rated using a 5-point Likert scale (1=strongly disagree
to 5=strongly agree) and addressed the app’s perceived potential
to increase users’ awareness, knowledge, attitudes, and
motivation to complete the desired health behavior, encourage
help-seeking, and improve user communication.

As recommended by the MARS developers, each rater viewed
the training video by Stoyanov and Hides [29,31]. The raters
practiced rating before using the MARS tool and discussed their
ratings to agree on the relevance of the MARS items to the SLP
apps and to establish a consensus on the MARS items. Each
app was trialed for at least 10 min before the rating was
completed. When reviewing the apps with the MARS tool, the
raters also reviewed app descriptions and developer websites
for the availability of published evidence reporting app
effectiveness. As there are potential risks associated with mobile
health apps, such as inaccurate or out-of-date content [32], the
SLP noted any potential safety issues (eg, app provided incorrect
feedback to users) or other issues that could potentially hamper
therapy progress.

A MARS mean score was calculated for each app in each
category, and then a total MARS mean score was calculated
from the first 4 categories, with 5 being the highest score
possible. The final MARS score was the average score of the 2
raters for each app. The overall MARS score demonstrated a
good [33] level of interrater reliability (two-way mixed intraclass
correlation coefficient (ICC) 0.61, 95% CI 0.43-0.74) between
raters. MARS subscale correlations included engagement, ICC
0.52 (95% CI 0.32-0.68); functionality, ICC 0.60 (95% CI
0.39-0.72); aesthetics, ICC 0.50 (95% CI 0.29-0.66); and
information quality, ICC 0.62 (95% CI 0.45-0.75). According
to the MARS tool guideline, the total MARS mean scores were
used for comparison with consumer app star ratings in the app
stores. All correlation data analyses were conducted using SPSS
(IBM Corporation).

Results

App Overview
From a total of 2680 apps identified from Google Play Store,
Apple App Store, and web searches, 70 apps met the eligibility
criteria. Figure 1 shows the search and selection process. Of the
70 apps included, 43 (61%) were available on the iOS platform,
14 (20%) were available on the Android platform, and 13 (19%)
were available on both iOS and Android platforms. A total of
20% (14/70) of apps were completely free to use; 40% (28/70)
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offered a free or lite version with the option for additional
purchase or upgrade; and 34% (24/70) apps needed to be
purchased, with prices ranging from Aus $1.99 to $57.99 (US
$1.42 to $41.26). Overall, 26% (18/70) apps were available for
purchase as a bundle with other apps for a discounted price.
Furthermore, 50% (35/70) apps were developed by or in
collaboration with SLPs. A total of 29 apps did not have a rating
because of an insufficient number of users rating the app. The

available star ratings ranged from 1 to 5, with a mean user rating
of 3.7 out of 5 (SD 1.2). The Pearson product-moment
correlation coefficient analysis was performed to assess the
relationship between consumer star ratings and overall MARS
ratings. The relationship was not significant (r=.052; n=37;
P=.76). Multimedia Appendix 1 provides a summary of our
findings, and Multimedia Appendix 2 lists the details of all the
included apps.

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analysis) flow diagram of app selection.

App Content
The apps identified as primarily targeting adults with
communication disorders after ABI were organized by
therapeutic purposes (Multimedia Appendix 3). Overall, 43
apps targeted language therapy, defined as therapy for
comprehending and producing written and spoken words and
sentences. Among these language apps, 19 targeted spoken
language expression, 15 targeted spoken language
comprehension, 13 targeted reading, and 8 targeted writing. A
total of 17 apps were designed for speech therapy, defined as
therapy to improve perception and production of speech sounds
and speech segments. This included 10 apps for articulation
(individual speech sound production), 6 for motor speech
(addressing problems with motor speech planning), and 2 for

speech rate. Furthermore, 6 apps were used for voice therapy,
including 5 addressing vocal loudness and 3 addressing vocal
pitch. Overall, 8 apps were designed for cognitive
communication therapy or cognitive skills underlying
communication, such as problem solving, reasoning, inferencing,
and executive functions. Finally, 5 apps were designated as
others, including 3 apps for numbers/numeracy and 1 app for
oromotor function (ie, function of oral musculature).

App Quality
Of the 70 apps, 66 (94%) were rated using the MARS tool. A
total of 5 talk around me apps were rated together once, as they
differed only with regard to the vocabulary items used. A
summary of the MARS scores is included in Multimedia
Appendix 4.
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The average MARS rating was 3.7 out of 5 (SD 0.6; range
2.1-4.5). Overall, 27 apps achieved ratings between 4.0 and 4.9
(27/66, 41%), 30 apps were rated between 3.0 and 3.9 (30/66,
45%), whereas 11% (7/66) apps received ratings between 2.0
and 2.9. No app received a rating of 1 (inadequate). Overall,
86% (57/66) apps were rated as acceptable (3 out of 5) or higher,
indicating favorable perceptions of the apps as perceived by
certified SLPs.

The top 5 apps were Naming Therapy, Speech Flipbook
Standard (4.6/5), Number Therapy (4.5/5), Answering Therapy,
and Constant Therapy (4.4/5). The lowest-rated apps were
Aphasia: Start Talking Again (2.2/5), Aphasia Speech Therapy
(2.3/5), HelpMeTalk, and Speech therapy Logopedic Free
(2.5/5). Across all apps identified in the review, functionality
was the highest-rated subscale (mean 4.3, SD 0.6), followed by
aesthetics (mean 3.8, SD 0.8), information (mean 3.4, SD 0.6),
and engagement (mean 3.3, SD 0.6).

Engagement
The top-rated app on the engagement subscale was Naming
Therapy (4.4/5), as it had a progress bar to introduce an element
of gamification, a range of interesting cues, and a number of
customization options (eg, ability to alter the number of trials,
syllables, add categories/items). Naming Therapy also allowed
the recording and emailing of the audio recording, provided
self-rating options and cues on request, and utilized a simple
layout and visual icons suitable for adults with communication
disorders. In contrast, the lowest-rated app regarding
engagement was Aphasia Speech Therapy (1.6/5), which lacked
entertaining and engaging elements, did not have a setting page
or method for customizing targets, and relied on written targets
with no other visual elements to support adults with
communication disorders. In addition, the voice recognition
function of the Aphasia Speech Therapy app did not work at
the time of rating (although it may have worked on other
devices).

Functionality
A total of 13 apps received an excellent (5) rating on the
functionality subscale for timely app performance, absence of
technical issues, being easy and intuitive to use, employing a
logical and clear layout, and consistent and intuitive gestural
design. The lowest-rated app regarding functionality was
Aphasia: Start Talking Again (2.1/5), as the speech recognition
function was poor and failed to recognize many accurate speech
productions. Therefore, the accuracy of the recorded data was
poor. In addition, the feedback for speech evaluations was very
general in nature and did not provide specific feedback.

Aesthetic
A total of 2 apps received an excellent (5) rating on the aesthetic
subscale. An example of this was Think Therapy, which had a
simple layout, high-quality graphics, a very attractive color
scheme and visual motifs, and seamless animations. Speech
therapy Logopedic Free was the lowest-rated app on this
subscale (2/5). This rating was given because of the unusual
layout involving menu items distributed across the screen,
activities embedded within activities, its low quality, stylistically
inconsistent graphics, and garish color scheme.

Information
The top 2 apps on the information subscale were Naming
Therapy (4.5/5) and Speech Flipbook Standard (4.4/5). These
contained detailed information about how to use the app that
incorporated visual information (images of icons and buttons).
The information contained in the Naming Therapy app is linked
to evidence-based techniques, for example, cueing hierarchies
and semantic feature analysis [34-36]. Only 4 apps referred to
published empirical studies assessing app effectiveness,
including one joint trial of Naming Therapy, Reading Therapy,
Writing Therapy, and Comprehension Therapy and one trial of
Constant Therapy [17,37]. It is worth mentioning that Constant
Therapy was the only app to describe the use of a big data
approach to collect patient data to personalize therapy and
optimize outcomes based on what worked for patients with
similar demographics and diagnoses [38]. In contrast, Aphasia:
Start Talking Again, HelpMeTalk, and Cognitive Rehabilitation
1-3 were rated lowest on this subscale because of poor
description of purpose and goals.

Subjective Quality and Perceived Impact
Only 1 app, Number Therapy, received an excellent subjective
quality rating. Other highly rated apps were Apraxia Therapy,
Category Therapy, Comprehension Therapy, Naming Therapy,
and Talk Around It (4.75/5). These apps share a combination
of appealing qualities, including multiple ways of interacting
with the app (eg, tapping a multiple-choice answer, recording
yourself, emailing the recording to others, self-rating, requesting
hints), clear intuitive layout, navigation and gestural design,
high-quality attractive visuals, and easy ways to track progress
and obtain accurate feedback.

Only 2 apps, Category Therapy and Cognifit–Test and Brain
Games, received an excellent perceived impact rating. Other
highly rated apps included Naming Therapy, Advanced
Comprehension Therapy, Advanced Naming Therapy, Advanced
Reading Therapy, and Asking Therapy (4.67/5). With regard to
perceived impact, in general, apps did not receive ratings for
awareness, attitudes, or help-seeking. Rather than building
public awareness of communication disorders, changing user
attitudes, or encouraging help-seeking, most apps were designed
to assist individuals in working on specific communication skills
and gaining awareness of their own strengths and weaknesses.
Furthermore, apps designed to facilitate repetitive practice of
specific communication skills appeared best suited for use as
part of a more holistic therapy program directed by an SLP.

Apps that were rated highly on perceived impact generally
functioned well, accurately rewarded target performance,
provided multiple cues/prompts, and offered multiple options
for presentation and response modalities. For example, while
using Advanced Comprehension Therapy, the user can select
auditory stimuli, written stimuli, or both; request hints; or
request that the stimulus be repeated slowly. In contrast,
low-rated apps provided inaccurate feedback (Aphasia: Start
Talking Again) or rewarded incorrect productions (Speech
therapy Logopedic Free). Other low-rated apps offered features
that were not functional on the device used at the time of the
review (eg, vowel recognition in VowelViz Pro practice function
in Aphasia Word).
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Discussion

Principal Findings
This study was designed to identify speech-language
therapy mobile apps available in English for adults with
communication disorders and evaluate their content and quality
using the MARS tool [29]. A total of 70 apps were reviewed
on iOS and/or Android platforms in the areas of speech,
language, voice, cognitive communication,oromotor function,
and/or numeracy. A high proportion of the reviewed apps had
an average MARS rating of 3.7 out of 5, which is similar to that
from previous research by Furlong et al [23] who reviewed 132
apps for children with speech disorders and reported the same
average MARS rating of 3.7 out of 5.

This review revealed a lack of clear evidence to demonstrate
the clinical benefits of speech-language therapy mobile apps
currently available in Google Play Store or Apple App Store
for adults with communication disorders. At instances where
claims were made for clinical effectiveness, there was a lack of
high-quality clinical trials to support these assertions. Overall,
3 of the top 10 apps claimed to be designed and developed based
on evidence-based therapy techniques (Naming Therapy,
Number Therapy, and Apraxia Therapy). Despite these claims,
only 2 published studies were found that evaluated the clinical
effectiveness of these apps. A small pilot, crossover design
study evaluated the use of 4 Tactus Therapy apps (Naming
Therapy, Comprehension Therapy, Reading Therapy, and
Writing Therapy) in patients with chronic expressive aphasia.
This study found small but significant improvements in language
outcomes as measured by a standardized aphasia battery and a
narrative discourse measure. However, the number of
participants who completed the study was small (n=10), and
participants differed significantly in terms of aphasia severity
at baseline [37]. In another nonrandomized study [17] involving
51 individuals with aphasia due to stroke or TBI, an iPad-based
software platform, Constant Therapy, was trialed to ascertain
its effects on specific therapy tasks and overall language and
cognitive skills. Both the experimental group (n=42) and the
control group (n=9) received individual face-to-face clinic
sessions once a week for 10 weeks, which involved
clinician-assisted delivery of Constant Therapy tasks. The
experimental group was also asked to use Constant Therapy to
practice language activities at home, whereas the control group
did not do home practice. Small but significant improvements
on a standardized aphasia battery were reported in both
participant groups, with more significant gains evident in the
experimental group. However, as the experimental group spent
more time on therapy tasks, it is not clear whether the
improvement was the result of more opportunities to use
Constant Therapy or simply the result of more time spent
practicing language. In addition, as the participant groups were
not matched for severity level at baseline or with regard to time
after onset of stroke/TBI, the results may have been confounded.
Typically, a degree of improvement over time is expected,
especially for individuals still within the first 12 months after
onset. Therefore, none of the apps identified in this review had
high-level evidence of clinical effectiveness. These findings
have important implications for further research with a focus

on evaluating the clinical effectiveness of mobile apps. In
particular, with the recent worldwide COVID-19 pandemic, it
is crucial to offer health care support remotely via digital health
technologies [19].

This review showed that the included apps appeared to favor
functionality (mean score 4.3, SD 0.6) over aesthetics (mean
3.8, SD 0.8), information (mean 3.4, SD 0.6) and engagement
(mean 3.3, SD 0.6). This was surprising given the long-term
engagement in speech-language therapy commonly required to
gain real health benefits [39]. The idea that patients must be
fully engaged in the rehabilitation process to achieve targeted
outcomes has been considered analogous to patient participation
in compliance with or adherence to this process. Engagement
is also facilitated through the relationship and communication
between the patient and clinician [39], which can vary
considerably depending on individuals’ communication
impairment profiles. A possible explanation for the low scores
regarding how well apps were able to achieve participant
engagement might be the lack of human-centered theory-driven
approaches [40,41]. Although prior studies on speech therapy
mobile apps targeting children have used theory-driven or
co-design approaches to improve engagement in therapy [42-44],
this is lacking in the design of apps targeting adults with
speech-language therapy. In particular, the apps should be
tailored to suit individuals’ treatment goals and demographics
with a high level of attention to human factors [45] to achieve
optimal outcomes. It may be challenging for SLPs, unfamiliar
with these approaches and methodologies, to develop apps that
achieve the desired levels of engagement. The results of this
study are consistent with previous research on patient acceptance
of consumer health information technology [46], which
concluded that there is a need for developers and those who
implement the systems to carefully consider the underlying
reasons (eg, physical, psychological, and social) for patient
acceptance and engagement with technology. A recent review
of rehabilitation technology acceptance in adults with TBI also
found limited research that comprehensively evaluated usability
and user acceptance [47].

A multidisciplinary approach should be taken from the early
stages of speech-language therapy app design and development
and should involve SLPs, human-computer interaction
researchers, user experience researchers, developers, and
individuals with communication disorders. This approach would
ensure the consideration of both human-centered design [40,48]
and evidence-based therapy techniques with attention to the
level of engagement, functionality, aesthetics, and information.
Further research should be undertaken to investigate how people
with communication disorders engage or disengage with
mobile-based therapy apps over time in relation to their health
goals. There are still unanswered questions about the long-term
success of SLP apps accessed by adults with communication
disorders.

This review identified limited gamification elements (eg,
progress bar, scoring system, self-rating capabilities, ability to
request cues/hints) in the included apps. Further research should
be undertaken to investigate other game design elements to
enhance engagement with rehabilitation technologies by adults
with communication disorders. In particular, attention must be
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paid to inclusive and accessible game design for people with
different communication needs and to the inclusion of game
elements that are relevant for users of different ages (ie, young
vs older adults), experience with technology, cultures, languages,
and regional dialects. Future research should also include
non-English apps that could be used for bilingual/multilingual
patients who should have the opportunity to be treated in their
primary or preferred language, irrespective of its popularity.
Finally, this review found a lack of relationship between the
MARS rating and the in-app consumer star ratings. Similar
findings were reported in the study by Knitza et al [30], where
MARS had been used to evaluate apps in rheumatology. This
is not surprising given that the MARS tool was developed to
provide an objective and reliable multidimensional measure of
the app quality of health-related apps, that is, engagement,
functionality, aesthetics, information, and subjective quality.
However, consumer star rating lacks objectivity, and its focus
is on usability and popularity among consumers, with little
indication of apps’ clinical effectiveness [30].

Recommendations
The findings of this study have number of recommendations
and practical implications.

• More research using a co-design process involving all
stakeholders (ie, individuals with communication disorders,
SLPs, caregivers) who will use or prescribe the end product
is essential for developing apps targeting specific
speech-language and communication impairments.

• It is essential to tailor apps to suit targeted patient group
profiles by incorporating the capabilities to customize or
adjust the content of the apps to simplify or increase
complexity to match patient skill levels. For example,
incorporation of gamification elements may be a priority
to engage young patients with TBI, whereas for older
patients affected by stroke, it may be more important to
present age-appropriate content in an aphasia-friendly way
through the use of visually distinct and appealing pictorial
information and simplified language/text and formatting
[49].

• Subject matter expert ratings for mobile health apps must
be included to provide a more reliable measure of the app’s
quality, which could include ratings of engagement,
functionality, aesthetics, information, and subjective quality.

• Owing to the increasing number of new app releases in
Google Play Store and Apple App Store globally, it is
recommended that professional bodies such as
Speech-Language Pathology associations establish a

database where app developers could register their apps.
This could assist with the long-term management of mobile
apps and support SLPs in decision making to recommend
particular apps to their patients.

Limitations
A limitation of this review is that details regarding the number
of app downloads and demographics of current users were not
available, which would have been beneficial for in-depth
analysis. Another limitation of this review is that the content
and quality of the apps were evaluated solely from the
perspective of SLPs and did not include consumers. However,
most of these apps were designed to deliver speech-language
therapy, where the guidance of SLPs would be instrumental in
influencing user uptake. Further research should evaluate the
usability of speech-language therapy app and the level of
adoption by the target population. In addition, this paper did
not review experimental apps currently reported only on journal
articles, conference proceedings, or developer websites.
Although such apps are not widely available, they may have
more theory-driven designs and could show more promise of
efficacy for use by adults with communication disorders. Future
research focusing on these experimental mobile apps may be
worthwhile.

Conclusions
The results of this study revealed a limited evidence base for
speech-language therapy apps and a lack of highly engaging
elements such as gamification techniques. Therefore, there is a
need for apps to be developed to complement traditional
speech-language therapy, utilizing interactive and engaging
design elements to enhance user experience and optimize
sustainable technology uptake. Furthermore, from the early
stages, apps should be designed and developed by a
multidisciplinary team of experts, including speech pathologists,
human-computer interaction experts, user experience designers,
and app developers to ensure a balance between clinically
suitable content and positive user experience. Future studies
should also ensure the design and development of
speech-language therapy apps using patient-led co-design
principles by involving adults with communication disorders
as codevelopers. If this is done, mobile apps can have the
potential to positively enhance the effectiveness and reach of
long-term speech-language therapy for adults with
communication disorders. Finally, adequately powered
randomized controlled trials are needed to assess the efficacy
of apps developed for long-term use in the management of adult
communication disorders.
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Abstract

Background: Multiple sclerosis (MS) is a chronic neurodegenerative disease. Current monitoring practices predominantly rely
on brief and infrequent assessments, which may not be representative of the real-world patient experience. Smartphone technology
provides an opportunity to assess people’s daily-lived experience of MS on a frequent, regular basis outside of episodic clinical
evaluations.

Objective: The objectives of this study were to evaluate the feasibility and utility of capturing real-world MS-related health
data remotely using a smartphone app, “elevateMS,” to investigate the associations between self-reported MS severity and
sensor-based active functional tests measurements, and the impact of local weather conditions on disease burden.

Methods: This was a 12-week, observational, digital health study involving 3 cohorts: self-referred participants who reported
an MS diagnosis, clinic-referred participants with neurologist-confirmed MS, and participants without MS (controls). Participants
downloaded the elevateMS app and completed baseline assessments, including self-reported physical ability (Patient-Determined
Disease Steps [PDDS]), as well as longitudinal assessments of quality of life (Quality of Life in Neurological Disorders [Neuro-QoL]
Cognitive, Upper Extremity, and Lower Extremity Function) and daily health (MS symptoms, triggers, health, mobility, pain).
Participants also completed functional tests (finger-tapping, walk and balance, voice-based Digit Symbol Substitution Test [DSST],
and finger-to-nose) as an independent assessment of MS-related cognition and motor activity. Local weather data were collected
each time participants completed an active task. Associations between self-reported baseline/longitudinal assessments, functional
tests, and weather were evaluated using linear (for cross-sectional data) and mixed-effects (for longitudinal data) regression
models.

Results: A total of 660 individuals enrolled in the study; 31 withdrew, 495 had MS (n=359 self-referred, n=136 clinic-referred),
and 134 were controls. Participation was highest in clinic-referred versus self-referred participants (median retention: 25.5 vs 7.0
days). The top 5 most common MS symptoms, reported at least once by participants with MS, were fatigue (310/495, 62.6%),
weakness (222/495, 44.8%), memory/attention issues (209/495, 42.2%), and difficulty walking (205/495, 41.4%), and the most
common triggers were high ambient temperature (259/495, 52.3%), stress (250/495, 50.5%), and late bedtime (221/495, 44.6%).
Baseline PDDS was significantly associated with functional test performance in participants with MS (mixed model–based
estimate of most significant feature across functional tests [β]: finger-tapping: β=–43.64, P<.001; DSST: β=–5.47, P=.005; walk
and balance: β=–.39, P=.001; finger-to-nose: β=.01, P=.01). Longitudinal Neuro-QoL scores were also significantly associated
with functional tests (finger-tapping with Upper Extremity Function: β=.40, P<.001; walk and balance with Lower Extremity
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Function: β=–99.18, P=.02; DSST with Cognitive Function: β=1.60, P=.03). Finally, local temperature was significantly associated
with participants’ test performance (finger-tapping: β=–.14, P<.001; DSST: β=–.06, P=.009; finger-to-nose: β=–53.88, P<.001).

Conclusions: The elevateMS study app captured the real-world experience of MS, characterized some MS symptoms, and
assessed the impact of environmental factors on symptom severity. Our study provides further evidence that supports smartphone
app use to monitor MS with both active assessments and patient-reported measures of disease burden. App-based tracking may
provide unique and timely real-world data for clinicians and patients, resulting in improved disease insights and management.

(JMIR Mhealth Uhealth 2020;8(10):e22108)   doi:10.2196/22108

KEYWORDS

multiple sclerosis; digital health; real-world data; real-world evidence; remote monitoring; smartphone; mobile phone;
neurodegeneration

Introduction

Multiple Sclerosis
Multiple sclerosis (MS) is a chronic neurodegenerative disease
that affects more than 2 million people worldwide, with
prevalence rates equating to greater than 400,000 cases in the
United States [1,2]. Symptoms of MS can affect motor function,
sensation, cognition, and mood [3], and substantially impact
quality of life (QoL) [4]. The combination of MS symptoms,
their severity, and the course of disease varies between
individual patients and can be affected by environmental factors,
such as temperature, vitamin D stores, stress [1,5-10], and
comorbidities, including depression, diabetes, cardiovascular
disease, cancer, and autoimmune conditions [11,12]. Despite
the heterogeneity of MS, certain symptoms and triggers are
common among patients; for example, fatigue is reported as a
symptom in approximately 75% of patients [13], and elevated
temperature is estimated to cause transient symptom worsening
in up to 80% [9].

Patient Monitoring and Digital Tools
Routine clinical care for MS typically involves brief assessments
performed during infrequent neurologist visits and, hence, often
relies on retrospective self-reporting of symptoms and treatment
responses, which can be subject to recall bias or affected by
MS-associated cognitive impairment [14-17]. As such, this
approach may fail to fully capture an individual’s day-to-day
experience of living with MS and contribute to reduced accuracy
and timeliness in detecting changes in symptom burden, disease
severity/relapses, therapeutic outcomes, and the need for timely
therapeutic agent change [17,18], Furthermore, while
patient-reported outcomes (PROs) are increasingly used in MS
clinical care, there is a lack of universal guidance on MS-specific
PROs, and their usage and interpretation can differ between
individual clinicians [17]. These challenges in monitoring MS
highlight an unmet need for more effective, patient-centered
tools that are able to capture the daily lived experience of disease
outside of episodic clinic visits [19].

While a number of studies have used web-based tools to collect
MS health data through patient diaries and electronic PROs
[20,21], there is a growing need to tailor these digital health
tools to the needs of patients with MS; this includes developing
sensor-based assessments of MS disease severity and evaluating
the impact of environmental factors, such as weather, stress,
and sleep impairment on MS burden [22,23]. By bridging the

gap between episodic clinical observation and the real-world
experience of MS, these digital tools have the potential to
improve self-reporting and disease monitoring, and provide a
more comprehensive assessment of disease trajectories. In turn,
this may support clinicians in making disease management
recommendations to patients with MS, as well as other diseases
that have heterogeneous and variable symptoms over time [24].

The ubiquity of smartphones with built-in sensors provides an
opportunity to address the growing need for real-time disease
monitoring. A number of previous studies have demonstrated
the feasibility of smartphones in collecting health data in a
real-time, real-world setting from patients across a range of
disease areas including asthma, diabetes, depression, and
Parkinson disease [25-30]. In addition to monitoring symptoms
and triggers, these studies have identified geographic and
environmental factors related to disease severity, and have been
reported by patients to have a positive impact on their disease
management [26,27,29]. Several digital health studies have
already been undertaken in patients with MS with encouraging
results; data suggest that smartphone technology can be
effectively leveraged to monitor MS symptom severity, QoL,
and medication usage, enabling patients to play an active role
in disease management [23,31-35]. The recent FLOODLIGHT
study has also shown that smartphone-based active testing can
be used to remotely monitor motor function and capture MS
symptoms, thus providing a more accurate assessment of MS
in the real world [23,34]. However, a number of these studies
have involved partially remote designs that include scheduled
clinic visits at predetermined time points [32,34], which may
limit widespread usage and participation. To this end, additional
studies are required to build on these existing data and further
assess digital health tools in a large, remote population of
patients with MS.

Objective
The main objective of this study was to evaluate the feasibility
and utility of gathering MS-related health information from a
large, remotely enrolled cohort using a dedicated smartphone
app and to monitor study participants over a 12-week period.
The study app, “elevateMS,” was developed through a
user-centered design process. Secondary objectives were to
examine the relationship between disease severity and QoL,
measured via PROs and performance in sensor-based active
functional tests, and to investigate the impact of local weather
conditions on variations in MS symptoms and severity.
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Methods

Study Design
This was a 12-week observational, prospective pilot digital
health study using data collected from a dedicated smartphone
app, elevateMS. The app was developed using a patient-centered
design process with MS patient advisors (Multimedia Appendix
1) and was freely available to download from the Apple App
Store. Enrollment spanned from August 2017 to October 2019,
and participants were required to be aged 18 years or older,
reside in the United States, and use an iPhone 5 or newer device.

Study Participants
Participants were openly recruited through word of mouth, press
releases, online advertisements, and the study website [36] and
grouped into 2 cohorts: individuals without MS (controls) and
individuals who self-reported diagnosis of MS (self-referred).
A third, “clinic-referred” cohort, with a neurologist-confirmed
MS diagnosis, was also recruited through information flyers
distributed at 3 MS treatment centers. Ethical approval was
granted by the Western Institutional Review Board, and
enrollment, informed consent, and data collection were carried
out electronically through the study app (Figure 1) [37].

Figure 1. Example screenshots from the elevateMS study app.

Participants had to make an active choice to complete the
consent process, and no default option was presented.
Participants were also given the option to share their data only
with the elevateMS study team and partners (share narrowly),
or more broadly with qualified researchers worldwide [38].

Data Collection
elevateMS primarily targeted collection of real-world data from
participants with MS. This included self-reported measures of
symptoms and health via optional “check-in” surveys, and

independent assessments of motor function via sensor-based
active functional tests. Participants were encouraged to complete
check-in surveys on a daily basis and were notified to perform
more comprehensive functional tests once a week. Local weather
data were collected every time an assessment was performed.
The data collected through elevateMS and the frequency at
which each element was recorded are summarized in Table 1.
With the exception of overall physical ability, which was a
baseline-only assessment, all data were collected longitudinally
at various intervals over the 12-week study duration.
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Table 1. Data collected through the elevateMS study app.

Timeline of data collectionData source

Baseline demographics

Day 2Sociodemographic data (age, gender, race, education, health insurance, employ-
ment status, geographic location)

Day 1MSa disease characteristics (diagnosis, medication, family history)

Patient-reported outcomes

Day 2Overall physical abilityb

DailyCheck-in survey: MS symptoms and triggers

DailyCheck-in survey: health, mobility, painc

Every third functional test targeting that domain (Cognitive
Function domain: DSST; Upper Extremity Function domain:
finger-tapping/finger-to-nose; Lower Extremity Function do-
main: walk and balance)

Short-form Neuro-QoLd domains

Active functional test

WeeklyfFinger-tapping

WeeklyfWalk and balance

WeeklyfDSSTe

WeeklyfFinger-to-nose

Local weather data

Every time a test was performedTemperature

Every time a test was performedHumidity

Every time a test was performedCloud coverage

Every time a test was performedAtmospheric pressure

aMS: multiple sclerosis.
bBased on a truncated 4-point Patient-Determined Disease Steps scale, administered at baseline to all patients with MS (Normal, Mild Disability,
Moderate Disability, Gait Disability).
cBased on a 5-point Likert scale (Health: Amazing, Okay, So-So, Not great, Horrible; Mobility: Excellent, Very good, Good, Not great, Horrible; Pain:
None, Mild, Moderate, Severe, Horrible).
dNeuro-QoL: Quality of Life in Neurological Disorders.
eDSST: Digit Symbol Substitution Test.
fWith option for participants to complete more frequently.

Participants with MS completed optional daily check-in surveys
to record their individual symptoms and triggers, and to assess
their health, mobility, and pain using a 5-point Likert scale.
Self-reported disease severity was determined using a truncated
4-point Patient-Determined Disease Steps (PDDS) scale to
assess overall physical ability (Normal, Mild Disability,
Moderate Disability, Gait Disability) [39]. The impact of MS
on daily function was also assessed using 3 short-form domains
of the previously validated Quality of Life in Neurological
Disorders measurement tool (Neuro-QoL; Cognitive Function,
Upper Extremity Function, and Lower Extremity Function;
Multimedia Appendix 2) [40-42]. Raw Neuro-QoL scores were
converted to standardized Theta (T) scores using standard
scoring protocols [42], and subsequently classified into discrete,
clinically relevant categories (Normal, Mild, Moderate, and
Severe) based on past research [43-45]. All participants carried
out active functional tests, which used smartphone sensors as

a proxy for traditional symptom measurements. These tests
included:

1. The finger-tapping test, where participants repeatedly tapped
between 2 circles with alternating fingers as fast as possible
for 20 seconds, to measure dexterity, speed, and abnormality
in movement.

2. The walk and balance test, where participants walked for
20 seconds with their iPhone in their pocket, then stood
still for 10 seconds, to assess gait, posture, stability, and
balance;

3. The voice-controlled Digit Symbol Substitution Test
(DSST) [46], where participants used the microphone to
record answers to measure cognitive function.

4. The finger-to-nose test, where participants extended their
arm while holding their iPhone and then touched the phone
screen to their nose repeatedly, to measure kinetic tremor
and dysmetria in each hand.
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Raw data collected from sensor-based active functional tests
were transformed using the mhealthtools package, an
open-source feature engineering pipeline [47]. This process
generated features for each functional test related to different
aspects of a participant’s health state; for example, the
finger-tapping test comprised over 40 features, including number
of taps, frequency, and location drift. See Multimedia Appendix
3 for specific examples and the elevateMS Feature Definitions
webpage for a full list of features [48]. In addition to extracting
features, the mhealthtools pipeline also filtered out records
lacking data [47].

The data contributed by participants, as well as scheduling of
in-app active functional tests, were managed using an
open-source platform developed and maintained by Sage
Bionetworks [49].

Statistical Analyses
Descriptive statistics were used to summarize and compare the
baseline demographics and MS disease–related characteristics
in the study cohort.

User-engagement data were collected and analyzed to
understand participant demographics, retention, and compliance
in the study. Retention analysis was performed under the
definition that participants were considered active in the study
if they completed at least one survey or sensor-based test in a
given week. The total duration in the study was determined by
the number of days between the first and last test. Participants’
weekly compliance was assessed using a more stringent cut off
than weekly retention; a participant was considered minimally
compliant if he/she completed at least one out of four weekly
sensor-based active functional tests. Overall retention (ie, total
duration a participant remained in the study) was examined
across the 3 cohorts (controls, self-referred participants with
MS, and clinic-referred participants with MS) using
Kaplan–Meier plots. A log-rank test was used to compare the
retention difference between the 3 cohorts. The impact of
baseline demographics and MS disease characteristics on
participant retention was assessed using a Cox proportional
hazards model. Each covariate of interest was tested
independently, including an interaction term for the clinical
referral status. The assumption of the proportional hazard model
was tested using scaled Schoenfeld residuals. Finally, per the
study protocol, participants were expected to remain in the study
for 12 weeks, and thus all user-engagement analysis was limited
to the first 12 weeks of study participation.

Linear regression models were used to test for association
between participants’ self-reported demographics, baseline
physical ability (collected once during the onboarding), and the
median value of all features generated for each of the 4
sensor-based active functional tests. To test for association
between longitudinal PRO assessments (ie, Neuro-QoL results
and daily check-ins) and active functional test performance, as
well as the potential impact of local weather conditions, a linear
mixed-effects (LME) modeling approach was used to account
for the subject-level heterogeneity. Prior to modeling, the PRO
data were aligned with more frequently administered functional
tests by aggregating the average value for all features per week.
LME models were fit using the R package lme4, version 1.1-23

[50] with combinations of fixed and random effects. Because
of a significant amount of missing responses in
sociodemographic information for participants (see Multimedia
Appendix 4), some LME models did not converge, and therefore
a simpler LME model accounting for participant-level random
effect only was used. Statistical significance (P-values) for LME
models was determined using the Satterthwaite degrees of
freedom method through the lmerTest package (version 3.1-1)
[51]. For analysis conducted using LME models, we report
estimates (β) of all fixed effects covariates along with P-values.
In addition, P-values from ANOVA test conducted to assess
significant differences in LME model fixed effect estimates
(regardless of the individual factor levels) are also reported. In
case a functional test was due to be completed by both hands,
the LME models also accounted for variations due to left- and
right-hand differences. As participants with MS completed
active functional tests at different frequencies, participation
rates, sample size, and number of data points varied between
analyses. We also conducted sensitivity analyses to evaluate
the impact of extreme Neuro-QoL and health, mobility, and
pain categories on association results; this involved excluding
functional test scores that mapped to the Severe Neuro-QoL
category and excluding health, mobility, and pain scores that
mapped to the Horrible category. All P-values were corrected
for multiple testing and false positives using the
Benjamini–Hochberg procedure. All analyses were performed
using open-source statistical analysis framework R (version
3.5.2; R Foundation for Statistical Computing) [52].

Data Availability
Complete results from this analysis are available online through
the accompanying elevateMS study portal [53]. Additionally,
individual user-level raw data for those participants who
consented to share their data broadly with qualified researchers
worldwide is also available under controlled access through the
study portal [54].

Results

Study Population
The elevateMS app was released in August 2017 through the
Apple App Store and enrolled participants on a rolling basis
until October 2019. A total of 660 participants enrolled in the
study, of which 31 selected to withdraw with no reason
provided. Of the remaining 629 participants, 134 (21.3%) were
controls (self-reported as not having MS) and 495 (78.7%) were
participants with MS. Of the 495 participants with MS, 359
(72.5%) self-referred to the study with a self-reported MS
diagnosis and 136 (27.5%) were referred from 3 clinical sites
and had a neurologist-confirmed MS diagnosis. Participants
were located across the United States (Figure 2), with a mean
(SD) age of 39.34 (11.41), 45.20 (11.64), and 48.93 (11.20)
years in the control, self-referred, and clinic-referred cohorts,
respectively. A summary of baseline sociodemographic data is
presented in Table 2. Further information on missing responses
in demographic data is presented in Multimedia Appendix 4.

Baseline disease characteristics for the self-referred and
clinic-referred participants with MS are shown in Table 3. Most
participants reported relapsing–remitting MS; this included
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83.6% (300/359) of the self-referred cohort and 90.4% (123/136)
of the clinic-referred cohort. Infusion disease-modifying therapy
was the most common treatment received by both self-referred

(116/359, 32.3%) and clinic-referred (64/136, 47.1%)
participants.

Figure 2. Geographic locations of participants. Dots (n=329) represent the location of those participants who continued in the study beyond initial
enrollment and provided the first three digits of their zip code during the collection of demographic information on Day 2. One dot is included for each
location, with participants with the same first three digits of the zip code shown under the same dot.
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Table 2. Baseline sociodemographic characteristics of study participants.a

Participants with MS (clinic-referred; N=136)Participants with MSb (self-referred; N=359)Controls (N=134)Characteristic

48.93 (11.20)45.20 (11.64)39.34 (11.41)Age (years), mean (SD)

Gender

78 (84.8)154 (73.3)27 (64.3)Female

14 (15.2)56 (26.7)15 (35.7)Male

Race

0 (0.0)4 (1.9)6 (13.6)Asian

9 (9.8)13 (6.1)1 (2.3)Black African

74 (80.4)182 (85.4)26 (59.1)Caucasian

5 (5.4)9 (4.2)5 (11.4)Latino Hispanic

4 (4.3)5 (2.3)6 (13.6)Other

Education

55 (60.4)123 (57.5)16 (37.2)College degree

7 (7.7)16 (7.5)4 (9.3)High-school diploma/GEDc

29 (31.9)70 (32.7)23 (53.5)Postgraduate degree

0 (0.0)5 (2.3)0 (0.0)Other

Health insurance

19 (20.7)65 (30.5)3 (7.0)Government insurance

55 (59.8)100 (46.9)30 (69.8)Employer insurance

2 (2.2)2 (0.9)1 (2.3)No insurance

16 (17.4)46 (21.6)9 (20.9)Other

Employment status

41 (44.6)93 (43.5)30 (69.8)Full-time

11 (12.0)17 (7.9)3 (7.0)Part-time

10 (10.9)18 (8.4)3 (7.0)Retired

19 (20.7)62 (29.0)4 (9.3)Disabled

3 (3.3)10 (4.7)0 (0.0)Unemployed

8 (8.7)14 (6.5)3 (7.0)Other

aAll data shown are n (%), unless otherwise stated. Percentages were calculated based on the total number of participants who provided a response and
excluded missing information. See Multimedia Appendix 4 for further details on missing results, including the number and proportion of participants
who did not provide responses.
bMS: multiple sclerosis.
cGED: General Educational Development.
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Table 3. Baseline disease characteristics of study participants with MS.

Participants with MS (clinic referred; N=136)Participants with MS (self-referred; N=359)Characteristica

MSb diagnosis

123 (90.4)300 (83.6)Relapsing–remitting

6 (4.4)34 (9.5)Primary progressive

5 (3.7)25 (7.0)Secondary progressive

2 (1.5)0 (0.0)Not sure

Current DMTc

64 (47.1)116 (32.3)Infusion

24 (17.6)83 (23.1)Injection

40 (29.4)114 (31.8)Oral

6 (4.4)46 (12.8)None

2 (1.5)0 (0.0)Missing

MS family history

23 (16.9)77 (21.4)Yes

104 (76.5)251 (69.9)No

9 (6.6)31 (8.6)Not sure

Overall physical abilityd

52 (38.2)101 (28.1)Normal

24 (17.6)85 (23.7)Gait disability

38 (27.9)104 (29.0)Mild disability

20 (14.7)69 (19.2)Moderate disability

2 (1.5)0 (0.0)Missing

Duration of disease

14.29 (8.89)11.14 (8.86)Years since diagnosis, mean (SD)

Duration of treatment

13.07 (7.92)10.09 (7.97)Years since first DMT, mean (SD)

aAll data shown are n (%), unless otherwise stated.
bMS: multiple sclerosis.
cDMT: disease-modifying therapy.
dBased on truncated 4-point Patient Determined Disease Steps scale.

Participant Engagement
Median study retention was significantly higher in clinic-referred
participants with MS (25.5 days [95% CI 17.0-55.0]) compared
with self-referred participants with MS (7.0 days [95% CI
4.0-11.0]) and controls (1.0 day [95% CI 1.0-2.0 days]; P<.001;
Figure 3). Compliance, defined in this study as the completion
of at least one sensor-based active functional test per week,
decreased over time in all cohorts; from Week 1 to Week 12,

compliance fell from 80.2% to 50.0% for the clinic-referred
cohort, from 81.1% at Week 1 to 46.1% for the self-referred
cohort, and from 70.9% to 20.0% in the control cohort (Figure
3). Given the lack of ongoing engagement in the control group
and the fact that elevateMS primarily targeted participants with
MS, the control cohort was not included in subsequent data
analyses, and results from self-referred and clinic-referred
participants with MS were pooled for analysis.
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Figure 3. elevateMS user engagement. Participant retention (median number of days in the study) and compliance (completion of at least one out of
four sensor-based active functional tests per week) across the three study cohorts. MS: multiple sclerosis.

For patients with MS, participation in all tasks (both
sensor-based active functional tests and daily check-in surveys)
was highest in Weeks 1 and 2, then decreased over time
(Multimedia Appendix 5). When using the elevateMS app,
participants with MS completed the active functional tests
(median 40% of overall individual activity; IQR 30.3) the most,
followed by reporting MS symptoms and triggers (median 33.3%
of overall individual activity; IQR 33) and completing daily
check-in surveys (median 22.3% of overall individual activity;
IQR 18.2; Multimedia Appendix 6). The most common
self-reported symptoms were fatigue, weakness,
memory/attention issues, and difficulty walking, and the most
common self-reported triggers were high ambient temperature,
emotional stress, and going to bed late, all of which were
experienced on at least one occasion by more than half of
participants with MS (Multimedia Appendix 7). Data collected
from sensor-based active tests were transformed into features
and filtered for validity using the mhealthtools pipeline [47]
(see Multimedia Appendix 8 for further details).

Relationship Between Baseline Physical Ability and
Performance in Active Functional Tests
Higher physical disability at baseline was associated with
significantly worse performance (P<.001; top associations listed
below) in multiple sensor-based active functional tests. For each
active functional test, a subset of the most significantly
associated features is presented here (Figure 4 and Multimedia
Appendix 9); the full list of per-feature results is available via

Synapse, an online data repository managed by Sage
Bionetworks [55]. For the finger-tapping assay, a reduced
number of finger taps was statistically significantly associated
with baseline physical ability category (βgait disability vs

normal=–43.64, P<.001). Similarly, fewer correct responses in
the voice-based DSST task was significantly associated with
baseline physical ability (βgait disability vs normal=–5.47, P=.005).
Worse performance in the walking test, based on a feature
derived from the device accelerometer (F0FAJ) [48], was
statistically significantly associated with low baseline physical
ability (βgait disability vs normal=–0.39, P=.001). For the
finger-to-nose test, a tremor feature derived from capturing the
hand rotation velocity was also found to be significantly
associated with baseline physical ability (βgait disability vs

normal=0.01, P=.01). Balance features were not significantly
associated with baseline physical ability (data not shown).
Notably, the feature most associated with performance from the
finger-tapping assay (median number of finger taps) was also
significantly associated with several sociodemographic
characteristics in participants with MS, including age group
(P<.001), education (P=.001), duration of treatment (P=.004),
and duration of disease (P=.009; Multimedia Appendix 9).
Additionally, baseline physical ability was significantly
associated with duration of treatment (P=.003), duration of
disease, employment status, type of health insurance, and age
group (all P<.001) in participants with MS (Multimedia
Appendix 10).
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Figure 4. Association between baseline characteristics and functional test performance in participants with MS. DSST (Digit Symbol Substitution
Test): decrease in number of correct DSST responses with increased baseline physical disability; F0FAJ: frequency at which the maximum peak of the
Lomb-Scargle periodogram occurred for the average acceleration series, with frequencies limited to 0.2-5 Hz; Finger-tapping: decrease in median
number of finger taps with increased baseline physical disability; Finger-to-nose: increase in hand rotation velocity tremor feature with increased baseline
physical disability; MS: multiple sclerosis; PDDS: Patient-Determined Disease Steps; Walking: decrease in F0FAJ accelerometer results with increased
baseline physical disability.

Relationship Between Neuro-QoL Domains and
Performance in Active Functional Tests
Performance in sensor-based active functional tests was also
significantly associated (P<.001; top associations listed below)
with the 3 short-form Neuro-QoL surveys (Cognitive Function,
Upper Extremity Function, and Lower Extremity Function) that
were administered to participants at several points during the
course of the study. For each test, a subset of the top most
significantly associated features are presented here (Figure 5
and Multimedia Appendix 11), with the full list of per-feature
comparisons available online via Synapse data repository [56].
Performance in the finger-tapping test was significantly
associated with Upper Extremity Function domain scores
(βmoderate vs normal=0.40 seconds, P<.001) of the Neuro-QoL. For
the walking test, a feature derived from the device accelerometer
(P0Y) [48] was found to be significantly associated with the
Neuro-QoL Lower Extremity Function domain scores (βmoderate

vs normal=–99.18 seconds, P=.02). Increased severity in the

Neuro-QoL Cognitive and Lower Extremity Function domains
was also significantly associated with the variation in time taken
to complete the voice-based DSST task (Cognitive Function:
βsevere vs normal=1.60 seconds, P=.03; Lower Extremity Function:
βsevere vs normal=10.31 seconds, P<.001). Finally, for the
finger-to-nose test, a feature derived from capturing the hand
rotation acceleration using the device gyroscope was
significantly associated with the Neuro-QoL Upper Extremity
Function domain (βmoderate vs normal=.11, P=.003). Additional
sensitivity analyses were performed to assess the impact of
Neuro-QoL scores that mapped to the Severe Neuro-QoL
category. While excluding Neuro-QoL scores in severe category
did not change the main findings for the finger-tapping, walk
and balance, and finger-to-nose tests, the analysis showed that
the significant association of Cognitive Function and Lower
Extremity Function with DSST was mainly driven by those
participants reporting severe Neuro-QoL outcomes (Multimedia
Appendix 11).
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Figure 5. Association between Neuro-QoLTM domains and functional test performance in participants with MS. Neuro-QoL categories comprising
<5% of total participants were not plotted. DSST (Digit Symbol Substitution Test): increase in DSST response time with increased severity in Neuro-QoL
Cognition domain. Finger-tapping: increase in maximum finger tapping interval with increased severity in the Neuro-QoL Upper Extremity Function
domain; Finger-to-nose: increase in hand rotation acceleration tremor feature with increased severity in Neuro-QoL Upper Extremity Function domain;
MS: multiple sclerosis; Neuro-QoL: Quality of Life in Neurological Disorders; P0Y: maximum power in the inspected frequency interval of the
Lomb–Scargle periodogram for the Y acceleration series (0.2–5 Hz); Walking: decrease in accelerometer-derived feature (P0Y) with increased severity
in Neuro-QoL Lower Extremity Function domain.

Impact of Local Weather Conditions on Performance
in Active Functional Tests and Daily Check-In PROs
Local weather data were captured each time a participant
completed a functional test and were found to be significantly
associated (P<.001; top associations listed below) with
respective test performance (Figure 6 and Multimedia Appendix
12) [57]. The local temperature elevations at the time of test
completion negatively impacted participant’s performance to
the greatest extent, with a significant difference in performance
in the finger-tapping test observed (β=–.14, P<.001). For
example, with a 30°F increase in temperature (ie, from 50°F to

80°F), the participant’s performance dropped by an average of
4.3 finger-taps (β × 30°F). Similarly, performance in the
voice-based DSST and finger-to-nose tests was significantly
associated with increased temperature (β=–.06, P=.009 and
β=–53.88, P<.001, respectively). In contrast to active functional
test features, PROs recorded from daily check-in surveys were
only moderately associated with local weather conditions
(Multimedia Appendix 13) [58]. Sensitivity analysis further
showed that the association between PROs and weather features
was mainly driven by a small proportion of participants reporting
extreme outcomes on the Likert scale (Multimedia Appendix
14) [59].
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Figure 6. Association between daily temperature and functional test performance in participants with MS. Finger-tapping: decrease in number of finger
taps with increased temperature. DSST (Digit Symbol Substitution Test): decrease in number of correct DSST responses with increased temperature.
Finger-to-nose: decrease in accelerometer-derived linear jerk tremor feature derived with increased temperature. MS: multiple sclerosis.

Discussion

Principal Results
The results from this observational, remote data collection study
demonstrate the feasibility and utility of a decentralized method
to gather real-world data about participant’s real-time life
experience of MS through a digital health app, elevateMS.
Compared with previous digital health studies in MS, elevateMS
enrolled one of the largest remote cohorts with a self-reported
or neurologist-confirmed diagnosis of MS from across the
United States [23,31,32,34,35]. The sociodemographic
characteristics of the enrolled patient cohort were broadly similar
to the wider population of patients with MS [60,61].
Participation in elevateMS was also generally consistent with
that of digital health studies in other disease areas [62].
However, to our knowledge, elevateMS is one of the first
remote, digital studies to show the significant impact of clinical
referral on overall engagement in a remote population [22];
clinic-referred participants with MS remained active in our study
almost 3 times longer than self-referred participants with MS.
Importantly, the digitally measured functional activity correlated
with clinical outcomes and QoL.

Through the longitudinal collection of PROs, active functional
test results, and local weather data, the elevateMS study
demonstrates the importance of frequent, real-world assessments
of MS disease manifestations outside of episodic clinical
evaluations. Tracking of self-reported data identified the most
common disease symptoms and triggers in patients with MS,
as well as significant associations (P<.001) between
performance in active functional tests and disease severity,
measured by both PDDS and Neuro-QoL subdomain scores.
Although PROs failed to capture the impact of local weather
conditions, participants’performance in various active functional
test features was found to be significantly associated (P<.001)
with local temperature patterns, with the worst performance
observed at temperatures over 80°F. This supports the
well-established link between increased temperature and MS
[7-9] and demonstrates the sensitivity of these sensor-based
tests in patient monitoring. Together, these results show the
potential utility of active functional tests in capturing
measurements of MS-related motor activity and assessing the

impact of local environmental factors on disease symptoms and
severity in a real-world setting.

A major strength of the elevateMS study is that it collected
self-reported and self-administered measurements of MS health
data from patients remotely. PROs are increasingly recognized
as valid and meaningful clinical measures for disease monitoring
and patient care across a range of therapeutic areas [63-72].
Within the MS field, improved self-assessment and QoL
reporting, particularly using electronic/digital tools such as
elevateMS in a remote, unsupervised setting, has the potential
to benefit both patients and clinicians by enhancing
communication and understanding of individual patient needs,
thus improving the overall patient experience and informing
therapy selection [17,24,73,74]. This is particularly important
given that a low level of concordance has been observed
between patients and neurologists in recognizing MS relapses,
assessing health status, and identifying QoL parameters that are
of greatest concern to the individual patient [17,24,75].

Another strength of this study is that both PROs and active
measurements were collected contemporaneously in a real-time
and real-world setting, with a frequency far exceeding that
obtainable in routine MS clinical care. This differentiates
elevateMS from the episodic and retrospective periods of data
collection that are characteristic of traditional, clinic-based care
and often subject to recall bias. By capturing a more
comprehensive body of data, such as the frequency of triggers,
variability of symptoms, and effect of environmental conditions,
elevateMS could enable the interaction between daily life
stressors and MS severity to be better evaluated. Furthermore,
by leveraging frequent and low-burden assessments, elevateMS
and other digital health tools may facilitate regular patient
monitoring between clinic visits. This could complement the
existing clinical practice, by helping patients to record their
symptoms, relapses, and medication usage more accurately and
have an active role in their disease management; in turn, this
has the potential to provide a more thorough assessment of
disease, improve communication with health care providers,
and ultimately support clinicians in developing personalized
treatment plans [19,27,29,32,34,35]. More broadly and
universally applied, this technology may also provide novel
insights into the course of chronic and progressive conditions,
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as demonstrated by previous digital health studies in MS,
asthma, and Parkinson disease [25-27,34]. Finally, as shown
by elevateMS, digital health tools can be utilized to gather data
from large, remote populations and could, therefore, offer unique
opportunities to track and evaluate drug efficacy in a continuous,
real-world setting through decentralized clinical trials [34].

Limitations
Some potential limitations need to be considered when
interpreting the results from this study. Given that participation
required a specific smartphone, the study population may be
subject to selection bias [62]; however, the sociodemographic
characteristics available from the enrolled patient cohort are
broadly representative of the general population with MS
[60,61]. As this study largely focused on patients with MS,
participation by the control cohort was low, and these data were
not included in our analyses. Approximately two-thirds of the
total MS cohort self-reported their disease status, and these data
may be vulnerable to inaccuracies. However, prior studies have
shown that self-reported MS diagnoses in the Pacific Northwest
MS Registry were subsequently confirmed by neurology health
care providers in more than 98% of cases [76]. In a second
study, levels of disability were accurately self-reported by
patients and comparable to neurologist ratings in 73% of cases
[77]. Within the elevateMS study, data from both self-referred
and clinic-referred patients with MS were pooled for analysis,
thus precluding between-group comparisons. Future studies
could evaluate these 2 patient cohorts separately to enable results
to be analyzed in relation to clinical referral status.

We also observed a large degree of missing baseline
demographic data within this pilot study, which may reflect the
fact that this information was not collected until Day 2 of
participation, in an attempt to reduce initial onboarding
participant burden. This missing data could impact statistical
inference, in particular the robustness of the LME models, as
the random effect of many sociodemographic characteristics
could not be accounted for. Given that a significant proportion
of participants in remote app-based studies drop out during the
first week, with the majority leaving on Day 1-2 [62], future
studies should prioritize immediate collection of baseline
demographic data and make this a compulsory step upon
enrollment. This would ensure that demographic information
can be fully evaluated in relation to app study results.

Given the limited, 12-week study participation period, we were
not able to assess longer-term variations in MS symptoms or
severity in this pilot study. Furthermore, this short window of
observation meant that disease severity could be assessed in
relation only to daily, and not seasonal, fluctuations. Going
forward, longer study durations would provide greater
opportunities for longitudinal disease monitoring and assessment
of the impact of external lifestyle and environmental factors.
This is particularly important in chronic diseases such as MS,
where there is a risk of progression and unpredictable variability
of symptoms or relapses over time [5].

The sample size and engagement of the elevateMS patient cohort
were generally consistent with or higher than those in previously
published remote digital studies undertaken across different
therapy areas [28-30,62]. However, the overall participation in

elevateMS was still low compared with digital studies in MS
that included an in-person clinic visit [31,32]. The greatest
proportion of activity within the elevateMS study app was spent
on sensor-based active functional tests, followed by symptom
and trigger surveys, and check-in surveys. Participation in
specific app activities may have been affected by the time, effort,
or frequency associated with that activity; for example, each of
the 4 sensor-based active tests were administered on a weekly
basis and could be completed in less than 1 minute, whereas
each survey was administered daily, potentially making them
more burdensome despite their short length. Future studies could
further align the study protocol with participant needs and busy
schedules employing user-centered co-design techniques.
Review of compliance patterns also demonstrated that patients
referred from and currently under the care of a provider were
the most adherent participants, and future studies should focus
on building studies around this cohort. Doing so will not only
increase the likelihood of patient retention, but will also provide
physician verification of the validity of responses. Additional
studies are necessary to develop strategies, including the use of
incentives to increase involvement and adherence of people
who self-identify and self-refer, to expand the number of patient
participants with greater assurance of long-term adherence.

Within the elevateMS study, clinic-referred participants
demonstrated greater retention and compliance than the
self-referred cohort, which suggests that participants are more
likely to engage if they are encouraged by a clinician or aware
of how their data may be used to inform and personalize their
care. Based on these results, future digital health studies should
be incorporated, as exploratory outcomes initially, within clinical
trials to assess the applicability and utility of digital monitoring.
Finally, it is known that comorbidities, as well as concurrent
medication use, have a significant impact on MS patients
[11,12,78,79]; details regarding comorbidities were not collected
in this pilot study, but should be included in future long-term
assessments.

Comparison With Prior Work
In line with previous digital health feasibility studies, our results
demonstrate that smartphone technology can be used to collect
both sensor-based active measurements and passive data related
to disease symptoms and severity in patients with MS
[23,31-35]. In contrast to previous studies, elevateMS collected
data from a large, geographically diverse, remote, and
unsupervised population, independent of scheduled clinic visits.
Although a significant number of individuals did not participate
beyond enrollment on the first day of the elevateMS study, our
user engagement data are consistent with previous digital health
studies that recruited broadly from the general population, with
no scheduled in-clinic touchpoints or incentives associated with
the app usage [62]. As with previous digital health studies
[26,28,34], elevateMS relied on arbitrary measures of retention
and compliance. In order to fully assess participant engagement
and enable comparisons between different studies, these
parameters need to be defined in more specific terms. For
example, the BEST (Biomarkers, EndpointS, and other Tools)
Resource, created by the US Food and Drug Administration
and the National Institutes of Health [80], could be expanded
to include clear and unambiguous definitions of retention and
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compliance in digital health studies, creating standardized
measures that could be utilized across the field.

Clinical validation of elevateMS data was beyond the scope of
this study; however, it is reassuring that the symptoms and
triggers most commonly reported in the app, such as fatigue,
weakness, temperature and stress, are already well-documented
in traditional studies of MS [7-10,81]. This is further reinforced
by our results showing worse performance in active functional
tests, such as finger-tapping and DSST responses, in increased
ambient temperatures, reflecting the well-known heat sensitivity
experienced by patients with MS [7-9]. Furthermore, by
comparing self-reported PDDS and Neuro-QoL results, we have
shown that it is possible to use smartphone-based motor

measurements to assess both disease severity and QoL,
providing internal validation of elevateMS results.

Conclusions
In contrast to current, episodic disease monitoring practices,
this study demonstrates the value and utility of frequently
assessing the real-world, live patient experience of MS using a
digital health app. By providing a more comprehensive and
representative assessment of patients outside of the clinic,
elevateMS and other disease-tracking apps have the potential
to enhance the understanding of MS, facilitate patient–clinician
communication, and support personalization of disease
management plans.
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Abstract

Background: While transcatheter aortic valve replacement (TAVR) has revolutionized the treatment of aortic valve stenosis,
wearable health-monitoring devices are gradually transforming digital patient care.

Objective: The aim of this study was to develop a simple, efficient, and economical method for preprocedural frailty assessment
based on parameters measured by a wearable health-monitoring device.

Methods: In this prospective study, we analyzed data of 50 consecutive patients with mean (SD) age of 77.5 (5.1) years and a
median (IQR) European system for cardiac operative risk evaluation (EuroSCORE) II of 3.3 (4.1) undergoing either transfemoral
or transapical TAVR between 2017 and 2018. Every patient was fitted with a wrist-worn health-monitoring device (Garmin
Vivosmart 3) for 1 week prior to the procedure. Twenty different parameters were measured, and threshold levels for the 3 most
predictive categories (ie, step count, heart rate, and preprocedural stress) were calculated. Patients were assigned 1 point per
category for exceeding the cut-off value and were then classified into 4 stages (no, borderline, moderate, and severe frailty).
Furthermore, the FItness-tracker assisted Frailty-Assessment Score (FIFA score) was compared with the scores of the preprocedural
gait speed category derived from the 6-minute walk test (GSC-6MWT) and the Edmonton Frail Scale classification (EFS-C).
The primary study endpoint was hospital mortality.

Results: The overall preprocedural stress level (P=.02), minutes of high stress per day (P=.02), minutes of rest per day (P=.045),
and daily heart rate maximum (P=.048) as single parameters were the strongest predictors of hospital mortality. When comparing
the different frailty scores, the FIFA score demonstrated the greatest predictive power for hospital mortality (FIFA area under
the curve [AUC] 0.844, CI 0.656-1.000; P=.048; GSC-6MWT AUC 0.671, CI 0.487-0.855; P=.42; EFS-C AUC 0.636, CI
0.254-1.000; P=.44).

Conclusions: This proof-of-concept study demonstrates the strong predictive performance of the FIFA score compared to that
of the conventional frailty assessments.

(JMIR Mhealth Uhealth 2020;8(10):e19227)   doi:10.2196/19227
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Introduction

Since the first transcatheter aortic valve replacement (TAVR)
performed in 2002 by Alain Cribier, little development has
taken place in the field of frailty assessment [1]. Despite being
referred to as “the most important patient characteristic not
included in current risk models” in the Valve Academic
Research Consortium-2 (VARC-2) consensus document, the
frailty assessment tool that is the most appropriate for clinical
practice remains debated [2,3]. While existing objective
performance measures such as gait speed or grip strength lack
the specificity to distinguish between frail and nonfrail patients
when used on their own, the development of multimodal and
TAVR-specific frailty scores has yielded promising approaches
that outperform the most widely used risk scores [4-9]. However,
as most of these conventional frailty assessment tools are
relatively time-consuming and resource-consuming, frailty is
still often assessed subjectively based upon either an “eyeball
test,” which is an “end-of-the-bed” assessment, or not measured
at all in clinical practice [5].

Wearable health-monitoring devices have already been used
for patient-related basic measurements in different specialties.
Several studies have proven that such devices can reliably
predict flares in patients with rheumatic diseases or reverse
remodeling in patients with heart failure treated with
resynchronization therapy [2-4]. These mediums, therefore,
represent a potential platform where measurements relevant to
the patients’ health status and subsequent intervention can be
collected without significantly interfering with the activities of
both patients and clinical staff. The aim of this study was to
develop a preprocedural frailty assessment based on data
measured by a wearable health-monitoring device.

Methods

Patient Population and Study Design
The present open-label, nonrandomized proof-of-concept study
features permanent preprocedural activity monitoring with a
wearable health-monitoring device (Vivosmart3, software
version 2.9-5.10, Sensor Hub software version 6.3., Garmin)
during the week prior to the intervention. All patients treated
between March and December 2018 at the Heart Center Hietzing
(Vienna, Austria) were invited to participate and they provided
written informed consent. Baseline patient characteristics, as
well as procedural and outcome data, were obtained from the
VIennaCardioThOracic Aortic Valve RegistrY. The Ethics
Committee of the City of Vienna approved the study (protocol
EK-048-0318).

The indication for TAVR was assessed by a multidisciplinary
Heart Team, consisting of cardiologists, cardiac surgeons,
anesthetists, radiologists, and geriatricians. Intermediate-risk
or high-risk patients with severe aortic stenosis were subject to
evaluation and were included, conforming to the current
guidelines of the European Association of Cardio-Thoracic

Surgery [5]. Hence, inclusion and exclusion criteria for the trial
were the same as those for the procedure itself. No patient had
physical limitations preventing him/her from wearing an activity
tracker. Surgical risk stratification was based on the following
risk algorithms: the logistic European system for cardiac
operative risk evaluation (EuroSCORE), EuroSCORE II, and
the Society of Thoracic Surgeons (STS) score [6-8]. To
determine the prevalence of frailty, the Edmonton Frail Scale
(EFS) was used and the 6-minute walk test (6MWT) was
performed prior to the intervention [9,10]. The primary endpoint
of the study was in-hospital all-cause mortality. The evaluation
and documentation of the postprocedural outcome data followed
the VARC-2 criteria [11].

Frailty Assessment
The EFS includes an objective evaluation of the patient’s health
status as well as the quality of life and clinical frailty. It
comprises 5 categories: 0-5 points, not frail; 6-7 points,
vulnerable; 8-9 points, mild frailty; 10-11 points, moderate
frailty; and >12 points, severe frailty [9]. As an additional frailty
assessment tool, the 6MWT was performed in the same visit in
the outpatient department. We distinguished between very slow
walkers (<0.5 m/s), slow walkers (≥0.5 m/s), normal walkers
(>0.83 m/s), and patients, in whom the 6MWT was not feasible
because of general weakness, being bedridden, being
wheelchair-bound, or pain [12].

Wearable Health-Monitoring Device
The Vivosmart 3 continuously measures daily physical activity.
It assesses the daily step count, distance covered (in kilometers),
calories burned, the time spent in different stress levels, the
hours and depth of sleep, the minimum and maximum heart
rate, and the number of flights of stairs climbed. Several reports
have validated the accuracy of the heart rate measurement by
Garmin Vivosmart devices with simultaneous electrocardiogram
readings [13,14], and the device has shown excellent test-retest
reliability as well as optimal step count accuracy at low and
moderate walking speeds [15]. The stress level measurement
calculated by the device is based on the analysis of the heart
rate variability and it is a good reflector of autonomic activity.
Real-life heart rate measurements using photoplethysmography
are combined with mathematical modeling and algorithms to
infer the present stress level of the patient wearing the
monitoring device [16].

The waterproof device was worn for at least one week prior to
the procedure around the wrist of the nondominant hand to avoid
additional step count through repetitive gestures during daily
activities. Patients were encouraged to follow their regular
routines and activities while continuously wearing the device
and they were instructed not to remove it temporarily for
bathing, swimming, or sleeping.

On the day of admission, the device was removed, and the
activity data were uploaded via password-encrypted Bluetooth
transfer to anonymous accounts in the Garmin Connect app
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(version 3.22.0.1-4.20). The device had no GPS-tracking
function, thereby ensuring maximum data security.

Fitness-Tracker Assisted Frailty-Assessment
The objective of this study was to develop a modern,
easy-to-use, time-saving, and resource-saving frailty assessment
method that allows accurate prediction of adverse outcomes
after TAVR. The daily output was used to calculate the weekly
average values, excluding the incomplete activity data available
from the first and last day of monitoring. Threshold levels in 3
predefined categories (ie, heart rate, preprocedural stress, and
walking) were calculated. The patients were assigned 1 point
per category when exceeding (in categories with positive
correlation) or subceeding (in categories with negative
correlation) the threshold levels and then grouped into 4
categories (0, no frailty; 1, mild frailty; 2, moderate frailty; 3,
severe frailty). Sleep pattern parameters were assessed for their
discriminatory power but not included in the FItness-tracker
assisted Frailty-Assessment (FIFA) score, as currently, no
evidence exists that such parameters are correlated with adverse
postoperative outcomes.

Statistical Analysis
Continuous data were expressed as mean (SD) or median (IQR)
depending on the normal distribution. The comparison of
continuous data between groups was performed using the
Kruskal-Wallis test (H test) or univariate analysis when
appropriate. A chi-square or Fisher exact test was performed to
compare categorical data. Posthoc testing was performed using
the Bonferroni corrected z test, Duncan, or Scheffé test
depending on variance homogeneity and sample size.

For the development of the FIFA score, different parameters
identifying frail patients and positively predicting hospital
mortality were determined by receiver operating characteristic
(ROC) analysis. The discriminatory ability was assessed via
the area under the curve (AUC). Threshold values were
calculated retrospectively with the Youden Index (J = sensitivity
+ specificity –1). The different frailty and risk assessment tools
were then again compared for their predictive power of hospital
mortality with ROC and AUC analysis. The alpha level was set
at less than .05. All tests were two-tailed. Statistical calculations
were performed using the SPSS statistical software version 24.0
(IBM Corp).

Results

Baseline Patient Characteristics
The baseline characteristics of the cohort are outlined in Table
1. In total, 50 patients (22 women, 44%) with a mean (SD) age
of 77.5 (5.1) years were included. The surgical risk profile of
the cohort was as follows: mean (SD) EuroSCORE II, 3.3 (4.1)
and median (IQR) STS score, 2.9 (2.3). The patients were
stratified according to their FIFA score classification (no, mild,
moderate, or severe frailty). There was a strong correlation
between the FIFA score and the baseline serum albumin level,
as more frail patients had significantly lower albumin levels
(P=.005). Apart from the serum albumin levels, the baseline
characteristics, including echocardiographic parameters, were
similar among the groups.
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Table 1. Baseline characteristics of the cohort.

P valueaSevere frailty,
n=8

Moderate
frailty, n=21

Mild frailty,
n=10

No frailty,
n=11

Overall, N=50Characteristics

Demographics

.2874.9 (7.2)78.7 (4.9)76.4 (4.8)78.0 (3.3)77.5 (5.1)Age (years), mean (SD)

.693 (38)8 (38)6 (60)5 (46)22 (44)Female, n (%)

.6328.0 (6.7)26.1 (4.3)27.3 (7.5)28.5 (3.9)27.2 (5.3)Body mass index (kg/m2), mean (SD)

.00538.1 (3.9)40.4 (2.2)38.6 (3.9)42.7 (2.0)40.3 (3.3)Serum albumin (g/dl), mean (SD)

Risk scores

.323.4 (2.6)3.3 (5.2)2.6 (1.7)4.9 (6.4)3.3 (4.1)EuroSCORE IIb, median (IQR)

.178.2 (5.4)11.6 (7.4)11.3 (6.4)16.3 (11.0)12.0 (8.1)Logistic EuroSCORE, mean (SD)

.342.8 (1.6)3.6 (3.6)2.4 (2.9)2.7 (1.7)2.9 (2.3)STSc score, median (IQR)

Comorbidities

.588 (100)19 (91)9 (90)11 (100)47 (94)Hypertension, n (%)

.593 (38)9 (43)5 (50)2 (18)19 (38)Diabetes mellitus (IDDM)d, n (%)

.454 (40)10 (48)4 (40)8 (73)26 (52)Atrial fibrillation, n (%)

.694 (50)11 (52)3 (30)5 (46)23 (46)Peripheral vascular disease, n (%)

.093 (38)5 (24)5 (50)2 (18)15 (30)COPDe, n (%)

.761 (13)6 (29)1 (10)2 (18)10 (20)Cerebrovascular accident, n (%)

.161.5 (0.8)1.2 (1.0)0.9 (0.5)1.1 (0.6)1.1 (0.7)Creatinine (mg/dL), median (IQR)

.650 (0)3 (14)1 (10)2 (18)6 (12)Prior myocardial infarction, n (%)

.034 (50)5 (24)0 (0)6 (55)15 (30)Prior PCIf, n (%)

.300 (0)2 (10)1 (10)3 (27)6 (12)Previous CABGg, n (%)

.370 (0)2 (10)0 (0)2 (18)4 (8)Previous valve surgery, n (%)

.4951.8 (14.0)47.0 (14.5)36.3 (3.2)48.6 (20.9)47.1 (15.8)sPAPh, mean (SD)

.1050.8 (12.2)41.7 (16.0)63.5 (12.1)54.3 (13.1)50.0 (15.5)LVEF%i, mean (SD)

aStatistically significant P values are italicized in the table.
bEUROScore: European system for cardiac operative risk evaluation.
cSTS: Society of Thoracic Surgeons.
dIDDM: insulin-dependent diabetes mellitus.
eCOPD: chronic obstructive pulmonary disease.
fPCI: percutaneous coronary intervention.
gCABG: coronary artery bypass graft.
hsPAP: systolic pulmonary artery pressure.
iLVEF: left ventricular ejection fraction.

Procedural Outcomes and Adverse Events
The procedural outcomes are shown in Table 2. The procedural
time, total intensive care unit hours, and hospital stay did not

differ between the frailty stages. The same applied to adverse
events, as seen in Table 3.
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Table 2. Procedural characteristics and outcomes in the different groups of the cohort.

P valueSevere frailty,
n=8

Moderate
frailty, n=21

Mild frailty,
n=10

No frailty, n=11Overall,

N=50

Procedures

.73Prosthesis used, n (%)

0 (0)2 (10)0 (0)2 (18)4 (8)Sapien XT

5 (63)10 (48)6 (60)6 (55)27 (54)Sapien 3

3 (38)6 (29)3 (30)3 (27)15 (30)Symetis Acurate

0 (0)3 (14)1 (10)0 (0)4 (8)Core Valve Evolut

.2118.5 (281.0)21.0 (4.0)23.0 (33.0)32.0 (48.0)22.0 (29.0)Total ICUa hours, median (IQR)

.4217.0 (20.0)13.0 (8.0)11.0 (12.0)15.0 (13.0)13.0 (10.0)Length of stay in days, median (IQR)

aICU: intensive care unit.

Table 3. Adverse events in the different groups of the cohort.

P valueSevere frailty,
n=8

Moderate
frailty, n=21

Mild frailty,
n=10

No frailty, n=11Overall, N=50Types of adverse events

.70Cerebrovascular events, n (%)

1 (13)1 (5)0 (0)0 (0)2 (4)Transient ischemic attack

0 (0)1 (5)0 (0)0 (0)1 (2)Major stroke

.52Access site complication, n (%)

0 (0)1 (5)1 (10)1 (9)3 (6)Minor access complication

0 (0)0 (0)1 (10)0 (0)1 (2)Major access complication

.491 (13)1 (5)0 (0)0 (0)2 (4)Myocardial infarction

.841 (13)2 (10)2 (20)2 (18)7 (14)Postoperative pacemaker

.43Postoperative acute kidney injury, n (%)

2 (25)3 (14)1 (10)0 (0)6 (12)Stage I

0 (0)0 (0)0 (0)0 (0)0 (0)Stage II

0 (0)2 (10)0 (0)0 (0)2 (4)Stage III

.43Postoperative bleeding, n (%)

1 (13)2 (10)1 (10)3 (27)7 (14)Minor bleeding

1 (13)0 (0)0 (0)1 (9)2 (4)Major bleeding

.092 (25)1 (5)0 (0)0 (0)3 (6)Hospital mortality

Discriminatory Power of Health-Monitoring
Device–Generated Measurements as Predictors of
Hospital Mortality
The overall preprocedural stress level (AUC 0.915, CI
0.795-1.000; P=.02), the minutes spent in high stress (AUC
0.908, CI 0.801-1.000; P=.02), the minutes at rest (AUC 0.848,

CI 0.711-0.984; P=.045), and the heart rate maximum (AUC
0.844, CI 0.717-0.97; P=.048) as individual parameters were
the strongest predictors of hospital mortality in the ROC
analysis. High preprocedural stress levels, long periods spent
in high stress, and an elevated maximum heart rate correlated
positively with hospital mortality, whereas the amount of time
at rest had an inverse correlation with hospital mortality (Table
4).
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Table 4. Receiver operating characteristic analysis and hospital mortality.

P valueaConfidence intervalArea under the curveParameters

UpperLower

Tracker parameters

Heart rate

.280.9410.4350.688Heart rate minimumb

.0480.9710.7170.844Heart rate maximumb

Preprocedural stress

.0450.9840.7110.848Stress level at restc

.021.0000.8010.908Stress level, highb

.021.0000.7950.915Overall stress levelb

Walking

.920.9660.0690.518Step countc

.890.9740.0760.525Walking distancec

Sleeping

.951.0000.0850.560Sleep state, deepc

.810.8560.0590.457Sleep, lightb

.850.9510.1130.532Sleep, awakeb

.950.8650.0710.468Sleep, in totalc

Risk scores

.470.7690.4790.624EuroSCOREd IIb

.820.6810.2410.461Logistic EuroSCOREb

.470.5540.1980.376STSe scoreb

Frailty scores

.420.8550.4870.671Gait speed classification (6MWTf)b

.441.0000.2540.636EFSg classificationb

.0481.0000.6560.844FIFAh score

aStatistically significant P values are italicized in the table.
bPositive correlation with hospital mortality.
cNegative correlation with hospital mortality.
dEUROScore: European system for cardiac operative risk evaluation.
eSTS: Society of Thoracic Surgeons.
f6MWT: 6-minute walk test.
gEFS: Edmonton Frail Scale.
hFIFA: FItness-tracker assisted Frailty-Assessment.

Comparison of the Incremental Predictive Value of
Frailty Scores
Depending on the frailty-assessment method used, the
prevalence of frailty ranged from 55.5% (FIFA) and 60.6%
(EFS-C) to 62.5% (gait speed category). Therefore, frailty was
defined as either “moderate frailty” or “severe frailty” in the

FIFA score classification, as “mild frailty,” “moderate frailty,”
and “severe frailty” in the EFS-C or as unfeasible 6MWT or
gait speed less than 0.83 m/s. The FIFA score demonstrated the
highest predictability of hospital mortality (AUC 0.844, CI
0.656-1.000; P=.048) when compared to 6MWT gait speed
classification (AUC 0.671, CI 0.487-0.855; P=.42) and EFS-C
(AUC 0.636, CI 0.254-1.000; P=.44) (Table 4, Figure 1).

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e19227 | p.629https://mhealth.jmir.org/2020/10/e19227
(page number not for citation purposes)

Mach et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Figure 1. Receiver operating characteristic curves predicting hospital mortality. ROC: receiver operating characteristic; GSC-6MWT: gait speed
category derived from the 6-minute walk test; EFS-C: Edmonton Frail Scale classification; FIFA: FItness-tracker assisted Frailty-Assessment.

Discussion

Principal Results
This study demonstrates the strong predictive performance of
a modern health-monitoring device–based frailty assessment,
and, to the best of our knowledge, this is the first trial to
investigate the potential of a wearable activity-monitoring device
in this specific clinical setting. The main findings of our study
were as follows. The FIFA score correctly identifies frail
patients, as demonstrated by the strong correlation with baseline
serum albumin levels—a well-established biomarker for frailty.
Device-recorded preprocedural stress and heart rates in patients
with TAVR are independent predictors with increased
postprocedural hospital mortality. The FIFA score outperformed
conventional frailty assessment methods by correctly identifying
patients at higher risk for procedure-related mortality.

The FIFA trial has developed a modern, intuitive, and efficient
frailty assessment tool that adds substantially to the growing
body of evidence on the relevance of frailty in the selection of
patients with TAVR. Its potential in clinical practice is
substantiated by its relationship with established measures of
frailty such as serum albumin levels, which play a prominent

role in the estimation of frailty by reflecting the extent of muscle
weakness and malnutrition. Preoperative serum albumin levels
<3.5 g/dl have been proven to be an independent predictor of
mortality and the inverse and proportional correlation between
baseline serum albumin levels and the FIFA score is thus
indicative of the assessment tool’s ability to correctly identify
frail patients [9].

Furthermore, it has also been shown for the first time that several
preprocedural stress parameters (the overall preprocedural stress
level, net time in high stress/at rest) are independent predictors
of postprocedural mortality. Establishing the link between stress
measurements and postprocedural outcomes was enabled by
wearable devices and represents a novel finding. The
physiological basis for this relationship may be underpinned by
the pivotal role that heart rate variability has in deriving the
stress parameters. Several studies have verified the association
between deviations in heart rate variability scores and
postoperative outcomes. The standard deviation of normal to
normal intervals has been established as an independent
predictor of increased postprocedural mortality in various
clinical populations [17-19]. Varadhan et al [20] demonstrated
that impaired cardiac autonomic function reflected by a lower
heart rate variability is a predictor of frailty and mortality in
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older women. It is assumed that the underlying
pathophysiological process may be the degradation of autonomic
control mechanisms, which leads to an overactivated
sympathetic system and subsequent neuroendocrine responses
in resting stages, thereby hampering physiological recovery.
Accordingly, the FIFA trial has also demonstrated that an
elevated preprocedural overall maximum heart rate correlates
positively with increased hospital mortality. We, therefore,
postulate that stress parameters represent a directly measurable
surrogate marker of impaired hemodynamic regulation in those
patients. Consequently, stress parameters as measured with
activity-monitoring devices may help detect high-risk patients
and reduce therapeutic futility. Importantly, this information
could be combined with other established parameters (eg,
albumin levels) in improving the specificity of preoperative risk
assessments.

Conventional frailty scores (the EFS-C and the 6MWT gait
speed classification) showed limited association with hospital
mortality compared to the FIFA score, but given the fact that
these criteria were designed to predict long-term outcomes,
correlations may improve, as the study progresses over time.
In contrast to our findings, gait speed as a single measure was
shown to be independently associated with mortality after TAVR
procedures. Alfredsson et al [21] reported that the slowest
walkers in their study had a 35% higher 30-day mortality than
normal walkers, and each 0.2-m/s decrease in gait speed
corresponded to an 11% mortality increase. Although the EFS
applied in this study has not been subject to validation in a
population with TAVR, it demonstrated good predictability of
30-day mortality in older patients after cardiac surgery [22].
The differences in the findings may be attributed to the smaller
population examined in this study; however, the ability of the
FIFA score to predict short-term mortality within our initial
study population is promising. With an AUC of 0.844, it

demonstrates excellent discriminatory power [23]. Moreover,
not only does it correctly identify frail patients and potentially
exceed conventional frailty assessment methods in their
predictive ability of postprocedural mortality, but its ease of
use and economical approach saving both time and valuable
human resources make it an especially attractive tool to use in
clinical practice. A further benefit is that while patients may
perform differently in a clinical test setting, the gathering of
real-life data allows more objective interpretation of patients’
frailty with high interobserver reliability.

Limitations
There are several limitations to this study. As this is a
proof-of-concept study, benchmark data had to be established
for comparison with conventional frailty assessment methods;
hence, the open-label, nonrandomized, prospective trial design.
Owing to the lack of existing data, the concept was established
and tested in a relatively small number of patients. Even though
the primary endpoint is sufficiently powered, the concept needs
to be validated in a larger patient population. Furthermore, the
short postprocedural observation period may lead to
underestimation of the predictive value of the FIFA score as
most frailty-related studies assess long-term outcomes, including
1-year mortality.

Conclusion
For the first time, the strong predictive performance of wearable
health-monitoring device–related assessment compared to that
of conventional frailty methods has been shown. The ease of
use, objectivity, and high predictive performance may not only
save valuable clinical resources but ultimately improve patient
selection and safety. The promising initial results warrant further
evaluation of the FIFA score classification as a predictor of
short-term and long-term mortality after structural heart
interventions or conventional surgery.
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Abstract

Background: With an estimated prevalence of around 3% and an about 2.5-fold increased risk of stroke, atrial fibrillation (AF)
is a serious threat for patients and a high economic burden for health care systems all over the world. Patients with AF could
benefit from screening through mobile health (mHealth) devices. Thus, an early diagnosis is possible with mHealth devices, and
the risk for stroke can be markedly reduced by using anticoagulation therapy.

Objective: The aim of this work was to assess the cost-effectiveness of algorithm-based screening for AF with the aid of
photoplethysmography wrist-worn mHealth devices. Even if prevented strokes and prevented deaths from stroke are the most
relevant patient outcomes, direct costs were defined as the primary outcome.

Methods: A Monte Carlo simulation was conducted based on a developed state-transition model; 30,000 patients for each
CHA2DS2-VASc (Congestive heart failure, Hypertension, Age≥75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65-74
years, Sex category [female]) score from 1 to 9 were simulated. The first simulation served to estimate the economic burden of
AF without the use of mHealth devices. The second simulation served to simulate the economic burden of AF with the use of
mHealth devices. Afterwards, the groups were compared in terms of costs, prevented strokes, and deaths from strokes.

Results: The CHA2DS2-VASc score as well as the electrocardiography (ECG) confirmation rate had the biggest impact on costs
as well as number of strokes. The higher the risk score, the lower were the costs per prevented stroke. Higher ECG confirmation
rates intensified this effect. The effect was not seen in groups with lower risk scores. Over 10 years, the use of mHealth (assuming
a 75% ECG confirmation rate) resulted in additional costs (€1=US $1.12) of €441, €567, €536, €520, €606, €625, €623, €692,
and €847 per patient for a CHA2DS2-VASc score of 1 to 9, respectively. The number of prevented strokes tended to be higher in
groups with high risk for stroke. Higher ECG confirmation rates led to higher numbers of prevented strokes. The use of mHealth
(assuming a 75% ECG confirmation rate) resulted in 25 (7), –68 (–54), 98 (–5), 266 (182), 346 (271), 642 (440), 722 (599), 1111
(815), and 1116 (928) prevented strokes (fatal) for CHA2DS2-VASc score of 1 to 9, respectively. Higher device accuracy in terms
of sensitivity led to even more prevented fatal strokes.

Conclusions: The use of mHealth devices to screen for AF leads to increased costs but also a reduction in the incidence of
stroke. In particular, in patients with high CHA2DS2-VASc scores, the risk for stroke and death from stroke can be markedly
reduced.

(JMIR Mhealth Uhealth 2020;8(10):e20496)   doi:10.2196/20496
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Introduction

With an estimated prevalence of about 3%, atrial fibrillation
(AF) is one of the most common cardiac arrhythmias [1]. On
the one hand, AF can be considered as an independent disease;
on the other hand, AF can be considered as a risk factor for
secondary diseases. AF is associated with an increased risk of
all-cause mortality, as well as cardiovascular mortality and
stroke [2,3].

An established way to estimate the risk for stroke in patients
with AF is the CHA2DS2-VASc score (Congestive heart failure,
Hypertension, Age≥75 years, Diabetes mellitus, Stroke, Vascular
disease, Age 65-74 years, Sex category [female]) [4]. To reduce
the risk of stroke, it is recommended to consider anticoagulation
therapy after the diagnosis of AF in male patients with a
CHA2DS2-VASc score of 1 and in female patients with a score
of 2 [1].

AF can occur in 5 different forms (first diagnosed, paroxysmal,
persistent, long-standing persistent, and permanent), which can
be either symptomatic or asymptomatic. The European Society
of Cardiology recommends opportunistic screening by pulse
taking or electrocardiogram rhythm strip in patients older than
65 years because undiagnosed AF remains a common problem
[1].

While screening during visits to the doctor often misses irregular
forms of AF, screening with the aid of implantable
cardioverter-defibrillators, pacemakers, and implantable loop
recorders is, at the same time, only eligible for a minority of
patients with previous cardiac illnesses. An innovative and
accurate approach to detect AF might be the application of
mobile health (mHealth) in combination with algorithms.
Nevertheless, the diagnosis should always be confirmed by
electrocardiography (ECG) as the gold standard [1].

The aim of this work was to evaluate the fictitious use of
photoplethysmography (PPG) in combination with algorithms
integrated in wrist-worn mHealth devices over a period of 10
years to support the diagnosis of AF as an add-on to the existing

health care system in Germany. The focus of this study was on
the different outcomes. The primary outcome was AF-related
costs. The secondary outcomes were the number of prevented
strokes and prevented deaths from stroke.

Methods

Model Description
A Markov Model, a practical tool for medical decision making
[5], was developed to assess the health economic impact of
wrist-worn PPG mHealth devices in the diagnosis of AF. A
model previously published by Reinhold et al who compared
implantable cardioverter-defibrillators was adapted [6]. A Monte
Carlo simulation was conducted based on a developed
state-transition model. Depending on the underlying patient
group, either with or without devices, different states and
transitions were restricted (Figure 1 and Figure 2). For both
groups, simulations were based on a time horizon of 10 years.
This was assumed since technological changes might probably
lead to even more accurate devices. During this period,
changings of state were calculated based on a 1-year cycle.
Whether the health state of individuals changes or not, depends
on the previous state as well as on defined probabilities of state
transition as listed in Table 1.

The simulation ends for an individual in case of death or by
reaching the time horizon of 10 years. In all other cases, the
subject re-enters the simulation at a point defined by the
previous state. The re-entering points are indicated in Figure 1
and Figure 2. The end point of a 1-year cycle is the starting
point for the next cycle.

An individual enters the simulation either with AF or without
AF. The initial health state is defined by the prevalence of AF.
The following path is determined by the incidence of the
alternatives at each decision node. Cardioversion through
surgical interventions (eg, catheter ablation) to restore normal
sinus rhythm was excluded. Thus, it was assumed that once an
individual experiences AF, it cannot be cured. With AF, an
individual cannot leave the upper branch (Figure 1 and Figure
2, “Atrial Fibrillation”) of the decision tree.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e20496 | p.635http://mhealth.jmir.org/2020/10/e20496/
(page number not for citation purposes)

GiebelJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Figure 1. Model structure of the group with mobile health devices (each end point is a different scenario). Additional bleeding events can occur in
each end point. ECG: electrocardiography.
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Figure 2. Model structure of the group without mobile health devices (each end point is a different scenario). Additional bleeding events can occur in
each end point. ECG: electrocardiography.
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Table 1. Probabilities of annual state transition as well as underlying assumptions and sources.

Sources and descriptionAssumptionsModel itemSerial number

Derived from the study of Saliba et al [7]. The prevalence
was used to simulate the initial proportion of patients with
AF.

Based on the CHA2DS2-VAScb

score: 0.01, 0.015, 0.034, 0.067,
0.118, 0.182, 0.255, 0.302, 0.403,
0.492

Prevalence of AFa at baseline1

Derived from the study of Saliba et al [7]. The incidence was
used to estimate the number of new cases of AF each year.

Based on the CHA2DS2-VASc score:
0.17, 0.21, 0.49, 0.94, 1.65, 2.31,
2.75, 3.39, 4.09, 6.71

Incidence of AF in the general
population (per 100 person-
years)

2

Derived from the study of Bonomi et al [8]. Sensitivity of
PPG compared to 24/48-hour Holter electrocardiogram

93%dSensitivity of mHealthc devices3

readings in outpatient settings; 93 out of 100 patients with
AF receive a true-positive diagnosis.

Bonomi et al [8] described the false-positive detection rate
as lower than 0.2%; 0.2% of subjects without AF receive a
false-positive diagnosis.

0.2%dFalse-positive AF detection rate
(mHealth device)

4

Because of the nonpersistent forms of AF, the disease cannot
always be confirmed through ECG follow-up. Nevertheless,

100%, 75%, and 50%Confirmation of the mHealth
diagnosis (by a physician using

ECGe)

5

in the first step, the assumption was made that a true-positive
mHealth diagnosis of AF can always be confirmed by a
physician. In subsequent simulations, the proportion was
altered.

Assumption that in patients with no AF, the attending
physician will not find artefacts of arrhythmia in the electro-
cardiogram.

100%Clarification of a wrong
mHealth diagnosis (by a physi-
cian using ECG)

6

Steinhubl et al [9] investigated the detection rate of AF in
active home-based monitored individuals. They found newly

36.09%Proportion of AF detected
without a device

7

diagnosed AF in 6.7 per 100 person-years in the monitored
individuals and 2.6 per 100 person-years in unmonitored
individuals. The proportion of AF detected with the aid of
wearables was multiplied with the AF ratio between unmon-
itored and monitored individuals. Yearly, 36.09% of AF
cases can be detected without the use of mHealth devices.

Derived from the study of Friberg et al [10]. The stroke inci-
dence yields the probability of experiencing a stroke.

Based on the CHA2DS2-VASc score:
0.2, 0.6, 2.5, 3.7, 5.5, 8.4, 11.4, 13.1,
12.6, 14.44

Stroke incidence in untreated
patients with AF (per 100 per-
son-years)

8

According to Odutayo et al [2], patients with AF have a 2.42-
fold increased risk for stroke compared to patients with no

Based on the CHA2DS2-VASc score:
0.0826, 0.2479, 1.0331, 1.5289,

Stroke incidence in patients
with no AF (per 100 person-
years)

9

AF. The stroke incidence in untreated patients with AF was
divided by 2.42.

2.2727, 3.4711, 4.7107, 5.4132,
5.2066, 5.9669

VKAg reduces the risk of stroke by two-third (66%) [1].
Rivaroxaban is noninferior to warfarin [11]. Thus, the risk

Based on the CHA2DS2-VASc score:
0.068, 0.204, 0.85, 1.258, 1.87, 2.856,
3.876, 4.454, 4.284, 4.9096

Stroke incidence in patients

with AF receiving NOACf (per
100 person-years)

10

reduction through NOAC should be at least as high as the
one from VKA.

Derived from the study of Reinhold et al [6]. If a patient does
not have AF but experiences a stroke, there is a 34% proba-
bility that the stroke is fatal.

34%Stroke mortality in patients
with no AF

11

Derived from the study of Reinhold et al [6]. If a patient has
AF and does not receive medication, there is a 63% probabil-
ity that the stroke is fatal.

63%Stroke mortality in untreated
patients with AF

12

Derived from the study of Reinhold et al [6]. If a patient has
AF and receives medication, the probability that an occurring
stroke is fatal is 42%.

42%Stroke mortality in patients
with AF receiving NOAC

13

Derived from the study of Reinhold et al [6]. Probability that
an individual who does not have AF dies due to reasons
other than stroke.

6%Mortality in patients with no
AF, no stroke

14

Derived from the study of Reinhold et al [6]. The probability
that an untreated patient with AF dies due to reasons other
than stroke.

11.1%Mortality in untreated patients
with AF, no stroke

15
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aAF: atrial fibrillation.
bCHA2DS2-VASc: Congestive heart failure, Hypertension, Age≥75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65-74 years, Sex category
(female).
cmHealth: mobile health.
dvalues were changed in sensitivity analysis.
eECG: electrocardiography.
fNOAC: non–vitamin K antagonist.
gVKA: vitamin K antagonist.

Once the individual health state is set and the underlying
individual is part of the group with mHealth devices, there is a
given probability of a device-based diagnosis (either
true-positive diagnosis or false-positive diagnosis). If the
device-based diagnosis is positive, the patient visits a doctor
and an ECG is recorded. If the mHealth diagnosis was false
positive, the doctor will clear up the misdiagnosis and the
individual is considered as healthy and remains in the group
without AF. If the individual truly has AF and the mHealth
device–based diagnosis is positive, the diagnosis might be
confirmed by the doctor. Either way, if the diagnosis is
confirmed or not, the patient remains in the AF group (Figure
1). Therefore, different probabilities were assumed (Table 1,
Serial number 5).

In case the device misses a diagnosis of AF or the individual is
in the group without mHealth devices, there is a chance that AF
is diagnosed during a visit to the physician in terms of standard
care (Table 1, Serial number 7). Furthermore, it is supposed
that a stroke in patients with previously undetected AF leads to
an AF diagnosis and therapy as well.

Once an individual receives an ECG-driven diagnosis of AF, it
is valid for the rest of the simulation and the possible states are
restricted according to the state-transition model. Based on the
diagnosis, it is assumed that the patient receives anticoagulation
therapy in the form of non–vitamin K antagonists (NOAC).

The possible end points at the end of each cycle are identical,
irrespective of the preceding arms of the decision tree. The first
possible end point could be experiencing a stroke, which can
be either fatal or nonfatal. The second possible end point could
be that the individual does not face any event influencing the
simulation. The third end point could be that the patient can die
due to reasons other than stroke. In all the end points, additional
bleeding events can occur.

State Transition Probabilities
The underlying probabilities for state transition are depicted in
Table 1. The transition possibilities differ for the implemented
CHA2DS2-VASc score. Increasing scores correlate with higher
prevalence and incidence of AF as well as higher risk for stroke.
The initiation of NOAC reduces the risk of stroke and mortality
in patients with AF; however, it increases the risk for major
bleeding. To assess the accuracy of mHealth devices in
screening for AF, a study focusing on the use of PPG was used
[8]. PPG is one of the most widespread technologies in mHealth
devices to screen for AF.

Costs
AF-related direct costs were considered from the view of the
German statutory health insurance. Device costs, costs incurred
during a visit to the doctor, costs incurred in diagnostics, costs
incurred in the therapy in form of NOAC, as well as costs related
to stroke and major bleeding were integrated. Device costs were
derived from the most popular mHealth AF screening device,
the Apple Watch 5 (€437.65, €1=US $1.12) [12].

To confirm the mHealth device–based diagnosis by a physician,
the costs were represented by adding single cost factors incurred
during the physician visit (ordination, consultation, urgent care,
telephone advice, telemedical care) (€35.62) with cost factors
resulting from diagnostics (long-term ECG, 12-lead ECG, stress
ECG) (€31.61) [13,14]. The cost components were derived from
[13] but the costs were adapted to the year of the study. As
medication costs for oral anticoagulation, the use of rivaroxaban
as the most prescribed NOAC in Germany was assumed. Thus,
the costs for pharmaceuticals resulted in €1226 per year [15].
Costs for individuals with stroke, either fatal or not, were
derived from the study of Kolominsky-Rabas et al [16]. An
interpolation and an extrapolation were made to receive
period-specific costs (Figure 3 and Table 2). The costs for major
bleeding (€1995) were directly derived from the study of
Reinhold et al [6]. The present value was calculated using a
discount rate of 3% per year.
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Figure 3. Interpolation and extrapolation of costs determined by using least squares adjustment. Values for year 1, year 5, and year 10 derived from
Kolominsky-Rabas et al [16]. €1=US $1.12.

Table 2. Relevant cost factors as well as sources and descriptions.

Reasons and descriptionCostsaCost factor

The price was derived from the most popular PPGb AFc screening device,
the Apple Watch Series 5 [12]. An integrated algorithm diagnoses AF auto-
matically. Trained personnel for interpretation is not needed.

€437.65Device costs

Physician visit: ordination and consultation, €13.20; urgent care, €12.90; and
telemedical care, €9.52. Diagnostics: long-term ECG and 12-lead ECG, €9.96;
stress ECG, €21.65; derived from the study of McBride et al [13] and adapted
to current conditions [14].

€67.23Visit to the doctor and diagnostics

The use of rivaroxaban was assumed because it is the most prescribed NOAC

in Germany [15].e
€1226Medication costs for oral anticoagulation

(NOACd)

Interpolation and extrapolation of costs derived from the study of Kolominsky-

Rabas et al [16] (Figure 3).e
€15,753 (year 1), €4480
(year 2)… €1481 (year 10)

Per year costs incurred after surviving a
stroke

Directly derived from the study of Reinhold et al [6].€1995Costs for major bleeding

Own assumption.3%Annual discounting rate

a€1=US $1.12.
bPPG: photoplethysmography.
cAF: atrial fibrillation.
dNOAC: non–vitamin K antagonist.
eThe program was realized using unrounded amounts in Euro.

Implementation
As relevant outcomes costs, prevented strokes and prevented
deaths from stroke were defined. To receive these outcomes,
an implementation of the simulation was conducted in Excel
(Microsoft Corp) by using Visual Basic for Applications.

Four different scenarios were simulated for each
CHA2DS2-VASc score from 1 to 9: 3 scenarios with mHealth
devices but different ECG confirmation rates (100%, 75%. and
50%) (Table 1, Serial number 5) and 1 scenario for patients
without mHealth devices. Each simulation included 30,000

fictitious patients. Subsequently, a sensitivity analysis for device
sensitivity and false-positive AF detection rate was conducted.
According to the European Society of Cardiology Guidelines
for the management of AF, it was assumed that anticoagulation
therapy was initiated in male patients with a CHA2DS2-VASc
score of 1 and in female patients with a score of 2 [1]. Therefore,
a comparison in patients with a risk score of 0 was deemed as
dispensable. To estimate the difference in the patients with a
risk score of 1, it was assumed that half of the individuals were
females. This is in accordance with the distributions of the sexes
in the publications used to determine the prevalence and
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incidence of AF [7] as well as the stroke incidence [10] used in
the simulation.

Results

Costs
The economic effect of mHealth intervention was assessed in
2 steps. First, the focus was on costs per patient. Secondly, costs
were assessed in relation to prevented strokes and fatal strokes.
As seen in Table 3 and Table 4, an increasing risk score has a
major impact on costs per patient in all the groups. The higher
the CHA2DS2-VASc score, the higher are the costs per patient
on average. While device ECG confirmation rate has little
impact on costs per patient, the use of mHealth devices increases
the costs per patient clearly (Figure 4).

To assess the costs per prevented stroke, the groups with and
without mHealth devices were compared. The difference in the
sum of the costs for all the patients in each group as well as the
difference in the number of strokes were determined for each
risk score. The ratio between the difference of the sum of costs

and the difference in number of strokes resulted in costs per
prevented stroke (Table 5).

Although costs per patient increase with increasing
CHA2DS2-VASc scores, the costs per stroke tend to decrease
in general. This effect is intensified by an increasing ECG
confirmation rate. The effect is not seen in groups with lower
risk scores. In these groups, the underlying basic risk for stroke
is low. Thus, the risk reduction by use of mHealth devices is
low as well. Findings for costs per fatal stroke fluctuated more
than costs per patient and the number of fatal strokes. This can
be explained by a small denominator (number of prevented
[fatal] strokes) in relation to a large numerator (cost difference
for all patients). Thus, small changes in the number of prevented
(fatal) strokes have a big impact on costs per prevented (fatal)
stroke.

With increasing ECG confirmation rates, the effect of mHealth
use becomes more evident. Low ECG confirmation rates lead
to results mainly driven by chance. In particular, regarding the
costs per prevented fatal stroke, the impact of higher risk scores
as well as ECG confirmation rates is even more pronounced.

Table 3. Summarized results of the simulations. Costs, strokes, and fatal strokes classified on the basis of the CHA2DS2-VASc score as well as the
investigated group (N=30,000 patients per group per score).

Study arm with device (50% ECGa confirmation)Study arm without device

Number of
fatal strokes

Number of
nonfatal
strokes

Total

number of

strokesd

Average costs per
patient (in €,
whole simulation
duration)

Number of
fatal strokes

Number of
nonfatal
strokes

Total

number of

strokesd

Average costs per

patient (in €c,
whole simulation
duration)

CHA2DS2-VASc

scoreb

19740259913302023795818731

8381513235127887671571233822802

122822323460381512102283349333513

180331004903523919723288526048604

285845697437723329644844780868775

3935622810,16393754111628610,39788026

4380685711,23710,4144780702411,80410,0237

4570646911,03910,7614894659111,48510,1548

5237696412,20112,0865621694412,56511,2999

27844259704370052947435773036502mean

aECG: electrocardiography.
bCHA2DS2-VASc: Congestive heart failure, Hypertension, Age≥75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65-74 years, Sex category
(female).
c€1=US $1.12.
dTotal number of strokes includes nonfatal and fatal strokes.
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Table 4. Summarized results of the simulations. Costs, strokes, and fatal strokes classified on the basis of the CHA2DS2-VASc score as well as the
investigated group (N=30,000 patients per group per score).

Study arm with device (100% ECG confirmation)Study arm with device (75% ECGa confirmation)

Number of
fatal strokes

Number of
nonfatal
strokes

Total num-
ber of

strokesd

Average costs per
patient (in €,
whole simulation
duration)

Number of

fatal strokes

Number of
nonfatal
strokes

Total num-
ber of

strokesd

Average costs per

patient (in €c,
whole simulation
duration)

CHA2DS2-VASc

scoreb

197331528129019536155613141

8141550236428768211585240628472

115921803339387612152180339538873

174031544894542117903204499453804

256347007263754326934751744474835

344261079549950836716084975594276

3932677110,70310,6274181690111,08210,6467

3821630110,12210,9374079629510,37410,8468

4313689711,21012,4634693675611,44912,1469

24424221666471712593423568287108mean

aECG: electrocardiography.
bCHA2DS2-VASc: Congestive heart failure, Hypertension, Age≥75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65-74 years, Sex category
(female).
c€1=US $1.12.
dTotal number of strokes includes nonfatal and fatal strokes.

Figure 4. Costs per patient classified on the basis of the CHA2DS2-VASc score as well as the investigated group (with or without device and ECG
confirmation rate). ECG: electrocardiography; CHA2DS2-VASc: Congestive heart failure, Hypertension, Age≥75 years, Diabetes mellitus, Stroke,
Vascular disease, Age 65-74 years, Sex category (female). €1=US $1.12.
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Table 5. Number of prevented strokes and costs per prevented stroke in each intervention group.

Costs per prevented fa-
tal stroke (in €)

Prevented fatal
strokes

Costs per prevented
stroke (in €)

Prevented strokesCost difference for all

patientsb (in €c)

Study arm, CHA2DS2-VASc

scorea

Study arm with device (100% ECGd confirmation)

2,503,8605236,2135312,519,3001

–380,706–47–688,200–2617,893,2002

309,00651102,33315415,759,3003

72,64023246,04536616,852,5004

49,85740136,68454519,992,6005

31,65166924,97084821,174,3006

21,34984816,443110118,103,8007

21,884107317,228136323,481,3008

26,699130825,773135534,921,8009

Study arm with device (75% ECG confirmation)

1,889,7437529,1282513,228,2001

–315,339–54–250,416–6817,028,3002

–3,214,800–5164,0209816,074,0003

85,76918258,68426615,609,9004

67,09227149,95036418,181,8005

42,57444029,17964218,732,6006

31,18059925,86872218,676,8007

25,47681518,688111120,762,7008

27,39692822,781111625,423,2009

Study arm with device (50% ECG confirmation)

2,740,8005–761,333–1813,704,0001

–214,686–71–1,172,515–1315,242,7002

–774,083–18422,2273313,933,5003

67,26216931,84135711,367,3004

111,5479628,86437110,708,5005

97,65917673,45323417,187,9006

29,28040020,65656711,712,0007

56,20032440,82744618,208,8008

61,49638464,87536423,614,5009

aCHA2DS2-VASc: Congestive heart failure, Hypertension, Age≥75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65-74 years, Sex category
(female).
bCost difference between group with devices and group without devices.
c€1=US $1.12.
dECG: electrocardiography.

Prevented Strokes
With respect to patients, prevented strokes are considered as
the most relevant outcome in this Monte Carlo simulation.
Prevented strokes were analyzed as prevented strokes in total

on the one hand and as prevented fatal strokes on the other hand.
Both of them were calculated as the difference between the
number of (fatal) strokes in the group without devices and the
number of (fatal) strokes in each of the groups with devices
(Table 5, Figure 5, and Figure 6).
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Figure 5. Stroke analysis on the basis of the CHA2DS2-VASc score as well as the investigated group (with or without device and ECG confirmation
rate). ECG: electrocardiography; CHA2DS2-VASc: Congestive heart failure, Hypertension, Age≥75 years, Diabetes mellitus, Stroke, Vascular disease,
Age 65-74 years, Sex category (female).

Figure 6. Fatal stroke analysis on the basis of the CHA2DS2-VASc score as well as the investigated group (with or without device and ECG confirmation
rate). ECG: electrocardiography; CHA2DS2-VASc: Congestive heart failure, Hypertension, Age≥75 years, Diabetes mellitus, Stroke, Vascular disease,
Age 65-74 years, Sex category (female).
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The chance to prevent strokes by the use of mHealth devices is
mainly driven by 2 factors. First, as seen in Table 5, the
incidence of prevented strokes tends to increase with increasing
CHA2DS2-VASc scores. The higher the risk score, the higher
is the incidence of AF. More patients with AF provide a higher
chance to detect AF by using mHealth devices, and thus,
initiated anticoagulation therapy will most likely reduce the
number of strokes. However, here again, this effect is not seen
in groups with a low risk for stroke. The second factor
influencing the number of prevented strokes is the ECG
confirmation rate. The higher the predictive value of the device
is, the more number of cases of AF can be confirmed, and the
more strokes might be prevented. If the device diagnosis is more
reliable, more cases of AF can be detected and the risk for stroke
can be reduced by subsequent therapy. The effects of higher
risk scores and high device ECG confirmation rate are even
higher in prevented fatal strokes. Nevertheless, there is also no
clear effect in low-risk patient groups.

Sensitivity Analysis
Based on the simulation, a sensitivity analysis was conducted
for values of device sensitivity (86%, 93%, and 100%) as well
as device false-positive AF detection rate (0.2%, 1%, and 5%)
(Table 6 and Table 7). For sensitivity analysis, the confirmation
of the mHealth diagnosis was determined to be 75%.

Device accuracy in terms of device sensitivity and device
false-positive rate had little impact on the costs per patient but
it had big impact on the number of fatal strokes. A higher device
sensitivity leads to a higher number of prevented fatal strokes.
In terms of the device false-positive rate, a higher value had
little impact on costs per patient and the number of strokes.
Nevertheless, it should be considered that high false
device–positive rates frighten patients and lead to more frequent
physician-patient interactions, which are a burden for the health
care system.

Table 6. Sensitivity analysis. The values were changed to 86% and 100%; 93% was the standard case.

Device sensitivity

100%93%a86%

Number of
fatal
strokes

Total num-
ber of
strokes

Average
costs per pa-
tient (in €)

Number of
fatal strokes

Total num-
ber of
strokes

Average
costs per pa-
tient (in €)

Number of
fatal strokes

Total num-
ber of
strokes

Average
costs per pa-

tient (in €)c

CHA2DS2-VASc

scoreb

2095861326210558130817551512751

7922312281682124062847868236227942

1234344639121215339538871239345839083

1728498654561790499453801861511154454

2695732974662693744474832742745075045

3600983095423671975594273704987894986

410610,81410,537418111,08210,646421910,90210,4307

410910,44710,922407910,37410,846408110,46810,8318

460211,35112,129469311,44912,146471511,69612,2799

aBase value.
bCHA2DS2-VASc: Congestive heart failure, Hypertension, Age≥75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65-74 years, Sex category
(female).
c€1=US $1.12.
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Table 7. Sensitivity analysis. Values altered for device false-positive atrial fibrillation detection rates.

Device false-positive rate

5%1%0.2%a

Number of
fatal
strokes

Total num-
ber of
strokes

Average
costs per pa-
tient (in €)

Number of
fatal strokes

Total num-
ber of
strokes

Average
costs per pa-
tient (in €)

Number of
fatal strokes

Total num-
ber of
strokes

Average
costs per pa-

tient (in €)c

CHA2DS2-VASc

scoreb

2075791342207584133621055813081

7892352283582023952863821240628472

1198340538641187342538581215339538873

1767496153651803501954141790499453804

2626725474472735745275262693744474835

3676983395613693985195373671975594276

426411,12710,650407310,93110,594418111,08210,6467

402610,30510,772411210,55710,923407910,37410,8468

463111,59912,254469111,37312,076469311,44912,1469

aBase value.
bCHA2DS2-VASc: Congestive heart failure, Hypertension, Age≥75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65-74 years, Sex category
(female).
c€1=US $1.12.

Discussion

Besides wrist-worn devices, ECG patches, hand-held devices,
and apps provide a helpful method to screen for AF [17]. Recent
cost-effectiveness analyses of hand-held ECG recorders showed
that these devices are likely to be cost-effective in older patient
groups [18-20]. Jacobs et al [18] investigated the effect of AF
screening with mHealth devices during seasonal influenza
vaccination; they found the screening to be cost-effective. A
second cost-effectiveness analysis conducted by Aronsson et
al [19] showed that 2 weeks of intermittent screening for
asymptomatic AF resulted in costs of €4313 per gained
quality-adjusted life-year and €6583 per avoided stroke [19].
Levin et al found that screening for silent AF after ischemic
stroke in 75-year-old patients leads to decreased costs, extended
lives, and improved quality of life [20]. The cost-effectiveness
of wrist-worn mHealth devices to detect AF is not yet clarified
[17].

The present model is the first to estimate the cost-effectiveness
of mHealth interventions by using wrist-worn devices over a
long period and assessing the cost-effectiveness of mHealth
devices in relation to the CHA2DS2-VASc score. To assess the
health economic effect of mHealth devices, several assumptions
and simplifications were integrated in the model. Some costs
were excluded. First, in the underlying simulation, indirect costs
associated with strokes were not considered. Indirect costs
include costs for work loss. Work loss was not considered
because no eligible current analysis about those specific costs
could have been found. Furthermore, indirect costs incurred by
work absences are presumed to be relatively low because strokes
mainly occur in older patients who are not working anymore.
Second, this simulation was limited to a time period of 10 years.

Long-term costs of care and medication were restricted in
accordance with the model.

Mean cost values for a visit to the doctor included ordination,
consultation, urgent care, telemedical care as well as different
types of ECG. Other possible interventions such as international
normalized ratio blood test, ultrasound, and radiography [13]
were not considered. There were no eligible data for long-term
patient care. Thus, subsequent visits were not integrated.

It was implemented that patients with AF receive rivaroxaban
because it is the most prescribed NOAC in Germany. Besides
rivaroxaban, there are many other pharmaceutical products such
as apixaban, dabigatran, warfarin, and phenprocoumon for the
treatment of AF. Some patients are not eligible for treatment
with NOACs and should take oral anticoagulants in form of
vitamin K antagonists (VKAs). Exclusion criteria are, for
example, use of mechanical heart valves or moderate as well
as severe mitral stenosis [1]. Since the most prescribed VKA
in Germany (phenprocoumon: €54.75 per year) is cheaper than
rivaroxaban (€1226.40 per year) [15], the estimates in this study
are even more conservative. In other studies, the costs for
anticoagulation therapy were estimated to be lower. Jacobs et
al [18] estimated the costs for NOAC to be €235 in the
Netherlands. Aronsson et al [19] suggested the use of apixaban,
which resulted in costs of €844 in Sweden.

This simulation is based on published data. However, this
published data did not represent a consistent patient pool.
Therefore, a special focus was put on the patient characteristics
in the underlying studies. The proportion of male and female
patients was always near 50%. Patient age as well as other
relevant characteristics were represented consistently by the
CHA2DS2-VASc score. A weakness of the simulation was that
general mortality in healthy subjects was assumed to be 6%,
irrespective of their age.
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The stroke incidence in patients with no AF was determined by
a division; the stroke incidence of untreated patients with AF
was divided by their additional risks for stroke compared to
patients with no AF. The most popular study on AF-related
stroke risk, the Framingham Study, estimates that the additional
risk for stroke in untreated patients with AF compared to that
in patients with no AF is 4.8-fold [3]. In this study, this risk was
determined to be 2.42-fold according to a meta-analysis by
Odutayo et al [2].

The Apple Heart Study showed that only 57% of the patients
went to the doctor after receiving an irregular pulse notification
[21]. In this simulation, it was modelled that every individual
who receives a notification visits the doctor. According to the
results, fewer visits to the doctor are related to lower overall
costs as well as fewer prevented strokes.

A further problem was to assess the accuracy of the mHealth
devices. The assumed accuracy published by Bonomi et al [8]
could be overestimated because physical activity, darker skin
color, higher body mass index, or male gender may influence
the accuracy [22]. With respect to newer devices such as the
Apple Watch, more cases of AF can be diagnosed with the aid
of ECG recordings in addition to PPG technology. To derive
the ratio of AF detected between the groups with and without
a device, the findings of a study by Steinhubl et al were used
[9]. They investigated the effect of a home-based wearable

intervention to detect AF by using ECG patches over a period
of 4 weeks. Although Steinhubl et al [9] used ECG patches for
a shorter period, their results were integrated in the simulation.
Tischer et al [23] found that patients with high CHA2DS2-VASc
scores experienced thromboembolic complications, irrespective
of the presence of AF. In these patients, anticoagulation therapy
may be initiated, regardless of AF. Thus, particularly in the
group with devices, for higher scores, the costs of the prescribed
NOACs could be overestimated because some patients would
receive anticoagulation therapy, irrespective of AF.

In conclusion, the results of this simulation allow the assessment
of the use of mHealth devices in different risk groups. From an
economic point of view, the use of these devices in patients
with high risk scores increases the costs per patient. With higher
risk scores, costs per prevented stroke decrease. Higher device
accuracy leads to more stable results. From a patient-oriented
perspective, the use of mHealth devices results in reduced
number of strokes. More strokes can be prevented if the
underlying CHA2DS2-VASc score is higher. In addition, a high
ECG confirmation rate and increased device accuracy lead to
more prevented strokes.

This study shows that mHealth devices are a recommendable
tool to screen for AF in patients with high CHA2DS2-VASc
scores. The higher the risk for stroke in patients with AF, the
more cost-effective are the devices.
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Abstract

Background: Many suicide risk factors have been identified, but traditional clinical methods do not allow for the accurate
prediction of suicide behaviors. To face this challenge, emma, an app for ecological momentary assessment (EMA), ecological
momentary intervention (EMI), and prediction of suicide risk in high-risk patients, was developed.

Objective: The aim of this case report study was to describe how subjects at high risk of suicide use the emma app in real-world
conditions.

Methods: The Ecological Mental Momentary Assessment (EMMA) study is an ongoing, longitudinal, interventional, multicenter
trial in which patients at high risk for suicide are recruited to test emma, an app designed to be used as a self-help tool for suicidal
crisis management. Participants undergo clinical assessment at months 0, 1, 3, and 6 after inclusion, mainly to assess and
characterize the presence of mental disorders and suicidal thoughts and behaviors. Patient recruitment is still ongoing. Some data
from the first 14 participants who already completed the 6-month follow-up were selected for this case report study, which
evaluated the following: (1) data collected by emma (ie, responses to EMAs), (2) metadata on emma use, (3) clinical data, and
(4) qualitative assessment of the participants' experiences.

Results: EMA completion rates were extremely heterogeneous with a sharp decrease over time. The completion rates of the
weekly EMAs (25%-87%) were higher than those of the daily EMAs (0%-53%). Most patients (10/14, 71%) answered the EMA
questionnaires spontaneously. Similarly, the use of the Safety Plan Modules was very heterogeneous (2-75 times). Specifically,
11 patients out of 14 (79%) used the Call Module (1-29 times), which was designed by our team to help them get in touch with
health care professionals and/or relatives during a crisis. The diversity of patient profiles and use of the EMA and EMI modules
proposed by emma were highlighted by three case reports.
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Conclusions: These preliminary results indicate that patients have different clinical and digital profiles and needs that require
a highly scalable, interactive, and customizable app. They also suggest that it is possible and acceptable to collect longitudinal,
fine-grained, contextualized data (ie, EMA) and to offer personalized intervention (ie, EMI) in real time to people at high risk of
suicide. To become a complementary tool for suicide prevention, emma should be integrated into existing emergency procedures.

Trial Registration: ClinicalTrials.gov NCT03410381; https://clinicaltrials.gov/ct2/show/NCT03410381

(JMIR Mhealth Uhealth 2020;8(10):e15741)   doi:10.2196/15741

KEYWORDS

suicide; ecological momentary assessment; prediction; prevention; mobile health; mHealth; case reports; ecological momentary
intervention

Introduction

Context
According to the World Health Organization (WHO), suicide
is the cause of 1 million deaths per year, accounting for nearly
2% of all deaths worldwide; this number should increase to 1.5
million by 2021. The WHO recognizes suicide prevention as a
public health priority [1,2]. History of suicide attempts is the
most important risk factor of suicide death in the general
population and is present in about 40% of suicides [3,4]. Patients
who come to the emergency department (ED) following a
suicide attempt present an extremely high risk of suicide in the
short term [5-7]. People at risk of suicide often do not seek help
and do not remain connected to the health service after an
attempt [8]. Access to mental health care is inversely correlated
with the suicide rate [9]. It is reported that less than half of
patients at risk of suicide are in contact with the health system,
including mental health services [10].

Ecological Momentary Assessment
Real-time emotional, behavioral, and psychological assessments
could improve the identification of high-risk individuals who
require rapid interventions. Ecological momentary assessment
(EMA), also commonly defined as the experience sampling
method, allows for the collection of longitudinal fine-grained
data as they occur in the real world. It gives an accurate picture
of the patient’s symptoms [11] and reduces the impact of
self-report response bias, thus leading to a better appreciation
of the temporal dynamics of suicide risk [12].

Typically, suicidal ideation is episodic, with a quick onset [13]
and short duration (ie, shorter than an hour) [14]. Suicidal
thoughts vary dramatically among individuals [15], and
fluctuating or persistent suicidal thoughts are associated with
the risk of different suicidal behavior types [14]. Suicide
attempts can occur in response to a rapid increase in suicidal
thoughts within a very short time (ie, 1 day) [13,16,17]. These
observations highlight the importance of not relying on
intermittent assessments of suicidal ideation for clinical decision
making, such as hospital discharge [13,18]. Mobile health
(mHealth) interventions are a promising way to assess these
fluctuations in real time.

Ecological Momentary Intervention for Suicide
Prevention
Digital tools could increase the effectiveness of these prevention
strategies. Indeed, apps are affordable and ubiquitous and can

be used in any situation, particularly during a crisis [19]. The
WHO recommends them for people at risk of suicide [1] because
they offer new opportunities to overcome some of the
help-seeking barriers they face [20-23] and enhance safety
planning [24] in response to dynamic suicidal processes in real
time [13]. Apps that specifically target suicidal behavior and
propose interactive and proactive content constitute an effective
prevention strategy [25-28]. Despite this scientific evidence, a
literature review [29] identified very few suicide-specific apps
(n=24) that include safety planning (n=14) and that directly
allow the user to seek support (n=13). Feasibility studies of
these apps report a significant reduction of suicidal ideation in
patients and a significative augmentation of suicide-related
coping [30]. However, potentially harmful content might
encourage self-harm and suicide [31], and many of the existing
apps for suicide prevention have not been scientifically validated
[22,29]. The field of e-mental health is particularly active,
producing new apps at an extremely fast pace; therefore, it is
crucial to regulate this field, especially for suicidology.

Yet, it should be possible to assess and prevent suicidal
behaviors in real time in high-risk patients using digital tools.
To test this hypothesis, our multidisciplinary team developed
emma, an app to monitor the psychological, emotional, and
social fluctuations of patients in their daily life. In addition to
EMA, the app includes interactive and customized ecological
momentary intervention (EMI) modules for suicide prevention.
This app is currently being tested in an ongoing trial: the
Ecological Mental Momentary Assessment (EMMA) study.
This article presents a descriptive analysis of selected patients
at high risk of suicide to obtain insights into the implementation
of an mHealth-based suicide risk assessment and prevention
procedure in real-life conditions.

The main objective of this study was to give a quantitative
description of emma use by a sample of individuals at high risk
of suicide in real-life conditions.

The secondary objectives were as follows:

1. To describe typical user profiles of the emma app.
2. To describe relevant qualitative elements from the

interviews of participants who completed the 6-month study.

Methods

Study Design
The EMMA study is an ongoing, prospective, longitudinal,
interventional multicenter trial, involving four French university
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hospitals in Montpellier, Lille, Brest, and Créteil, completed by
a qualitative study. The protocol was registered at
ClinicalTrials.gov (NCT03410381) on January 18, 2018; was
authorized by the French National Agency for Medicines and
Health Products Safety (Agence Nationale de Sécurité du
Médicament et des Produits de Santé [ANSM]) on November
30, 2017; and approved by the Est IV Ethical Committee for
the Protection of Patients on October 10, 2017.

Participants
The EMMA study planned to recruit 100 patients from EDs and
mental health departments. Patients are included after a suicide
attempt (<8 days) and/or if they have suicidal ideation (ie, score
≥2 out of 3 for item 18 on suicidal ideation of the 30-item
Inventory of Depressive Symptomatology: Clinician scale). The
other inclusion criteria are as follows: aged 18 years or older,
provided a signature on the informed consent form, and possess
a smartphone (iOS or Android). Exclusion criteria are as
follows: refusal to participate, under guardianship, protected
by law, deprived of liberty, not affiliated with a social security
system, in a period of exclusion from other trials, and unable
to understand the study. The recruited participants will not
receive any remuneration for their participation in the study.

Procedure
At inclusion (ie, month 0 [M0]), a psychiatrist performs the first
interview to ensure that the patient meets the eligibility criteria
and to obtain the informed written consent. Four clinical
assessments are conducted: at inclusion and at months 1, 3, and
6 (M1, M3, and M6). Clinical data are collected using
clinician-rated questionnaires—approximate durations are 1
hour and 30 minutes at M0, then 30 minutes at M1, M3, and
M6—and self-rated questionnaires—approximate duration
ranges from 1 hour to 1 hour and 30 minutes. These
questionnaires are listed in Multimedia Appendix 1 [32-48].

Satisfaction concerning the app is evaluated in three distinct
ways:

1. Questions about the usefulness and satisfaction of the app
administered every month via emma (eg, “This month, did
you find emma: easy to use/intrusive/useful/efficient,” rated
using a Likert scale from 0 to 10; approximate completion
time is 5 minutes).

2. Standardized self-administered questionnaire—Mobile App
Rating Scale [32]—at the end of the study.

3. A qualitative semistructured interview led by a social
sciences researcher in mental health proposed to 25 patients
to assess the participants’ subjective experiences
(approximate duration is 1 hour).

At inclusion, a member of the research team helps patients to
install, configure, and personalize the app, particularly to define
the elements of their safety plan. Patients are asked to use emma
for 6 months. Data collected during the assessments made by
clinicians, as well as data and metadata resulting from emma
use, are encrypted and stored in a secure server. All these data
will be used to develop the algorithm to predict suicidal risk
(see Multimedia Appendix 2). Considering the crucial issue of
health data privacy and security, multilevel technical and
organizational safeguards were put in place. The app is secured

by a password, as requested by the co-designer patients, and
data are anonymized, encrypted, and stored in a secure server
to prevent unauthorized data disclosure or breach, as
recommended by the European General Data Protection
Regulation.

Outcome Measures
The principal outcome measure of this preliminary analysis was
the quantitative description of app use: completion rates of daily
and weekly EMA questionnaires, frequency of use of the
prevention modules, and number of calls made through emma
to relatives and health care professionals in case of emergency.

The secondary outcome measures were as follows:

1. Occurrence of a suicide event (ie, suicide attempt,
hospitalization for suicidal ideation, and intensity of suicidal
ideation level) during the study period.

2. Quantitative description and app use timeline in a few
selected patients to illustrate different users’ profiles.

3. Qualitative analysis of selected interviews of participants
who completed the 6-month follow-up.

Emma Design
Emma is a smartphone app developed for the assessment,
prevention, and, ultimately, prediction of suicidal behaviors. It
was designed by integrating evidence-based suicide prevention
strategies and recommendations for the development of apps
in the field of mental health [19,49]. Emma design was based
on data from previous suicide-specific apps described in the
theoretical literature and on practical data obtained by our
research team by testing the available suicide-related apps.
Emma was developed for Android and iOS for wide usage.

Emma was conceived using a participatory design approach that
included individuals with lived experience of suicidal thoughts
and behaviors as equal partners of our professional
multidisciplinary team—researchers, psychiatrists,
psychologists, sociologists, computer scientists, engineers, and
data scientists—from start to finish, as recommended [50-52].
This ensured that emma met scientific and technical standards
as well as the patients’ needs as stated in the literature [53-55].
To involve the targeted users, a methodology based on focus
groups was implemented according to the method proposed by
Krueger and Casey [56]. Early in the development process, the
involved patients stressed the importance of having a secure
password to open the app; they also contributed to the choice
of the name “emma,” which they wanted to be not stigmatizing
and without any mention of psychiatry or suicide. A group of
co-designer patients (n=5) and clinical staff (n=5) tested the
app extensively for 3 months, and their feedback was taken into
account in an iterative way by the developers at the Laboratory
of Informatics, Robotics, and Microelectronics of Montpellier
to improve the app. Particularly, the developers made sure that
the notifications asking users to fill in the EMA questionnaires
did not lead to interruption or disruption in the users’ daily
activities in order to maximize emma acceptability, use, and
validity, as recommended [54,55].
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Emma Contents
Emma was designed to be used as a self-help tool for suicidal
crisis management. Patients are invited to identify the following:

1. Their warning signs (eg, negative feelings and problematic
behaviors).

2. Their individualized coping strategies (eg, Breathing Space:
an audio awareness guide made specifically for emma by
a psychiatrist expert in suicidal behavior).

3. Their distraction activities in an Emotion Regulation Module
(eg, favorite places and activities and libraries of music and
images that might help to connect with the patient’s reasons
for living [19]).

4. Their social support (eg, collating the contact details of the
patient’s social network, mental health professionals, and
other crisis resources). This module promotes
connectedness, a major protective factor in suicide
prevention [21].

A Call Module allows the patient to contact, depending on the
severity of his or her condition, (1) the relatives he or she has
identified, (2) the ED that is following that patient, and (3) the
Service d'Aide Médicale d'Urgence (SAMU), the French
national emergency medical assistance service, which is
available 24/7.

Although the safety plan implies restriction of access to lethal
means, emma does not contain any mention of them because,
according to the literature, this can have the opposite effect.
Specifically, their identification can facilitate their use through
an effect called cognitive availability [29]. Examples of emma
screens are shown in Multimedia Appendix 3.

Emma proposes four brief EMA types: three scheduled
evaluations at predetermined frequencies (ie, daily, weekly, and
monthly) and one spontaneous assessment (see Figure 1).
Depending on the questions asked, specific response modalities
are provided:

Figure 1. Ecological momentary assessment (EMA) types proposed by emma.

1. Likert scales (from 0 to 10) for questions such as “What is
your level of moral pain?”

2. Single or multiple-choice check boxes for questions such
as “What is your level of mental pain?”; for instance, I am
keeping myself busy to avoid thinking, Nothing, I am
ruminating, I am doing something I enjoy, I am working,
and I am doing household chores.

3. Writing a free-text answer for questions such as “What is
the experience that has affected you the most since this
morning?”

During the focus group process, alarm thresholds were defined
on the basis of the patient’s answers to critical questions that
led to the automatic suggestion of adapted EMI modules (see
Figure 2). For each EMI module, the app presents a list of
suggestions that can be modified (ie, content and order) by each
patient (eg, for Favorite activities, responses can be Taking a
bath; Going to the cinema, theatre, museum, or a concert; Going
for a walk; Reading; Spending time with good friends; Doing
sports; etc). Modules are designed to be adaptable to the user’s
state, needs, and strategies.
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Figure 2. Algorithm for automatic ecological momentary intervention (EMI) triggering according to the ecological momentary assessment (EMA)
answer thresholds.

Global Descriptive Analysis and Case Reports
The use of emma was described by computing (ie, mean [SD]
and min and max) the number of answers and frequency of
completion of the daily and monthly questionnaires. The overall
use of the different emma modules (ie, Call Module, Emotion
Regulation Modules, Breathing Space Module,
Pictures, and Music) was also computed. Finally, the use of

EMA (ie, spontaneous and scheduled suicidal ideation
assessments) and EMI (ie, Call Module and Emotion Regulation
Module of the safety plan) by 3 patients during the 6 months of
the study was described relative to (1) their
suicidal ideation scores (ie, sums of items 7-11 of the
Columbia-Suicide Severity Rating Scale
[C-SSRS]) assessed during the scheduled visits (ie, M0, M1,
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M3, and M6) and (2) their admissions to the ED for suicide
attempts or suicidal crises.

Results

Baseline Assessment
From May 2018 to March 2019, participation in the EMMA
study was proposed to 43 patients at risk for suicide (ie, recent
attempters or current ideators) who were admitted to the ED or
hospitalized in a postemergency department; 38 (88%) agreed
to participate. A total of 5 patients refused to participate because
they considered the study duration of 6 months to be too long.

The analysis in this study included 14 patients who have already
completed the study (see Figure 3). The patients’
sociodemographic and clinical data are reported in Tables 1 and
2, respectively. These first emma users were mostly women
(12/14, 86%), with a mean age of 34 years (SD 13, min-max
18-57). All participants presented at least one mental disorder,
according to criteria from the Diagnostic and Statistical Manual
of Mental Disorders, 5th Edition (DSM-5), and most of them
presented more than one (ie, up to five comorbid disorders); 6
out of 14 patients (43%) were recent suicide attempters (≤8
days), and they all had severe suicidal ideation (ie, mean
C-SSRS score 22 [SD 4], min-max 15-25).

Figure 3. Flowchart of patient selection.

During the study, 4 out of 14 (29%) patients were admitted to
the ED with suicidal ideation and/or a suicide attempt one to
three times, and 1 (7%) patient made a suicide attempt without
ED admission (see Multimedia Appendix 4).

A total of 2 patients out of 14 (14%) left before the first
follow-up visit: one was excluded because she was restrained,
and the other one withdrew from the study.
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Table 1. Sociodemographic data of participants.

Professional situationCohabitationNumber of
children

Marital statusAge (years)SexPatient No.

Working (stable)Lives alone0Single24Female1

Student or in trainingLives with family0Single18Female2

VolunteerLives alone0In a relationship27Female3

Working (stable)Lives with family2In a relationship33Female4

Working (precarious)Lives with family2In a relationship40Female5

Without activity, at homeNonfamily cohabitation3Separated46Female6

DisabilityLives alone0Single30Female7

Sick leaveLives with family2In a relationship48Male8

DisabilityLives with family4Separated57Female9

Sick leaveLives with family2In a relationship48Female10

Student or in trainingNonfamily cohabitation0In a relationship21Female11

Student or in trainingLives alone0Single23Female12

Student or in trainingLives with family0Single18Male13

Working (stable)Lives alone1Separated48Female14
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Table 2. Clinical data of participants.

Family
history of
suicide

Family histo-
ry of suicide
attempt

Number of severe
or violent suicide

attemptsc

Number of
suicide at-
tempts

Suicidal
ideation in-

tensityb

Suicidal risk in
the near future
according to the
DSM-5

Borderline
personality

Current DSM-5a diagnosesPatient
No.

NoNoN/Ad222YesNoMajor depressive disorder1

NoNoN/A225YesYesMajor depressive disorder

Agoraphobia

Social phobia

Anorexia

2

NoYesViolent (n=2)

Severe (n=1)

3025NoYesMajor depressive disorder

Agoraphobia

Social phobia

Bulimia

3

NoYesN/A225YesNoMajor depressive disorder4

YesYesN/A123NoNoDepressive episode

Severe alcohol and substance-
related disorder

Bulimia

Bipolar disorder II

5

NoNoN/A215YesNoMajor depressive disorder

Severe alcohol-related disor-
der

6

NoNoViolent (n=15)5525YesNoDepressive episode

Generalized anxiety disorder

Bipolar disorder I

7

NoYesN/A125NoNoDepressive episode

Social phobia

Severe alcohol-related disor-
der

Generalized anxiety disorder

Bipolar disorder I

8

NoNoSevere (n=1)825YesNoMajor depressive disorder

Agoraphobia

Posttraumatic disorder

Bipolar disorder II

9

YesUnknownN/A124YesNoMajor depressive disorder10

NoYesN/A116YesNoGeneralized anxiety disorder11

YesYesN/A019YesNoMajor depressive disorder

Agoraphobia

Social phobia

Bulimia

12

NoNoN/A320YesYesDepressive episode

Social phobia

Generalized anxiety disorder

13

NoNoN/A118NoNoMajor depressive disorder14

aDSM-5: Diagnostic and Statistical Manual of Mental Disorders, 5th Edition.
bSums of items 7-11 of the Columbia-Suicide Severity Rating Scale (C-SSRS): scores range from 0 to 25.
cA violent suicide attempt was defined by the method of violence: weapons, hanging, jumping from a height, traffic, drowning, or immolation. A severe
suicide attempt was defined as requiring hospitalization in the intensive care unit.
dN/A: not applicable; suicide attempts, if applicable, were not severe or violent.
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Main Outcome
The completion rates were higher for the weekly versus daily
EMAs (mean 24% [SD 34], min-max 25%-87%; mean 4% [SD
12], min-max 0%-53%, respectively). Moreover, they were
extremely heterogeneous among participants with a sharp
decrease over time. Most patients (10/14, 71%) filled in the
questionnaires spontaneously at times of crisis (mean 7 times
[SD 12], min-max 1-39 times).

Similarly, use of the EMI Safety Plan Modules varied among
patients (mean 11 times [SD 19], min-max 2-75 times). Most
patients (11/14, 79%) used the Call Module (mean 7 times [SD
8], min-max 1-29 times) to get in touch with the health care
system and/or family and friends during a crisis. Most patients
(10/14, 71%) called the SAMU (mean 4 times [SD 5], min-max
1-15 times), 8 (57%) called their relatives (mean 3 times [SD
2], min-max 1-7 times), and 7 (50%) called their ED (mean 2
times [SD 2], min-max 1-7 times). About half of the patients
(8/14, 57%) used one of the Emotion Regulation Modules (mean
10 times [SD 15], min-max 1-46 times). Specifically, 8 out of
14 (57%) patients listened to the Breathing Space Module (mean
3 times [SD 1], min-max 1-5 times), while only 4 (29%) looked
at Pictures (mean 12 times [SD 19], min-max 1-41 times) and
2 (14%) listened to Music (mean 4 times [SD 3], min-max 2-7
times).

User Profiles
Out of 14 users, 3 (21%) are described in detail to better
illustrate the different emma uses. These patients were chosen
to reflect the diversity of the patients' clinical profiles and of
emma use (ie, completion rate of the scheduled EMAs and use
of the Safety Plan Modules).

Patient 7
Patient 7 is a 30-year-old single woman living alone, without
children, unemployed, and receiving a disability living
allowance for adults (see Table 1). At inclusion, she had major
depressive disorder, generalized anxiety disorder, and bipolar
disorder I, according to the DSM-5. She had 55 previous suicide
attempts, of which 15 were violent, and a maximal suicidal
ideation intensity at inclusion (C-SSRS score of 25 out of 25)
(see Table 2). Therefore, she was at very high risk, and the
period following hospitalization is known to be a particularly
high-risk time for recurrence, as confirmed by her three

admissions to the ED during the study period (see Figure 4).
The first admission for suicidal ideation occurred just after her
hospital discharge. She presented maximal suicidal ideation
intensity that was ecologically assessed via emma; she used the
Call Module just before ED admission and an Emotion
Regulation Module just after. Two months later, in addition to
the scheduled EMA, she filled in the questionnaires
spontaneously several times with very high suicidal ideation
scores. These spontaneous self-assessments were immediately
followed by the use of the Call Module with a sharp decrease
in suicidal ideation. Nevertheless, suicidal ideation rapidly
increased again, leading to a new admission to the ED. About
a month later, despite the lower suicidal ideation score at the
spontaneous self-assessment and the use of the Emotion
Regulation Module, she was admitted to the ED for an aborted
suicide attempt by hanging.

During the study period, Patient 7 completed 66 EMA
self-assessments. Specifically, she completed only 4% of the
scheduled daily questionnaires due to technical problems (ie,
notifications not received) and about 75% of the weekly
questionnaires; she frequently filled in the questionnaires in a
spontaneous way (39 times), particularly at specific times,
without a decrease in frequency during the study period. She
often used the Call Module (29 times), particularly to contact
the SAMU (15 times), followed by the ED (7 times) and
relatives (7 times). She also looked at Pictures (41 times) and
listened to the Breathing Space Module (5 times).

A qualitative longitudinal analysis showed that the EMA made
via the app allowed for the capture of suicidal ideation
fluctuations that were not highlighted by the clinical follow-up
visits (see Figure 4). While the first three clinical evaluations
(ie, M0, M1, and M3) were stable, the assessments performed
via emma, both spontaneous and scheduled, showed fluctuations
in intensity over time. The assessments also showed a regular
use of the Safety Plan Modules, at least one module per month,
the frequency of which increased at specific times. For instance,
in July 2018, the high intensity of suicidal ideation evaluated
ecologically by emma corresponded to an increased use of the
Call Module. December 2018 was characterized by many
spontaneous EMA completions, lower suicidal intensity, and
frequent use of the Emotion Regulation Module. This suggests
that emma alarm thresholds triggered EMIs that were adapted
to her condition severity.
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Figure 4. Case reports for Patients 7, 9, and 10. SAMU: Service d'Aide Médicale d'Urgence.

Patient 9
Patient 9 is a 57-year-old single woman living with her four
children. She is unemployed with a disability living allowance
for adults (see Table 1). At inclusion, she had major depressive
disorder, agoraphobia, posttraumatic disorder, and bipolar
disorder II, according to the DSM-5. At the first clinical
evaluation, suicidal ideation intensity was very high (C-SSRS
score of 25 out of 25) with suicide risk in the near future. She
already committed eight suicide attempts, including one severe
attempt (see Table 2). During the study, the clinician reported

a decrease in suicidal thoughts at M1, and then absence of
suicidal thoughts at the M3 and M6 visits.

Patient 9 rarely filled in the daily EMAs (10%), but she
completed 81% of the weekly EMAs and filled in EMAs
spontaneously 29 times. She completed 100% of the monthly
questionnaires about her perception, experience, and satisfaction
about emma use. The longitudinal qualitative analysis (see
Figure 4) showed that from month 2 after inclusion, both the
self-assessments made with emma and the hetero-assessments
made during the visits did not detect any suicidal ideation.
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Patient 9 used her safety plan only once at the very beginning
of the study when she still had suicidal thoughts.

Patient 10
Patient 10 is a 48-year-old woman living with her husband and
their two children. When included in the study, she was on sick
leave (see Table 1). She had major depressive disorder and
suicidal risk in the near future, according to the DSM-5, and
very high suicidal ideation intensity (C-SSRS score of 24 out
of 25). She reported one suicide attempt and a family history
of suicide (see Table 2). Patient 10’s suicidal ideation decreased
at the M1 and M3 follow-up visits, but was higher again at the
M6 visit.

Patient 10 never filled in questionnaires spontaneously, filled
in the daily EMAs only once, and did not fill in the weekly
EMAs often (35%). She completed only one monthly
questionnaire about her emma experience. She used her safety
plan several times, mainly to call her relatives (3 times), the
SAMU (3 times), and the ED (2 times). She also listened to the
Breathing Space Module (3 times).

Patient 10 reported suicidal thoughts via emma only during a
brief period—in October and early November 2018—and during
that period she used the Emotion Regulation Module, also only
once (see Figure 4). Self-assessment may have helped her to
become aware of her condition and use the tools that emma
offers to regulate her emotions. This patient used the Call
Module twice: immediately after her inclusion in the study, in
August 2018, when she had severe suicidal thoughts and suicide
risk, and then at the end of November 2018 when no suicidal
thought was reported via emma at that time.

Qualitative Study
The initial qualitative feedback from the participants collected
during the qualitative study, using semidirected interviews, was
very positive. It emphasized the support and the connectedness
dimensions allowed by the app. During the co-design process,
patients proposed to give the app a female name to personify
it. The first users interviewed seemed to appreciate this, as
stressed by a patient: “Emma is like having a companion.”

This digital companion seemed to help reduce the feeling of
loneliness, as expressed by a patient: “We have the feeling that
we are not alone, that the software supports us.” Moreover, this
support comes at a critical time, after hospital discharge. To our
knowledge, this period of very high suicide risk [15], when
patients may experience painful loneliness in contrast to the
time in hospital where they are followed by the health care team
24 hours per day, has not been studied much. One patient stated,
“Thanks to emma, I did not feel alone when I left the hospital.
I know emma less than my relatives, but I can tell her more.”
Emma also appeared to be a support, offer autonomy, and be
an empowerment tool by helping people to use their own
resources, as expressed by a patient: “Emma is an appointment
with oneself. It is the memory of the patient: I know who to
call.” This empowerment was facilitated by the possibility to
personalize the app, as expressed by a patient: “It is important
that we can each fill in the things that affect us and the things
that impact us, because we are all different and it allows
targeting everyone specifically; it is good because it helps us

deep down.” These first qualitative interviews highlighted the
interest of the co-design process that enabled patients to
appropriate the digital tool. During the design phase, a patient
indicated that he thought three apps were needed: “When we
are doing well, not well, and not well at all.” Therefore, emma
was designed to be as adaptable as possible. For example, it can
offer Emotion Regulation Modules if the patient shows tension,
and it can offer crisis Call Modules that are graduated according
to the crisis severity (ie, to relatives, the ED, and, finally, the
SAMU). The tailored adjustment of the technology-delivered
program is also in line with evidence-based recommendations
for mental health, as expressed by a patient: “The app can
recommend specific solutions to each user’s specific problems”
[19].

Discussion

Principal Findings
These preliminary descriptive results of the use of a suicide
prevention app indicate that this type of digital tool could be
accepted and used by patients at high risk of suicide. The study
participation rate (88%) was very good compared with other
studies. For example, Hallensleben et al reported that 47% of
inpatients with unipolar depression agreed to complete EMA
[18]. Our preliminary results show an encouraging patient
acceptance rate and highlight the great inter- and intraindividual
diversity of app usage patterns (ie, EMA questionnaires’
completion rate and/or Safety Plan Modules use). Patients have
different needs and different clinical and digital profiles;
therefore, a highly scalable, interactive, and customizable app
is required.

The connectedness philosophy implemented in emma is
considered a strong protective factor for suicidal behaviors
[57,58]. Subjectively perceived and effectively received social
supports improve mental and physical well-being [59,60]. Emma
has the potential to act on the quality of patients' social ties and
their social pain that seems to be involved in suicidal crises
[61]. Patients expressed the importance to feel supported by the
software and to have the opportunity to tell emma things they
would not dare to say to their relatives, to protect them and/or
out of fear of the stigma that their confidences could generate.

Concerning the co-design methodology, patients were consulted
very early and at all stages of this project through focus groups
for the app design, then through feedback during prototype
testing, and, finally, through qualitative interviews with emma
users. However, as patients with suicidal behavior are a high-risk
population, it is important to ensure that their participation in
research respects the safety principle. Therefore, a trust-based
exchange framework that was flexible enough to adapt to
fluctuations in their condition was put in place. When carefully
implemented, the participation of patients as partners can be a
factor of empowerment and self-esteem restoration [62].

Our analysis showed heterogeneous use and engagement with
the emma app, most often underuse relative to our expectations.
This could be interpreted as poor adherence to the app [63,64]
and was partly caused by technical problems experienced by
the first participants (eg, notifications did not appear at the

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e15741 | p.664https://mhealth.jmir.org/2020/10/e15741
(page number not for citation purposes)

Morgiève et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


beginning of the study). Emma use by Patient 10 suggests that
the app can be useful at times of crisis, even when the scheduled
questionnaires are not completed. Besides the simple
quantitative measure of app use, it was also important to evaluate
the users’ subjective experiences [65] based on mixed methods,
as recommended [66]. This should allow for the identification
of different user profiles and for the development of tailored
prevention strategies [67].

Conclusions
Data on immediate and long-term risk of suicide are extremely
sparse and based on measures with poor temporal resolution
[68,69]. Emma is a great opportunity to capture the dynamics
of suicidal ideas [67] and their translation into action in a
contextualized way that allows for a much more nuanced view
of variables over time [70]. Hopefully, this digital tool might
lead to scientific and clinical advances and will allow for the
identification of high-risk periods and prediction of imminent
risk, which are extremely challenging at the moment [71]. These
fine-grained digital assessments and predictive mHealth-based

interventions are promising tools for suicide prevention [55],
because they represent an unprecedented opportunity to act at
multiple levels through targeted, scalable, and contextualized
micro-interventions [72]. They might allow for the proposal of
just-in-time adaptive interventions, defined by Nahum-Shani
et al [73] as the right support (eg, type and intensity) at the right
time [31]. The challenge is now to integrate such digital
interventions into the existing health care systems [52]. For
instance, emma could be integrated into ED procedures and
become a complementary health care tool. In the patient’s
pocket, emma could provide individualized support when
needed. The app could improve coordination among the different
services (ie, the ED, crisis centers, hospital services, outpatient
services, and general practitioners). However, the smooth and
optimal integration of such digital tools in patient care requires
health care professionals’ support. Indeed, they should not
perceive these tools as disruptive elements in their daily clinical
practice [74,75], but as a support to improve the therapeutic
relationship within a well-defined ethical, social, and legal
framework.
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Multimedia Appendix 2
Visual description of the study. Study protocol: visits (month 0 [M0], month 1 [M1], month 3 [M3], and month [M6]) and real-life
use of emma by the recruited patients. At the end of the study, the data collected directly by the app and the clinical data collected
during the visits are integrated to develop the suicide risk prediction algorithm.
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Abstract

Background: Establishing a methodology for assessing nutritional behavior comprehensively and accurately poses a great
challenge. Mobile technologies such as mobile image-based food recording apps enable eating events to be assessed in the moment
in real time, thereby reducing memory biases inherent in retrospective food records. However, users might find it challenging to
take images of the food they consume at every eating event over an extended period, which might lead to incomplete records of
eating events (missing events).

Objective: Analyzing data from 3 studies that used mobile image-based food recording apps and varied in their technical
enrichment, this study aims to assess how often eating events (meals and snacks) were missed over a period of 8 days in a
naturalistic setting by comparing the number of recorded events with the number of normative expected events, over time, and
with recollections of missing events.

Methods: Participants in 3 event-based Ecological Momentary Assessment (EMA) studies using mobile image-based dietary
assessments were asked to record all eating events (study 1, N=38, 1070 eating events; study 2, N=35, 934 eating events; study
3, N=110, 3469 eating events). Study 1 used a basic app; study 2 included 1 fixed reminder and the possibility to add meals after
the actual eating events occurred instead of in the moment (addendum); and study 3 included 2 fixed reminders, an addendum
feature, and the option to record skipped meals. The number of recalled missed events and their reasons were assessed by
semistructured interviews after the EMA period (studies 1 and 2) and daily questionnaires (study 3).

Results: Overall, 183 participants reported 5473 eating events. Although the momentary adherence rate as indexed by a
comparison with normative expected events was generally high across all 3 studies, a differential pattern of results emerged with
a higher rate of logged meals in the more technically intensive study 3. Multilevel models for the logging trajectories of reported
meals in all 3 studies showed a significant, albeit small, decline over time (b=−.11 to −.14, Ps<.001, pseudo-R²=0.04-0.06),
mainly because of a drop in reported snacks between days 1 and 2. Intraclass coefficients indicated that 38% or less of the observed
variance was because of individual differences. The most common reasons for missing events were competing activities and
technical issues, whereas situational barriers were less important.
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Conclusions: Three different indicators (normative, time stability, and recalled missing events) consistently indicated missing
events. However, given the intensive nature of diet EMA protocols, the effect sizes were rather small and the logging trajectories
over time were remarkably stable. Moreover, the individual’s actual state and context seemed to exert a greater influence on
adherence rates than stable individual differences, which emphasizes the need for a more nuanced understanding of the factors
that affect momentary adherence.

(JMIR Mhealth Uhealth 2020;8(10):e15430)   doi:10.2196/15430

KEYWORDS

dietary assessment; diet records; mobile phone; mobile applications; technology; adherence; compliance; missing events; Ecological
Momentary Assessment; mHealth

Introduction

Eating may seem to be one of the simplest behaviors, yet it is
quite complex [1-3], involving up to 200 decisions a day [4].
Although methodological challenges exist in accurately
measuring food intake in community dwellings [5,6], analyzing
data on food intake is important for our understanding of
diet-disease relationships and the refinement of nutrition
guidelines [7], which provide essential information for
surveillance, planning interventions, and policy [8].

The limitations associated with common measuring methods,
such as self-reported food intake (eg, dietary records, 24-hour
dietary recall, and food frequency questionnaires), which include
memory biases and other measurement errors, have already
been outlined [5,9-15]. However, new mobile technologies have
the potential to reduce the burden on both researchers and
participants by improving adherence and communication,
automating and standardizing coding, and upgrading data quality
([16]; for an overview see study by Boushey et al and Eldridge
et al [5,17]). Specifically, taking images of eating events has
been proposed as a method for reducing the burden on
participants in dietary studies. Various models based on image
technology using mobile apps have been developed in recent
years (eg, Technology Assisted Dietary Assessment, My Meal
Mate, and SMARTFOOD; for more details, see study by
Boushey et al [5], Eldridge et al [7], Villinger et al [18], and
Wahl et al [2]), and they are increasingly being used to assess
and change eating behavior and food intake in different
populations, including patients and generally healthy adults or
adolescents [19,20]. As with any dietary assessment method,
the more eating events are captured, the more thorough the
analysis, and in an ideal study, the user would capture all eating
events including an image before and, if applicable, after
consumption. Therefore, adherence during the study period is
key to a valid assessment of the actual eating behavior.

In previous research, the focus was mainly on general adherence
rates, such as dropout rates indexed by the number of
participants who did not complete the whole study period, or
missing value rates for study variables indexed by the number
of participants who did not respond to some of the study
variables. For example, a smartphone electronic food diary app
called My Meal Mate showed higher adherence rates and overall
satisfaction than a conventional pen-and-paper food diary [21].
However, although these study adherence indices capture
between-person differences, they do not necessarily reflect the
within-person adherence rate during the study, which is essential

for a valid mobile image-based assessment of dietary intake
(see also [22-24]). Therefore, the aim of this study was to assess
both between- and within-person adherence rates for mobile
image-based dietary assessments (MIDAs).

Research in the field of Ecological Momentary Assessment
(EMA) [24-27] suggests that mobile dietary assessments can
be classified as event-based monitoring, in which assessments
are triggered by the occurrence of a predefined event of interest
[28]. Typically, the participants themselves determine when the
event has occurred and initiate an assessment [29,30], although
some approaches are also developing methods to automatically
detect an eating event using mobile sensing (eg, eButton [31]
or AIM (automatic ingestion monitor) [32]). As the number of
eating events can differ both between and within participants
over time, assessing whether events have occurred that were
not recorded (missing events) is a challenge.

Schembre et al [24] recently reviewed 20 mobile diet EMA
studies and found that none of the 10 event-based studies that
were included provided data related to adherence to dietary data
collection protocols or the number of eating events captured (2
studies reported intake events but summarized eating and
drinking occasions [33,34]). In addition, Maugeri and Barchitta
[35] reviewed 54 articles and concluded that most mobile diet
EMA studies did not report user response or compliance rates.
Operationalizing missing event rates is particularly cumbersome
because adhering to an event-based dietary collection protocol
requires all eating events to be actively reported by the
participants (momentary adherence).

We suggest a synopsis of 3 different indicators to approximate
the rate of missing events in MIDAs. First, one criterion for
roughly estimating the number of missing events is to compare
the number of eating events reported with the number of events
expected based on social norms and observational data. In
Western countries, a pattern of 3 meals per day (ie, breakfast,
lunch, and dinner) has become normative since the 19th century
(Grignon and Grignon, 2004 [36] in French cited by Lhuissier
[37]), which suggests that participants should record at least 3
eating events per day. However, observational data derived from
24-hour dietary recalls suggest at least 4 eating episodes per
day. Specifically, in the United States, an average of 4.3 eating
occasions was recorded per day, of which 3 were main meals
[38-40]. Similarly, in Germany, the World Health Organization
MONICA (MONItoring CArdiovascular disease) study showed
an average of 3 main meals plus 1 snack per day, using a 7-day
food intake protocol [40]. Corroborating these findings, a
substudy of the European Prospective Investigation into Cancer
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and Nutrition (EPIC)-Potsdam cohort observed 4 peaks in food
consumption, that is, breakfast, lunch, afternoon snack, and
dinner [39]. Similarly, assessing eating behavior in the moment
using an Ecological Momentary Assessment revealed an average
of 3.65 eating occasions per participant across 2 weeks [18].
Using 3- and 4-meal patterns as social comparison standards
allows the overall rate of missing events to be estimated with
respect to social norms and observational data. Second, logging
trajectories and the stability of recorded eating events over time
might also indicate the rate of missing events. Assuming that
adherence motivation declines over time, the frequency of
missing events should generally increase over time, which is
mirrored in a declining overall logging trajectory. Moreover,
one could also assume that missing events increase over time
depending on the quality of the logged food (eg, decreased
reporting of irregular meals, such as snacks), indicating selective
reporting over time. Therefore, declining logging trajectories
of eating events over time can be examined as an additional
indicator for missing events. Third, another criterion could be
to assess the number of perceived missing events as part of the
user experience. However, to the best of our knowledge, no
previous studies have assessed these three different indicators
to estimate the rate of missing events.

Moreover, the mobile image-based food recording app itself
might include features that have an impact on the missing event
rates. They can vary in whether and how often they prompt the
participants to record their eating events, which raises the
question of whether mobile apps with reminders yield higher
eating event logging rates, and thus lower missing event rates,
than those without prompts. Similarly, the possibility of adding
meals after the actual eating events occurred instead of in the
moment of eating (referred to as addendum) might also have a
positive impact on the rate of missing events. In addition,
assessing skipped meals (ie, omission or lack of consumption
of a meal) allows for differentiation between skipped meals and
missing events, which might increase overall measurement
precision.

Three EMA studies were conducted using a mobile image-based
app to assess eating events in real life to investigate the
occurrence of and perceived reasons for missing events (both
meals and snacks) by (1) comparing the reported number of
eating events with the number of social normative expected
events, (2) calculating logging trajectories over time and in
dependence of the type of meal, and (3) assessing the number
of and reasons for perceived missing events as part of the user
experience.

The measurement periods vary across different disciplines and
depend on the goals of the study (eg, dietary assessment or
intervention). Different methods (eg, food frequency
questionnaire, 24-hour recalls, and weighed food records) are
used for dietary assessment, which is the focus of this paper.
Although assessment periods vary, they typically do not exceed
8 days [41]. For example, 3- to 5-day nonconsecutive 24-hour
recalls or up to 7-day weighed food records are used to assess
habitual intake. Sharp et al [16] summarized mobile
phone–based dietary intake assessment studies, showing that
assessment periods typically range from 1 to 7 days.
Accordingly, we chose an 8-day assessment period and followed

the recommendation of the Food and Agriculture Organization
of the United Nations [41] to ensure that we included weekdays
and weekends.

The 3 studies used apps with varying technical intensities,
ranging from a basic MIDA to a more technically enriched app
to get insights into the impact of additional technical features
on logging rates. Study 1 investigated the number of recorded
meals and snacks using a custom-programmed smartphone app
in which participants were asked to select the meal type from
5 predefined options (breakfast, lunch, afternoon tea, dinner,
and snack), take a picture of the eating event, and add a written
description of the meal or snack. To develop a better
understanding of the typology of missing events, the participants
were invited to a semistructured interview in which they were
asked to estimate the number of and reasons for missing events
(perceived missing events) when the MIDA period was over.

Study 2 extended study 1 by adding reminders and making it
possible to record eating events after they occurred instead of
in the moment but still during the EMA period (addenda). As
in study 1, semistructured interviews were conducted after the
assessment period to probe the perceived number of and reasons
for missing events.

In line with study 2, study 3 offered reminders and the
possibility of recording eating events after they occurred
(addenda). Extending studies 1 and 2, participants could also
indicate whether they had skipped a meal or snack throughout
the day (skipped meal). Moreover, the occurrence of and reasons
for missing events were assessed on a daily basis during the
mobile food record assessment period instead of at the end of
the recording period.

In the 3 EMA studies, we examined the following hypotheses:

1. In accordance with the suggested synopsis of 3 different
indicators to approximate the rate of missing events in
mobile dietary assessments, we compared the number of
logged eating events with the number of expected meals
based on social norms and observational data, and the
number of perceived missing events to test for an overall
underreporting of eating events and an overall estimate of
missing rate events. In addition, we examined overall and
meal type–specific logging trajectories over time to test the
hypothesis that adherence motivation decreases and missing
events increase over time.

2. We determined whether the number of missing events can
be lowered by additional technical features, such as
reminders, and options such as adding meals after the actual
eating events occurred (addenda) and recording skipped
meals.

3. Finally, reported reasons for missing events were analyzed
to provide relevant information for designing mobile diet
apps.

Methods

Participants and Ethics
Participants were generally healthy adults (≥18 years) and
volunteers recruited from the student and employee population
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of the University of Konstanz. All participants were reimbursed
for their participation. The ethics committee of the University
of Konstanz approved the study protocols for all 3 studies. The
participants provided written informed consent before
enrollment, and all studies adhered to the guidelines of the
German Psychological Society and the Declaration of Helsinki.

Procedure
The participants were recruited via leaflets distributed at the
University of Konstanz and postings on Facebook groups.
Participants in studies 2 and 3 were also recruited through the
web-based recruitment platform for research studies at the
University of Konstanz (SONA). Only registered users can sign
up for studies via the platform.

The participants were invited to the laboratory for an
introductory and closing session either individually (for studies
1 and 3) or in groups (for study 2). At the introductory session,
after the participants had completed a questionnaire that assessed
demographic variables and their dietary style, they were
provided and familiarized with the MIDA.

Mobile Image-Based Dietary Assessment
The participants were asked to record all eating events, whether
main meals or snacks, for 8 consecutive days. They were
specifically asked to indicate the type of meal with the following
5 options: breakfast, lunch, afternoon tea, dinner, and snack. In
Germany, afternoon tea is called Kaffee und Kuchen, which
directly translates as coffee and cake. It is similar to the idea of
a traditional afternoon tea meal in the United Kingdom.
Specifically, in Germany, people have Kaffee und Kuchen in
the afternoon (between 4 and 5 PM), typically serving coffee
(or tea) with some cake or cookies. Afterward, participants were
asked to take a picture of each eating event and provide a short
description of the meal or snack (eg, pasta with tomato sauce
or oats, milk, apple). Additional courses and leftovers were also
recorded by taking pictures. A valid recorded eating event had
to include all 3 aspects: (1) meal type, (2) eating event picture,
and (3) description of the food. Incomplete entries, missing one
or more aspects, were not coded as an eating event. Participants
were asked to start recording their meals the day after the
introductory session, which usually took place on Monday,
Tuesday, or Wednesday. Starting days were limited to the
beginning of the week to ensure that any potential issues raised
by the participants when they started using the app could be
addressed before the weekend began, thus ensuring that data
collection would take place both during the week and on
weekends.

Assessment of Perceived Missing Events: Semistructured
Interviews and Open Questions
In studies 1 and 2, the participants were invited back to the
laboratory after 8 days of recording for a semistructured
interview, which was conducted by 4 trained interviewers (KZ,
LK, KV, and DW) to assess the occurrences of and reasons for
perceived missing events. All interviews were voice recorded.
The participants were asked in an open-question format whether
they remembered any occasions during the 8 days of the study
period when they did not record a main meal (breakfast, lunch,
or dinner) or a snack. If they reported that they had failed to

record a main meal or a snack (perceived missing event), they
were asked to state how often this had happened and why. In
study 1, they were also asked about any situational constraints
that might have prevented them from recording a particular
meal or snack. In study 3, the reasons for missing events were
assessed in an open-question format via a web-based
questionnaire that could be accessed at any time by pressing a
button on the app’s home screen. The participants were also
reminded of this option at the end of each EMA day. At the
beginning of the study, participants could decide for themselves
the time in the evening when the reminder would be sent.

Data Analysis
Statistical analyses for the EMA data were conducted with IBM
SPSS (Version 25) and R 3.2.3, using the packages lme4 1.1-11
[42] and lmerTest 2.0-30 [43]. Data were analyzed separately
for each of the 3 studies following the same procedure by
examining the three different indicators to quantify the rate of
missing events in mobile dietary assessments (normative, time
stability, and recalled missing events).

First, the number of reported meals was compared with the
normative number of expected meals using one-sample t tests.
The values 24 (for 3 daily meals including breakfast, lunch, and
dinner) and 32 (for 4 daily meals, additionally including a snack)
were used as normative criteria. The number of logged meals
was compared between meal types using repeated-measures
analyses of variance (ANOVAs) and followed up by dependent
sample t tests, for which alpha was lowered to .008 to account
for multiple comparisons. Intraindividual differences in logging
rates were examined using intraclass correlations (ICCs), which
estimate the proportion of variance explained by the participants
compared with the total variance.

Second, assuming that adherence motivation declines over time,
changes in the number of reported meals over time were
analyzed. Multilevel linear modeling [44] was used to account
for the data’s hierarchical structure. Logged eating events per
day (lower level/level 1) were nested within participants (higher
level/level 2). The number of logged eating events was modeled
as a function of time within participants to test whether the
number of logged eating events changed over time. Separate
models were computed for the total number of eating events
and for each meal type. First, a random slopes model allowing
both intercept and slope to vary was computed to model whether
the participants differed both in the mean number of logged
eating events and in the relationship between the number of
reported events and time. Second, a random intercept model
that allowed only the intercept to vary was computed to model
whether the participants differed only in the mean number of
logged eating events and not in the relationship between the
number of logged events in time. If significant, both models
were compared using a deviance test [44]. A nonsignificant
deviance test indicates that the less complex model (ie, random
intercept model) is preferred, whereas a significant deviance
test indicates that the more complex model (ie, random slopes
model) is preferred. Pseudo-R² was computed as recommended
by Raudenbush and Bryk [45].

Third, the number of and reasons for perceived missing events
assessed through semistructured interviews (studies 1 and 2)
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and open questions (study 3) were coded by 2 authors (KZ and
LK) and a third independent researcher using a standardized
manual developed by KZ, LK, BR, and CB, with input from all
authors. The number of missing events for meals and snacks
was compared using dependent samples t tests.

Study 1 (8 Days of Mobile Food Recording): Basic
Mobile Image-Based Dietary Assessment
The app used for the mobile image-based dietary assessment
was programmed using the Android movisensXS app (version
0.8.4203, movisens GmbH Karlsruhe, Germany). The
participants could either use their own smartphone or were
provided with a study smartphone (ASUS Padfone Infinity,
Android 5.0.2, n=10).

Study 2 (8 Days of Mobile Food Recording): The Effect
of Reminders and Addenda
Other than a few amendments, the procedure was identical to
that of study 1. The participants were provided with a study
smartphone (ASUS Padfone Infinity, Android 5.0.2), and the
MIDA was realized with the SMARTFOOD app, which was
developed as part of the research project SMARTACT
[2,18,46-48] and included a feature to set a reminder in the
morning to record food intake. The participants were asked to
set the reminder at the beginning of the study during the
introduction session. The app also had an addendum feature to
log eating events that participants missed to record in the
moment of consumption, which was enabled on half of the
devices (n=18). Anthropometric measures were assessed during
the introductory session, and the participants received a booklet
explaining how to use the smartphone and app for recording
food intake.

Study 3 (8 Days of Mobile Food Recording): Reporting
Missing and Skipped Events During the Assessment
Period
The procedure was identical to those of study 1 and 2, with the
following amendments. The optional study smartphone (n=58)
was either an ASUS Padfone Infinity (Android 5.0.2) or a
Samsung Galaxy J5 (Android 6.0.1), with a custom-programmed
mobile app (version 0.8.4203, movisens GmbH Karlsruhe;
Germany) preinstalled.

In the app, participants could indicate whether they had skipped
a meal or snack, and they could record eating events later
(addenda), including meal type, composition, and the reasons
for missing logging it. Moreover, the participants were asked
to set customized reminders in the morning and evening.
Extending study 2, an evening reminder was sent to remind the
participants to (1) record any missing event and the respective
reasons, and (2) log any skipped meals or snacks.

Results

Study 1 (8 Days of Mobile Food Recording): Basic
Mobile Image-Based Dietary Assessment
The aim of study 1 was to examine the number of and reasons
for missing events during event-based mobile food recording
in real life for 8 consecutive days according to 3 different
indicators (normative, time stability, and recalled missing
events). The study investigated the number of recorded meals
and snacks using a custom-programmed smartphone app.
Participants logged the meal type, captured an image of the
eating event, and added a written description of the meal or
snack (eating event). The app used a basic MIDA as it did not
include reminders or the possibility of adding eating events after
they had occurred (addenda) or recorded skipped meals.

The 38 participants (28/38 female, 74%; 33/38 students, 87%)
who took part in the study had a mean age of 24.5 years (SD
5.88, range 18-48). Of the 38 participants, 21 (55%) were
omnivores, 7 (18%) vegetarians, 3 (8%) vegans, and 7 (18%)
adhered to other dietary styles. As compensation, they either
received course credits (2.0 h; n=10) or took part in a lottery to
win one of 4 €25 (US $30; n=28) Amazon vouchers.

None of the participants dropped out of the study, indicating an
excellent overall retention. The participants logged a total of
1099 eating events over the 8-day study period. Of these, 29
entries (2.64%) were canceled by the participant before
completing the food recording, resulting in a total of 1070
recorded eating events (Table 1). Control analysis showed that
participants who used their own vs a loaned smartphone did not
differ significantly with respect to the number of reported meals
(ts36≤|1.46|, Ps≥.15, ds≤0.49) or the number of reported
perceived missing events (main meals: t32=−1.11, P=.28, d=0.40;
snacks: t29=−0.52, P=.61, d=0.22).
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Table 1. Logged and social normative expected eating events by self-classified meal type over 8 days for studies 1, 2, and 3.

ICCbCohen dP valuet valueDifference observed-

normative mealsa
Min/maxMean (SD)Absolute number

of meals (%)
Meal type

Study 1 (N=38, df=37)

.130.78<.001–4.78−1.582/116.42 (2.04)244 (22.8)Breakfast

.041.51<.001−9.31−2.401/95.61 (1.59)213 (19.9)Lunch

.090.57.001−3.54−1.260/116.74 (2.20)256 (23.9)Dinner

.100.10.550.610.680/278.68 (6.97)330 (30.8)Snacks

.38————c0/40.71 (1.18)27 (2.5)Afternoon tea

.380.40.02−2.48−3.8412/4728.16 (9.57)1070 (100)Total

Study 2 (N=35, df=34)

.350.47.01−2.78−1.110/136.89 (2.37)241 (25.8)Breakfast

.071.11<.001−6.58−1.971/96.03 (1.77)211 (22.6)Lunch

.100.68<.001−4.05−1.311/106.69 (1.92)234 (25.1)Dinner

.300.34.049−2.04−1.660/176.34 (4.81)222 (23.8)Snacks

.18————0/60.74 (1.25)26 (2.8)Afternoon tea

.300.71<.001−4.21−5.3111/4226.69 (7.46)934 (100)Total

Study 3 (N=110, df=109)

.260.18.06−1.92−0.470/237.53 (2.58)828 (23.9)Breakfast

.060.70<.001−7.30−1.241/106.76 (1.78)744 (21.4)Lunch

.060.22.02−2.34−0.441/137.56 (1.96)832 (24.0)Dinner

.350.11.271.120.660/338.66 (6.23)953 (27.5)Snacks

.02————0/51.02 (1.11)112 (3.2)Afternoon tea

.320.05.58−0.56−0.4610/6131.54 (8.73)3469 (100)Total

aReference t value was set to a value of 8 meals for individual meal types and to a value of 32 meals for total meals; negative values indicate fewer
observed than normative expected number of meals.
bICC: intraclass correlation.
cFor afternoon tea no normative value was set and therefore no difference between observed and normative meals was calculated.

Logged Versus Social Normative Expected Number of
Meals
On the group level and across eating events, the participants
logged an average of 28.16 (SD 9.57) meals and snacks during
the 8 study days. Thus, at the group level, the number of
recorded eating events concurred with the social normative
expected number of meals, which ranged between 24 and 32
(24 for 3 daily meals including breakfast, lunch, and dinner and
32 for 4 daily meals including an additional snack). A
considerable variability in the number of entries emerged at the
person level, ranging from 12 to 47 entries. However, the
majority (23/38, 61%) logged 24 or more eating events during
the study period. Testing further intraindividual differences in
the overall logging rate yielded an ICC of ρ=0.38 across eating
events, indicating that 62% of the overall variation in logged
occasions was because of variation within participants, rather
than variations in the logging rates between individuals.

As Table 1 shows, across the 8 days, the participants logged
244 breakfasts, 213 lunches, 27 afternoon teas, 256 dinners,
and 330 snacks. On average, they recorded 6.42 (SD 2.04)

breakfasts, 5.16 (SD 1.59) lunches, 6.74 (SD 2.20) dinners, 8.68
(SD 6.97) snacks, and 0.71 (SD 1.18) afternoon teas. Comparing
the average number of recorded main meals (breakfast, lunch,
and dinner) and snacks with the social normative expected
number shows that the number of main meals and snacks
recorded over the study period was significantly lower than the
normative expected figure of 8, t37=−2.48, P=.02, d=0.40.
Moreover, a repeated-measures ANOVA (Greenhouse-Geisser
corrected, ε=.45) with the factor meal type (breakfast, lunch,
dinner, and snack) yielded a significant main effect with

F1.35,49.76=5.08, P=.02, partial η2=.12, indicating that the number
of logged meals varied depending on the meal type. Subsequent
t tests indicated that significantly fewer lunches than dinners
(t37=−3.30, P=.002, d=0.59) and snacks (t37=−2.90, P=.006,
d=0.61) were recorded. No other comparisons were statistically
significant, with ts<|2.17|, Ps≥.04, exceeding the predetermined
α=.008 to correct for multiple comparisons. Examining
intraindividual differences in logging rates for the different main
meals and snacks yielded ICC coefficients of ρ≤0.38, suggesting
that the nesting of logged events within individuals was not

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e15430 | p.675https://mhealth.jmir.org/2020/10/e15430
(page number not for citation purposes)

Ziesemer et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


substantial. Hence, overall, interindividual differences in logging
rates were very small.

Logging Trajectories of Eating Events Over Time
Logging trajectories over time were tested using multilevel
modeling. Specifically, models were computed to test whether

there was a significant linear change in the total number of
logged eating events across the 8-day study period (Figure 1
and Table 2).

Figure 1. Average logging trajectories across the 8-day study period for studies 1, 2 and 3 across all meals and by meal types. Bars represent mean
logged meals; error bars represent the standard error of the mean.
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Table 2. Multilevel models for logging trajectories across the 8-day study period across all eating events and by meal types for studies 1, 2, and 3.

Random intercept model (fixed effects)Random slopes model (fixed effects)Characteristics

P valuedftSEbP valuedftSEb

Study 1 (N=38)

Model 1: Across meal types

<.00198.7416.760.264.39<.00134.7318.010.244.39Intercept

<.001235.91−3.520.04−0.14.00435.26−3.090.04−0.14Days

Model 2: Breakfast

<.001180.7013.850.070.97<.00135.7313.220.070.97Intercept

.10237.44−1.650.01−0.02.2136.14−1.280.02−0.02Days

Model 3: Lunch

<.001232.8312.660.070.87<.00136.1211.600.070.86Intercept

.048240.80−1.990.01−0.03.1236.22−1.590.02−0.03Days

Model 4: Afternoon tea

.023193.692.200.050.11.04941.172.030.050.11Intercept

.86235.84−0.170.01−0.00.85102.55−0.190.01−0.00Days

Model 5: Dinner

<.001204.6913.770.081.15<.00178.5213.930.081.15Intercept

<.001239.04−3.500.02−0.06<.001230.13−3.490.02−0.06Days

Model 6: Snacks

<.00199.126.450.201.30<.00164.398.020.161.31Intercept

.30235.58−1.050.03−0.03.2881.43−1.080.03−0.04Days

Study 2 (N=35)

Model 1: Across meal types

<.001100.6419.730.203.93<.00133.3321.600.183.94Intercept

<.001236.57−3.860.03−0.12<.00134.10−3.800.03−0.12Days

Model 2: Breakfast

<.00197.4013.900.070.91<.00134.5612.290.070.91Intercept

.60237.20−0.530.01−0.01.6734.77−0.430.01−0.01Days

Model 3: Lunch

<.001213.6013.000.070.87<.001225.7813.920.060.87Intercept

.10238.35−1.650.01−0.02.1267.86−1.600.010.02Days

Model 4: Afternoon tea

.002155.223.140.040.13.0234.352.460.050.13Intercept

.27237.97−1.100.01−0.01.3833.93−0.890.01−0.01Days

Model 5: Dinner

<.001187.1114.560.060.91<.001100.3615.260.060.91Intercept

.33234.57−0.980.01−0.01.32166.84−1.000.01−0.01Days

Model 6: Snacks

<.001104.597.950.141.12<.00140.097.880.141.12Intercept

.001236.87−3.230.02−0.07.001236.17−3.230.02−0.07Days

Study 3 (N=110)

Model 1: Across meal types

<.001313.4434.570.134.49<.001125.3932.810.144.49Intercept
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Random intercept model (fixed effects)Random slopes model (fixed effects)Characteristics

P valuedftSEbP valuedftSEb

<.001753.99−5.520.02−0.11<.001635.68−5.470.02−0.11Days

Model 2: Breakfast

<.001382.8024.100.041.01<.001145.0223.890.041.01Intercept

.07754.77−1.840.01−0.01.07751.63−1.840.01−0.01Days

Model 3: Lunch

<.001710.0324.300.040.9<.001737.2625.300.040.89Intercept

.38755.33−0.890.01−0.01.39378.69−0.860.01−0.01Days

Model 4: Afternoon tea

<.001770.795.860.030.16<.001131.395.420.030.16Intercept

.17753.21−1.360.01−0.01.18251.58−1.330.01−0.01Days

Model 5: Dinner

<.001700.6624.240.040.98<.001344.7724.430.040.98Intercept

.65753.67−0.450.01−0.00.65740.08−0.450.01−0.00Days

Model 6: Snacks

<.001290.8214.180.101.45<.001119.6713.660.111.44Intercept

<.001753.06−5.410.01−0.08<.001523.12−5.320.01−0.08Days

Overall, there was a small but statistically significant negative
trend over time (b=−.14, t235.91=−3.52, P<.001, pseudo-R²=0.05),
indicating that the number of logged eating events decreased
over time. However, as the participants did not vary with respect
to the time trend as the random intercept model was preferred
(χ²2=3.5, P=.18), the trend was generalizable across participants.

For individual meal types, small and significant negative time
trends emerged for lunches (b=−.03, t240.80=−1.99, P=.048,
pseudo-R²=0.01) and dinners (b=−.06, t239.04=−3.50, P<.001,
pseudo-R²=0.04). Accordingly, the number of logged lunches
and dinners decreased across the 8 consecutive days. Again, the
random intercept model was preferred (χ²2≤3.7, Ps≥.16),
indicating that the observed time trends were comparable
between participants. There was no significant change in logging
frequency over time for other meal types, including snacks,
breakfasts, and afternoon teas (Table 2).

Number of Reasons for Perceived Missing Events
In total, 35 of the 38 participants (92%) reported in the interview
that they had missed logging at least one eating event during
the study period, with a range from 1 to 14 (median 2.50, mean
4.47, SD 3.95; 5 participants could not specify the frequency
of missing events). Moreover, 30 of these 35 participants (86%;
4 did not specify the frequency) stated that they had missed
reporting at least one snack, and 22 of 35 (63%; one did not

specify the frequency) had missed at least one main meal.
Perceived missing event rates ranged between 1 and 9 for main
meals (median 1.00, mean 1.73, SD 2.26) and between 1 and 8
for snacks (median 1.5, mean 2.73, SD 2.63), t29=−1.89, P=.07,
d=0.41.

In total, 69 different reasons were provided by the 35
participants who reported at least one missing event. Of these,
12 participants specified 1 reason, 17 specified 2, and 6 gave
between 3 and 5 reasons (median 1.97, SD 1.0).

Of these 69 reasons, 60 provided information that went beyond
merely stating that an eating event was missed, and these were
categorized into 6 different categories (Table 3). The most
frequently mentioned reason for missing an event was
multitasking in the moment of eating (eg, “I forgot to record it
because I was at a party.”), which covered 37 of the 69 reasons
(54%) provided. In addition, when a participant only gave a
single reason for not reporting an eating event, the most common
reason was multitasking (5/12 single reasons, 42%). As Table
3 shows, the types of multitasking can be further divided into
occasions when participants were unaware that they had missed
recording a meal (eg, because they were too busy: 33/69, 48%),
and occasions when participants had deliberately decided against
recording because of situational barriers (eg, time pressure:
4/69, 6%).
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Table 3. Type and number of reported reasons for perceived missing events for studies 1, 2, and 3.

ExamplesSingle reasonsaAll reasonsCharacteristics

Mainb/snacks, nTotal, n (%)Mainb/snacks, nTotal, n (%)Type of reason

Study 1 (n=35)c

N/Ad2/35 (41.7)10/2737 (53.6)Multitasking

“I forgot to record because I was at
a party.”

2/24 (33.3)10/2333 (47.8)Not being aware

“It was too awkward to record the
second helping.”

0/11 (8.3)0/44 (5.8)Deliberately deciding against

N/A0/22 (16.7)7/613 (18.8)Device-related obstacles

“The phone ran out of battery.”002/13 (4.3)Device malfunction

“I left my smartphone at home.”0/22 (16.7)5/510 (14.5)No device

N/A0/22 (16.7)2/810 (14.5)Situational barriers

“I was at work.”0/22 (16.7)1/89 (13.0)Practical reasons

“I was eating with other people.”001/01 (1.4)Social reasons

“I forgot.”3/03 (25.0)6/39 (13.0)Not further specified

N/A5/712 (100)25/4469 (100)Total

Study 2 (n=28)e

N/A8/08 (53.3)11/415 (34.1)Multitasking

“I was deep in a conversation and
did not think about recording.”

7/07 (46.7)10/111 (25.0)Not being aware

“It was too awkward to record the
chips.”

1/01 (6.7)1/34 (9.1)Deliberately deciding against

N/A2/13 (20.0)11/314 (31.8)Device-related obstacles

N/A001/01 (2.3)Device malfunction

“I knew that I would go partying
after eating at a friend’s house, and

2/13 (20.0)10/313 (29.5)No device

I didn’t want to take the smartphone
to the club.”

N/A1/23 (20.0)5/611 (25.0)Situational barriers

“I am not allowed to use my smart-
phone at work.”

1/12 (13.3)3/36 (13.6)Practical reasons

“I felt awkward when recording my
snack in front of other students.”

0/11 (6.7)2/35 (11.4)Social reasons

“I forgot to take a picture.”1/01 (6.7)2/24 (9.1)Not further specified

N/A12/315 (100)29/1544 (100)Total

Study 3 (n=99)f

N/A4/15 (25.0)49/2170 (19.4)Multitasking

“I only remembered after my lunch
box was empty.”

3/03 (15.0)25/1439 (10.8)Not being aware

“I did not have the time.”1/12 (10.0)24/731 (8.6)Deliberately deciding against

N/A10/111 (55.0)68/3098 (27.1)Device-related obstacles

“The app did not work properly.”2/02 (10.0)17/522 (6.1)Device malfunction

“I left my smartphone at home.”8/19 (45.0)51/2576 (21.1)No device

N/A0020/2848 (13.3)Situational barriers

“I could not use my phone during
the lecture.”

0012/2335 (9.7)Practical reasons
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ExamplesSingle reasonsaAll reasonsCharacteristics

Mainb/snacks, nTotal, n (%)Mainb/snacks, nTotal, n (%)Type of reason

“I was on a date.”008/513 (3.6)Social reasons

“I forgot to take a picture.”3/14 (20.0)86/59145 (40.2)Not further specified

N/A17/320 (100)223/138361 (100)Total

aOnly 1 reason was provided by the participant.
bMain meals (breakfast, lunch, and dinner).
cIn study 1, 35 of 38 participants reported a missing event.
dN/A: not applicable.
eIn study 2, 28 out of 35 participants reported a missing event.
fIn study 3, 99 out of 110 participants reported a missing event.

Device-related obstacles were the second most frequent reason
(13/69 reasons, 19%). These obstacles can be further divided
into those related to device malfunctions such as the app not
working or the battery was low (3/69 reasons, 4%), and
occasions when the participants did not have the device with
them (eg, it was not at hand; 10/69 reasons, 15%). Finally,
situational barriers that prevented the participants using the
mobile device either because it was not sufficiently feasible or
admissible accounted for 10 of the 69 reasons (15%). These
situational barriers could be further divided into practical reasons
such as “going somewhere,” “driving,” or “not having a hand
free,” with 9 of the 69 reasons (13%), whereas social reasons
such as feeling intimidated by taking a picture were only noted
once (1/69, 2%).

Study 2 (8 Days of Mobile Food Recording): The Effect
of Reminders and Addenda
Mobile apps currently vary as to whether and how often they
prompt the participants to record their eating events, which
raises the question of whether mobile apps with reminders yield
higher eating event logging rates than those without prompts.
Similarly, the possibility of adding meals after the actual eating
events has occurred (addenda) might also have a positive impact
on the rate of missing events. Therefore, study 2 extended study
1 by implementing reminders and the possibility to record
missing eating events after they had occurred but still during
the food assessment period (addenda).

A total of 35 participants (31/35 female, 89%; 32/35 students,
91%) took part in the study, with a mean age of 25.5 years (SD
5.69, range 19-41) and (objectively measured) BMI of 22.5

kg/m2 (SD 5.5, range 15-43). Of the 35 participants, 20 (57%)
were omnivores, 5 (14%) vegetarians, 4 (11%) vegans, and 6
(17%) adhered to other dietary styles. As compensation, the
participants received either course credits (3.0 h; n=5) or €25
(US $30; n=30).

None of the participants dropped out of the study, which again
indicates excellent retention. A total of 1093 eating events were
logged by the participants over the 8-day time period. Of these,
159 entries (14.55%) were canceled before completion, resulting
in a total of 934 complete eating event records, of which 888
were recorded during the eating event and 46 (4.9%) were
recorded belatedly (addenda).

Logged Versus Social Normative Expected Number of
Meals
As Table 1 shows, on average, the participants logged 26.69
(SD 7.46) eating events across the 8-day study period. Overall,
at the group level, the number of logged eating events was
within the social normative expected range of 24 to 32 eating
events but significantly below the 32 meals threshold, t34=−4.21,
P<.001, d=0.71. As in study 1, a substantial variability in the
number of reported eating events occurred at the person level,
ranging from 11 to 42 entries per participant. The majority
(22/35, 63%) logged 24 or more eating events across the 8 days,
and the ICC of ρ=0.30 indicates that 70% of the observed
variance in the number of logged eating events was due to
differences within, rather than between, participants.

The observed number of logged breakfasts, lunches, dinners,
and snacks ranged between 6.03 (SD 4.81, lunch) and 6.89 (SD
2.37, breakfast) and were significantly lower than the social
normative expected 8 daily meals, respectively. The number of
logged events did not vary depending on the meal type, as
indicated by a repeated measures ANOVA with the factor meal
type (breakfast, lunch, dinner, snack), F1.78,60.59=0.69, P=.49,
partial η²=.02 (Greenhouse-Geisser corrected, ε=.59). The total
number of logged meals and the number of logged meals per
meal type did not differ between those participants who had
access to the addendum feature (n=18) and those who did not
(n=17), ts33≤|0.85|, Ps≥.40, ds≤0.29 (Multimedia Appendix 1).
Examining intraindividual differences in logging rates for the
different meal types yielded small ICC coefficients (ρ≤0.35),
suggesting that the nesting of logged events within individuals
was not substantial. Hence, overall, interindividual differences
in logging rates were small.

Logging Trajectories of Eating Events Over Time
Figure 1 depicts the logging trajectories for the 8-day study
period. Again, logging trajectories over time were analyzed
using multilevel modeling (Table 2 and Figure 1).

Overall, there was a small but statistically significant negative
trend over time (b=−.12, t236.57=−3.86, P<.001, pseudo-R²=0.06),
indicating that fewer eating events were reported as the study
progressed. The random intercept model was preferred (χ²2=1.1,
P=.57), which indicates that the trend was generalizable across
the participants.
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Although there were no significant changes in logging
frequencies over time for the 4 main meal types (Table 2), a
small and significant negative trend emerged for snacks (b=−.07,
t236.87=−3.23, P=.001, pseudo-R²=0.04), indicating that the
number of logged snacks decreased significantly across the 8
days. The random intercept model was again preferred (χ²2=0.0,
P>.99), indicating that the trends were comparable between the
participants.

A visual inspection of Figure 1 suggests that the number of
logged snacks dropped between days 1 and 2. Examining daily
logging frequencies for snacks (Multimedia Appendix 1) showed
that there was also a shift toward reporting fewer multiple snacks
between day 1 and day 2. Specifically, the number of
participants who recorded 2 to 3 snacks decreased from 16 to
8, whereas those who reported 1 snack increased from 9 to 13.
Similar but less pronounced changes occurred between days 2
and 3, and between days 3 and 4.

Number of Reasons for Perceived Missing Events
In the interviews that followed the EMA assessment period, 28
of the 35 participants (80%) reported that they had missed
recording at least one eating event (range 1-9 events, median
2.00, mean 2.12, SD 1.88; 5 participants could not state the
frequency of missing events). Furthermore, 24 of these 28
participants (86%; 3 did not specify the frequency) stated that
they had missed at least one main meal, and 11 of the 28
participants (39%) that they had missed at least one snack.
Perceived missing events were significantly higher for main
meals (median 1.00, mean 1.48, SD 1.16, range 1-5) than for
snacks (median 0.00, mean 0.74, SD 1.39, range 1-6, t22=2.10,
P=.047, d=0.58).

In total, 44 different reasons were provided by the 28
participants who reported a missing event, of which 15
participants specified 1 reason, 10 gave 2 reasons, and 3
participants provided 2 reasons (mean 1.57, SD 0.69).

As Table 3 shows, multitasking in the moment of eating was
again the most frequently mentioned reason for missing an event
(15/44 reasons, 34%), whereas 11 of 44 (25%) listed not being
aware of and 4 of 44 (9%) deliberately deciding against
recording an event. The second most common reason was
device-related obstacles (14/44, 32%), of which device
malfunctions (1/44, 2%) was less frequent than having no device
(13/44, 30%). Situational barriers were mentioned 11 of 44
times (25%), of which practical reasons (6/44, 15%) were
slightly more frequent than social reasons (5/44, 11%).

Study 3 (8 Days of Mobile Food Recording): Reporting
Missing and Skipped Events During the Assessment
Period
The enriched MIDA in study 2 yielded a similar overall pattern
of results to study 1, demonstrating that including a fixed
reminder in the morning did not increase the number of logged
events. However, one might argue that a fixed daily reminder
set at the beginning of the study might not be effective because
individual time schedules might vary between and within
participants. Thus, in study 3, we tested whether a fixed
reminder in the evening, in addition to a daily reminder in the

morning, would decrease the rate of missing events. Moreover,
to distinguish missing events from skipped eating events, we
also included the possibility for participants to indicate the
omission or lack of consumption of a meal or snack. Further
extending studies 1 and 2, the participants could indicate the
occurrence of and reasons for missing events on a daily basis
during the MIDA period to reduce potential memory effects.

A total of 113 participants were recruited. Among them, 2
dropped out during the 8-day recording and 1 recorded only 1
eating event, resulting in a final sample of 110 participants
(91/110 female, 82.7%; 106/110 students, 96.4%) with a mean
age of 22.02 years (SD 5.30, range 18-51) and (self-reported)

BMI of 21.9 kg/m2 (SD 3.44, range 17-44). Of the 110
participants, 66 (60.0%) were omnivores, 18 (16.4%)
vegetarians, 8 (7.3%) vegans, and 18 (16.4%) adhered to other
dietary styles. The participants received course credits (1.5 h;
n=70) or €15 (US $18; n=40) as compensation for their
participation.

As of the 113 participants, only 2 dropped out of the study and
1 recorded only 1 meal, a very good retention rate (97.4%) is
indicated. In total, the participants logged 3365 eating events
over the 8-day study period. Of these, 133 entries (3.95%) were
canceled by the participants or were incomplete (eg, picture
missing), resulting in a total of 3232 complete eating event
records (Multimedia Appendix 1), of which 2871 were recorded
at the eating event and 361 (11.17%) were belated recordings
(addenda). In addition, 86 of 110 participants (78.2%) reported
having skipped 245 eating events. No meal type was specified
for 8 skipped eating events, resulting in a total of 237 skipped
eating events that were added to the eating event records. Hence,
the total final sample included 3469 eating events (Table 1).
The control analysis showed no significant difference between
participants who used their own vs a loaned smartphone with
respect to the number of reported meals (ts108≤|1.81|, Ps≥.07,
ds≤0.35) or the number of reported missing snacks (t97=1.37,
P=.17, d=0.28). However, they differed in terms of the number
of reported missing main meals (t97=2.13, P=.04, d=0.43;
meanown 2.62, SDown 2.07, meanloaned 1.86, SDloaned 1.54).

Logged Versus Social Normative Expected Number of
Meals
On average, the participants recorded 31.54 (SD 8.73) meals
and snacks during the 8 study days (Table 1). In contrast to
studies 1 and 2, the number of recorded eating events concurs
with the social normative threshold value of 32 occasions (4
daily meals and an additional snack, t109=−0.56, P=.58, d=0.05).
The number of entries ranged from 10 to 61 per participant,
with most (91/110, 82.7%) logging 24 or more eating events
during the study period. Majority (68%) of the overall variation
in logged occasions was because of variations within participants
rather than variations of logging rates between individuals (ICC
of ρ=0.32).

Table 1 shows that the observed number of logged lunches
(mean 6.76, SD 1.78) and dinners (mean 7.56, SD 1.96) were
significantly lower than the social normative expected total of
8 for the study period, whereas the number of logged breakfasts
(mean 7.53, SD 2.58) and snacks (mean 8.66, SD 6.23) reached
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the social normative expected threshold value of 8 occasions.
Accordingly, the number of reports differed between meal types,
as indicated by a repeated-measures ANOVA, F1.53,167.08=5.84,
P=.007, partial η²=.05 (Greenhouse-Geisser corrected, ε=.51).
Significantly fewer lunches were recorded than dinners
(t109=−4.09, P<.001, d=0.43) and snacks (t109=−3.16, P=.002,
d=0.41). All other comparisons were not statistically significant,
with ts109≤−2.66, Ps≥.009, ds≤0.35 (α adjusted to .008 to
account for multiple comparisons). ICC coefficients were all
ρ≤0.35, suggesting that, overall, interindividual differences in
logging rates were small.

The number of reported meals without including skipped meals
was also analyzed to examine the effect of including the
recording of skipped meals (Multimedia Appendix 1). A total
of 3232 eating events were recorded, with an average of 29.38
(SD 8.54) events logged across 8 days, which is significantly
lower than the normative threshold of 32 meals (t109=−3.22,
P=.002, d=0.31, ICC of ρ=0.34). However, the majority still
logged more than 24 meals throughout the study period (82/110,
74.5%). On average, the participants missed 2.62 eating events
across the 8 days. The number of missing events also deviated
significantly from the normative expected 8 eating events for
the different meal types (breakfast mean 6.97, SD 2.64; lunch
mean 6.09, SD 1.91; and dinner mean 7.51, SD 2.09;
ts109≥−4.08, Ps<.001, ds≥0.39). However, the observed and
normative expected number of logged events concurred for
snacks (mean 8.23, SD 5.93; t109=.23, P=.69, d=0.04).

Logging the Trajectories of Meals Over Time
Logging trajectories for the 8-day study period were again
examined using multilevel modeling (Table 2 and Figure 1).
Overall, there was a small but statistically significant negative
trend over time (b=−.11, t753.99=−5.52, P<.001, pseudo-R²=0.04),
indicating that fewer meals were reported over time. The random
intercept model was preferred (χ²2=1.3, P=.53), which indicates
that participants did not vary with respect to time trends.

For individual meal types, small and significant negative trends
also emerged for snacks (b=−.08, t753.06=−5.41, P<.001,
pseudo-R²=0.04), indicating that the number of reported snacks
decreased across the 8 consecutive days. Again, the random
intercept model was preferred (χ²2=3.1, P=.22), demonstrating
that the trends were comparable between participants. No
significant change in logging frequency over time was observed
for the other food types (breakfast, lunch, dinner, and afternoon
tea; Table 2).

Number of Reasons for Perceived Missing Events
Of the 110 participants, 99 (90.0%) reported that they had
missed recording at least one main meal or snack (median 3.00,
mean 3.65, SD 2.93, range 1-20). For main meals, 90 of 99
participants (82%) reported at least one missing event, whereas
for snacks, missing events were reported by 57 of 99 (52%)
participants. On average, the number of missing events for
snacks (median 1.00, mean 1.39, SD 1.96) was significantly
lower than the number of missing events for main meals (median
2.00, mean 2.25, SD 1.86; t98=3.48, P=.001, d=0.45).

In total, 361 different reasons were provided by the 99
participants who reported having missed logging at least one
eating event, of which 20 participants (20%) specified one
reason for missing reporting an eating event, 22 (22%) gave 2,
and 57 (58%) between 3 and 20 reasons (median 3.00, mean
3.65, SD 2.93).

Of the 361 reasons provided, 216 (59.8%) included information
beyond merely stating that an eating event was missed. As Table
3 shows, device-related obstacles (specifically having no device
at hand) were the most frequently specified reason for a missing
event (98/361, 27.1%). This was also the case when only a
single reason was provided (11/20 provided single reasons,
55%). The next most frequent reasons were those related to
multitasking (70/361, 19.4%), followed by situational barriers
(48/361, 13.3%).

Discussion

The goal of the 3 studies was to assess the number of and
reasons for missing events in MIDA in event-based EMA
studies, using apps that varied in their technical features. The
3 studies assessed how often eating events (meals and snacks)
were missed over a period of 8 days in a naturalistic setting by
comparing the number of recorded events (1) with the number
of expected events based on social norms and observational
data, (2) over time, and (3) with recollections of missing events.
We used different apps ranging from a basic app (study 1) to a
more enriched MIDA app, which included individually set
reminders to record food intake, and the possibility of recording
addenda and skipped meals (study 3). To gain a greater insight
into the occurrence of missing events, we also assessed the
users’ reasons for missing events. To our knowledge, these are
the first studies that have assessed individual’s performance by
recording dietary food intake across an extended duration in
their naturalistic settings.

Study Attrition
Attrition rates, as an indicator of adherence, are discussed in
the specific context of EMA studies because its comparably
intensive data collection is presumed to lead to a high perceived
burden on the participants and thus to discontinued usage [49].
Moreover, study attrition is essential for estimating momentary
adherence or compliance rates [49,50]. All 3 of the studies
showed excellent overall study retention, with only 3 of the 189
participants who enrolled dropping out during the 8-day study
period (1.6%). Liao et al [23] summarized compliance-related
results from 13 EMA studies of diet and physical activity in
youth and, although most previous EMA studies reported initial
participant enrollment, only 2 studies formally reported attrition
rates (ie, the number of participants who dropped out of the
study for any reason). Similarly, Schembre et al [24] reviewed
the methods used in mobile diet EMA studies without including
information on study attrition (see also study by Wen et al [50]).
Villinger, Wahl et al [20] recently analyzed 41 app-based
intervention studies on nutrition behaviors and nutrition-related
health outcomes in adolescents and adults with a total of 6348
participants and found an average attrition rate of 18.7% (SD
16.27, range 0%-72%). This is highly comparable to the average
attrition rate of 18% found by Crutzen et al [51] for health
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behavior change trials. Thus, attrition rates are comparably low
even in longitudinal intervention studies, which place a higher
burden on the participants than behavior assessment studies.
Taken together, these and the findings from this study provide
some confidence that using intensive data collection methods
including mobile dietary EMA is feasible in terms of participant
retention.

Momentary Adherence and Missing Events Across
Studies and Over Time
Overall, 183 participants reported 5473 eating events, including
3803 main meals, 1505 snacks, and 165 afternoon teas. The
momentary adherence rate, as indexed by a comparison with
normative expected events, was generally high, but a differential
pattern of results emerged across the 3 studies.

Although the average number of events observed in study 3
corresponded to the social normative expected number of 32
events (d=0.05), the overall number of eating events logged in
studies 1 and 2 were significantly below the social normative
threshold. In study 1, the participants missed an average of 3.8
eating events (d=0.40) across the 8-day assessment period; in
study 2, the rate was even higher at 5.3 missing events (d=0.71).

Converting these results into practical significance is not
unequivocally possible as ground truth (eg, [52-54]) is virtually
unavailable (only 2 studies used doubly labeled water as an
intake criterion, [6,55]). Multiple criteria have been suggested
for evaluating the practical significance of observed effects [56]
(see also [20]). Regarding benchmark values, Cohen effect sizes
for the overall missing event rates are in the small-to-medium
range [57]. Furthermore, the comparison of the effects size
values of this study with previous research is limited because
of a lack of research. Specifically, the vast majority of EMA
studies used signal-contingent data collection protocols in which
the participants are prompted (often many times per day) to
provide information, and adherence can be defined as the
percentage of prompts (eg, signals and reminders) to which the
participants responded [23,24,50]. Silvia et al [58] estimated
that signal-contingent EMA studies commonly have 15% to
35% prompt-wise missing data rates [59]. Schembre et al [24]
reported a mean nonresponse rate of 21% for 10
signal-contingent diet EMA studies, which is similar to the
review results from Heron et al [22], who found an overall
nonresponse rate of 24%. For the studies in this paper, a
comparison of the average observed logging rate over the 8 days
to a social normative threshold value of 32 yielded overall
missing event rates of 12% (study 1), 17% (study 2), and 1.4%
(study 3). However, the social normative threshold of 32 eating
events across an 8-day study period and the comparison with
signal-contingent EMA studies is clearly debatable and should
therefore be interpreted with great caution.

Importantly, the overall higher number of reported eating events
in study 3 compared with studies 1 and 2 was also reflected at
the level of specific meals. For breakfasts, lunches, and dinners,
the participants in study 3 reported an average of almost 1 event
per day and between 0.64 and 1.16 more breakfasts, lunches,
and dinners than participants in studies 1 and 2. The reasons
for the higher momentary adherence rate in study 3 could

include individual differences, the prompting strategy used, and
technological features.

The Impact of Technical Features on Missing Events:
Addenda, Prompts, and Skipped Meals
One technological feature that might have increased the number
of logged eating events in study 3 is the addendum feature.
Eldridge et al [17] reviewed 43 technology-based dietary
assessment tools and found that more than 40% included an
option to add missing foods, making it the most common
customized feature. In the context of paper-and-pencil methods,
backfilling is seen as an obstacle to valid assessments. However,
as mobile device data are time-stamped, addendum features
offer the advantage of providing more insight into adherence,
and their added flexibility may also contribute to the
participants’ motivation [60,61]. Supporting the notion that
addenda substantially contribute to a lower number of missing
events, 11% of the complete eating events in study 3 were
actually belated.

Furthermore, study 3 included 2 fixed daily reminders, which
might have also contributed to a higher logging rate. Reminders
and prompts are key features of most EMA and mobile
assessment studies for enhancing engagement and adherence.
Prompts such as push notifications can now utilize individuals’
contexts to determine the most opportune times to send prompts
[62]. Interruptibility research has emerged within the field of
human-computer interactions, along with text-messaging
interventions in psychology and public health [63]. However,
current findings from experimental studies indicate that although
prompts may encourage greater exposure to message or
intervention contents without deterring engagement, they do
not always enhance their use [63,64]. Morrison et al compared
intelligent notifications, daily notifications within predefined
time frames, and occasional notifications within predefined time
frames in a stress management intervention and found generally
low response rates but a small-to-medium effect on viewed and
actioned notifications for the first two compared with occasional
notifications. Comparisons between study 1, which did not
include any reminder or prompts, and study 2, which included
a fixed daily reminder to log one’s meals, supports the notion
that predefined reminders might not per se increase momentary
adherence. However, in study 3, 2 fixed daily reminders were
added, which might have contributed to the higher momentary
adherence rate. In particular, the (self-selected) fixed reminder
in the evening might have positively impacted momentary
adherence because it additionally reminded participants to log
eating events they missed logging or skipped during the day.
Further supporting this notion, fewer participants in study 3
reported that they were not aware that they had missed logging
an eating event compared with studies 1 and 2.

Study 3 also included a technical feature, which allowed the
participants to log a skipped meal, and this was used at least
once by 78% of the 110 participants. Including the number of
skipped meals increased the number of logged eating events by
an average of 2 logs across the 8-day study period, which
represents 7% of the total entries. Interestingly, skipped meals
were reported with almost equal frequency for all three main
meals. Pendergast et al [65] assessed skipped meals in young
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adults in a 4-day EMA study on the following day and found
that almost 50% of the participants were regular meal skippers
(skipping ≥25% of main meals), with 15% of the sample defined
as breakfast skippers, 12% as lunch skippers, and 10% as dinner
skippers. Therefore, meal skipping occurs across a broad range
of people and affects all main meal types. Assessing skipped
meals offers the possibility of increasing measurement precision,
as it allows differentiation between skipped meals and missing
events. Thus, adding a skipped meal recording feature is likely
to have a substantial and consistent effect on measurement
quality.

Momentary Adherence and Missing Events Over Time:
Logging Trajectories
Extending previous EMA diet studies, we analyzed the logging
trajectories over time to examine whether momentary adherence
declines over time. Across all 3 studies, the logging trajectories
of reported meals over time showed a significant, albeit small,
decline over time. The trend was slightly more pronounced in
study 2 (pseudo-R²=0.06) and less pronounced in study 3
(pseudo-R²=0.04), mirroring the previously discussed results
for time-aggregated data. The random intercept model was
preferred in all 3 studies, indicating that the participants did not
differ significantly in their logging rates over time. Although
the results consistently indicate that interindividual differences
did not systematically affect logging trajectories over time, we
found a differential pattern in dependence of the meal type
within each study.

The logging trajectories for the main meals (breakfast, lunch,
and dinner) showed no decrease in reporting, except for a
small-time effect in study 1 for lunch and dinner. This was
surprising, given that the intensive nature of diet EMA protocols
and the burden on participants has often been viewed as a major
contributing factor in both response fatigue [66] and decreases
in momentary adherence. Converging with the present results
as well as a recent meta-analysis of mobile EMA studies, no
significant study duration effects were found on the rate of
response to prompts [50,58,67], which emphasizes the need for
a more nuanced understanding of the factors that affect
momentary adherence.

The significant negative time effect we found for snacks in
studies 2 and 3, which was not found for main meals, might
indicate underreporting or measurement reactivity [68-70].
Although underreporting means that snacks were consumed but
not logged, which constitutes missing events, measurement
reactivity describes the effect that repeated assessments draw
attention to the monitored behavior, which can identify
problematic behavior and induce behavioral changes.
Interestingly, the number of reported snacks dropped noticeably
between days 1 and 2 (see Figure 1), which is when the attention
effect and identification of problematic behavior is theoretically
most likely. However, considering the present data, it is not
possible to disentangle underreporting (ie, consumed snacks
not being reported) and measurement reactivity effects (ie, an
actual decrease in snacks consumed).

Perceived Missing Events and Reasons Across Studies
Almost all participants acknowledged that they had missed
logging at least one eating event during the study period.
Interestingly, the enrichments in study 3, namely the 2 fixed
daily reminders and an addendum feature, did not result in a
lower number of participants recalling a missing event compared
with the more basic study 1 (92% vs 90%), which suggests that
people are aware or assume that their reports are incomplete.

However, examining the number of missing events reported
shows a lower median number of perceived missing events in
study 1 than in study 3, but compared with the social normative
expected number of events, perceived events were lower in
study 1 and higher in study 3. Therefore, one might speculate
that including technical features such as reminders might not
only increase the actual logging of eating events but could also
increase the awareness of missing events. Perceived missing
events in studies 2 and 3 were more likely to be main meals
than snacks, which contrasts with the assumption that irregular
eating events might be rather more likely to be missed because
of attention and memory effects.

Overall, the reported reasons for missing events showed a
similar profile across all 3 studies. The most common reasons
were engagement in competing activities and technical issues,
whereas situational reasons were less important. In the context
of multitasking, further examination shows that although
completion rates are affected by lapses in attention, resource,
and time scarcity also lead to deliberately deciding against
recording an eating event. Although customized prompts might
be useful for the former, the latter represents a clear limitation
for active real-time assessments. Passive assessments of eating,
such as automatic sensing through wearables [52-54] circumvent
this limitation. As expected, device-related obstacles
(specifically not having the device handy for recording) were
an important reason for missing events. Situational barriers,
specifically practical reasons that rendered recording as neither
feasible nor admissible, were also common reasons for missing
events. In contrast, social reasons, such as feeling intimidated
by taking a picture, were only rarely noted.

Study Limitations
Although attrition rates were very low in these studies, biases
such as recruitment or volunteer bias need to be considered [71].
Specifically, individuals who are willing to participate in a
research study are self-selected and presumably highly motivated
and health conscious. Research on participation biases in mailed
surveys showed that people who are female, older, or with
higher education levels are more likely to return postal
questionnaires. Furthermore, people with a poorer health status
tend to avoid participating in health surveys [72]. Thus, the
predominance of females and students among the participants
suggests the presence of a volunteer bias in these study series,
which limits the generalization of the pattern of results to other
population groups. Furthermore, our sample sizes were relatively
small in comparison with large-scale epidemiological studies.
Although research using mobile EMA is demanding, it would
be informative to address the issue of missing event rates with
larger samples.
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Relatedly, individual differences can also systematically impact
momentary adherence. Specifically, previous research has shown
that women and people with a college degree are more likely
to respond to prompts within signal-contingent EMA studies
[58,73]. However, the ICCs across the 3 studies indicated that
38% or less of the observed variance was because of individual
differences. Thus, differences in logging rates are more
pronounced within individuals than between different people.
Overall, the present findings suggest that the actual state of the
individual, situational context, and technical features of the
mobile app seem to have a greater influence on the adherence
rates than stable individual differences (see the study by Sun et
al [74] for similar conclusions).

An important factor in mobile app research is the duration of
the assessment period, which may impact momentary adherence
over time. Although assessment duration has received increasing
attention in the study of dietary intake and has been addressed
in existing assessment guidelines [41], the different fields and
studies use different time periods. Similar to these studies,
mobile dietary assessment studies commonly use periods ranging
from 1 to 7 days [16]. However, longer assessment periods
might be necessary for specific research questions, such as the
assessment of micronutrients [41] and the evaluation of
intervention studies using dietary self-monitoring. Overall, the
study findings need to be interpreted within the context of the
8-day assessment period and the generalizability of the findings,
and future studies are needed to determine the maximum number
of feasible data collection days.

A further limitation regarding the analysis of the numbers of
and reasons for perceived missing events assessed by
semistructured interviews in studies 1 and 2. It seems reasonable
that memory biases, that is, primacy and recency effects, may
have impacted recollection. Consistent with this notion, study
3, which provided the opportunity to report missing events on
a daily basis, indicated an average of 2 more logs across the
8-day study period.

The strength of this study series regarding the analysis of
logging data across time, that is, showing only a small decline
in event logging, and the analysis of reasons for missing events,

that is competing activities and technical issues. However, this
study series is limited with regard to the precise estimation of
missing events. Specifically, based on epidemiological data and
social eating norms, the number of missed events was estimated
in reference to external criteria rather than the objective
assessment of the number of event episodes. This limitation has
been widely acknowledged and is accentuated in research over
longer assessment periods ranging from weeks to months
[52-54,75]. One possibility to acquire objective data is to use
video and audio recordings throughout the day to objectively
identify the number of eating episodes. However, such an
approach would raise ethical issues regarding data privacy,
involve time, and require resource-intensive annotation efforts
from external observers or the participants themselves.
Acknowledging these limitations [41], future studies are needed
to estimate the frequency of missing events in reference to
objective data.

Conclusions
Using 3 different indicators, missing events were assessed in 3
mobile image-based dietary EMA studies in more than 180
adults, who reported 5473 eating events, including 3803 main
meals, 1505 snacks, and 165 afternoon teas. Given the intensive
nature of diet EMA protocols, logging trajectories over time
were remarkably stable for main meals. The small significant
negative time effect for snacks might indicate underreporting
or measurement reactivity. Differences in logging rates were
more pronounced within individuals than between different
persons. Hence, the actual state of the individual and context
seem to have a greater influence on adherence rates than stable
individual differences. Supporting this notion, study 3, which
included an enriched app with reminders, addendum option,
and the possibility of recording skipped meals, yielded the
highest number of recorded meals. Thus, including such
customized features can substantially increase the measurement
quality. Engagement in competing activities and technical issues
were the most frequently named reasons for perceived missing
events, whereas situational reasons were less important. The
results emphasize the need for a more nuanced understanding
of the factors that affect momentary adherence.

 

Acknowledgments
This research was supported by the Federal Ministry of Education and Research and the German Research Foundation within
the research projects SMARTACT (BMBF Grant 01EL1820A) and RISKDYNAMICS (DFG Grant FOR 2374) granted to BR
and HS. The funding sources had no involvement in the study’s design; collection, analysis, and interpretation of data; writing
of the report; or the decision to submit this article for publication. The authors thank Heike Koch, Kristian Sabados, Tobias Volk,
and Tony Arthur for their valuable support.

Authors' Contributions
BR and HS developed the study concept. All authors contributed to the study design. KZ, LK, DW, and KV conducted the study,
including participant recruitment and data collection, under the supervision of BR and HS. LK, BR, and KZ conducted data
analyses, and SB, JM, and HR created and implemented the mobile app SMARTFOOD (study 2) designed by BR, HS, KV, DW,
LK, and KZ. The manuscript draft was prepared by BR, KZ, LK, and CB, with critical input by HS, KV, and DW. All authors
approved the final version of the manuscript for submission.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e15430 | p.685https://mhealth.jmir.org/2020/10/e15430
(page number not for citation purposes)

Ziesemer et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Conflicts of Interest
None declared.

Multimedia Appendix 1
Additional results for studies 2 and 3.
[DOCX File , 16 KB - mhealth_v8i10e15430_app1.docx ]

References
1. Fischler C. Food habits, social change and the nature/culture dilemma. Soc Sci Inf 2016 Sep 3;19(6):937-953. [doi:

10.1177/053901848001900603]
2. Wahl DR, Villinger K, Blumenschein M, König LM, Ziesemer K, Sproesser G, et al. Why we eat what we eat: assessing

dispositional and in-the-moment eating motives by using ecological momentary assessment. JMIR Mhealth Uhealth 2020
Jan 7;8(1):e13191 [FREE Full text] [doi: 10.2196/13191] [Medline: 31909719]

3. Rozin P. Food and eating. In: Kitayama S, Cohen D, editors. Handbook of Cultural Psychology. New York, USA: Guilford
Press; 2007:391-416.

4. Wansink B, Sobal J. Mindless eating. Environ Behav 2016 Jul 26;39(1):106-123. [doi: 10.1177/0013916506295573]
5. Boushey CJ, Spoden M, Zhu FM, Delp EJ, Kerr DA. New mobile methods for dietary assessment: review of image-assisted

and image-based dietary assessment methods. Proc Nutr Soc 2017 Aug;76(3):283-294. [doi: 10.1017/S0029665116002913]
[Medline: 27938425]

6. Martin CK, Correa JB, Han HM, Allen HR, Rood JC, Champagne CM, et al. Validity of the remote food photography
method (RFPM) for estimating energy and nutrient intake in near real-time. Obesity (Silver Spring) 2012 Apr;20(4):891-899
[FREE Full text] [doi: 10.1038/oby.2011.344] [Medline: 22134199]

7. Rollo ME, Williams RL, Burrows T, Kirkpatrick SI, Bucher T, Collins CE. What are they really eating? A review on new
approaches to dietary intake assessment and validation. Curr Nutr Rep 2016 Oct 15;5(4):307-314. [doi:
10.1007/s13668-016-0182-6]

8. Kirkpatrick SI, Reedy J, Krebs-Smith SM, Pannucci TE, Subar AF, Wilson MM, et al. Applications of the healthy eating
index for surveillance, epidemiology, and intervention research: considerations and caveats. J Acad Nutr Diet 2018
Sep;118(9):1603-1621 [FREE Full text] [doi: 10.1016/j.jand.2018.05.020] [Medline: 30146072]

9. Kirkpatrick SI, Collins CE. Assessment of nutrient intakes: introduction to the special issue. Nutrients 2016 Mar 25;8(4):184
[FREE Full text] [doi: 10.3390/nu8040184] [Medline: 27023598]

10. Bingham SA, Gill C, Welch A, Day K, Cassidy A, Khaw KT, et al. Comparison of dietary assessment methods in nutritional
epidemiology: weighed records v 24 h recalls, food-frequency questionnaires and estimated-diet records. Br J Nutr 1994
Oct;72(4):619-643. [doi: 10.1079/bjn19940064] [Medline: 7986792]

11. Dhurandhar NV, Schoeller D, Brown AW, Heymsfield SB, Thomas D, Sørensen TI, Energy Balance Measurement Working
Group. Energy balance measurement: when something is not better than nothing. Int J Obes (Lond) 2015 Jul;39(7):1109-1113
[FREE Full text] [doi: 10.1038/ijo.2014.199] [Medline: 25394308]

12. Freedman LS, Midthune D, Arab L, Prentice RL, Subar AF, Willett W, et al. Combining a food frequency questionnaire
with 24-hour recalls to increase the precision of estimation of usual dietary intakes-evidence from the validation studies
pooling project. Am J Epidemiol 2018 Oct 1;187(10):2227-2232 [FREE Full text] [doi: 10.1093/aje/kwy126] [Medline:
29917051]

13. Illner A, Freisling H, Boeing H, Huybrechts I, Crispim SP, Slimani N. Review and evaluation of innovative technologies
for measuring diet in nutritional epidemiology. Int J Epidemiol 2012 Aug;41(4):1187-1203. [doi: 10.1093/ije/dys105]
[Medline: 22933652]

14. Renner B, Klusmann-Weißkopf V, Sproesser G. Assessment of health behaviors. In: Wright JD, editor. The International
Encyclopedia of the Social and Behavioral Sciences. Oxford, England: Elsevier; 2015:588-593.

15. Subar AF, Freedman LS, Tooze JA, Kirkpatrick SI, Boushey C, Neuhouser ML, et al. Addressing current criticism regarding
the value of self-report dietary data. J Nutr 2015 Dec;145(12):2639-2645 [FREE Full text] [doi: 10.3945/jn.115.219634]
[Medline: 26468491]

16. Sharp DB, Allman-Farinelli M. Feasibility and validity of mobile phones to assess dietary intake. Nutrition
2014;30(11-12):1257-1266. [doi: 10.1016/j.nut.2014.02.020] [Medline: 24976425]

17. Eldridge AL, Piernas C, Illner A, Gibney MJ, Gurinović MA, de Vries JH, et al. Evaluation of new technology-based tools
for dietary intake assessment-an ILSI Europe dietary intake and exposure task force evaluation. Nutrients 2018 Dec 28;11(1):-
[FREE Full text] [doi: 10.3390/nu11010055] [Medline: 30597864]

18. Villinger K, Wahl DR, König LM, Ziesemer K, Butscher S, Müller J, et al. Do we know what we enjoy? Accuracy of
forecasted eating happiness. Front Psychol 2020;11:1187 [FREE Full text] [doi: 10.3389/fpsyg.2020.01187] [Medline:
32625135]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e15430 | p.686https://mhealth.jmir.org/2020/10/e15430
(page number not for citation purposes)

Ziesemer et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=mhealth_v8i10e15430_app1.docx&filename=0794c3e5c193804ff8d35e89c924f052.docx
https://jmir.org/api/download?alt_name=mhealth_v8i10e15430_app1.docx&filename=0794c3e5c193804ff8d35e89c924f052.docx
http://dx.doi.org/10.1177/053901848001900603
https://mhealth.jmir.org/2020/1/e13191/
http://dx.doi.org/10.2196/13191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31909719&dopt=Abstract
http://dx.doi.org/10.1177/0013916506295573
http://dx.doi.org/10.1017/S0029665116002913
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27938425&dopt=Abstract
https://doi.org/10.1038/oby.2011.344
http://dx.doi.org/10.1038/oby.2011.344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22134199&dopt=Abstract
http://dx.doi.org/10.1007/s13668-016-0182-6
http://europepmc.org/abstract/MED/30146072
http://dx.doi.org/10.1016/j.jand.2018.05.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30146072&dopt=Abstract
https://www.mdpi.com/resolver?pii=nu8040184
http://dx.doi.org/10.3390/nu8040184
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27023598&dopt=Abstract
http://dx.doi.org/10.1079/bjn19940064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7986792&dopt=Abstract
http://europepmc.org/abstract/MED/25394308
http://dx.doi.org/10.1038/ijo.2014.199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25394308&dopt=Abstract
http://europepmc.org/abstract/MED/29917051
http://dx.doi.org/10.1093/aje/kwy126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29917051&dopt=Abstract
http://dx.doi.org/10.1093/ije/dys105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22933652&dopt=Abstract
http://europepmc.org/abstract/MED/26468491
http://dx.doi.org/10.3945/jn.115.219634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26468491&dopt=Abstract
http://dx.doi.org/10.1016/j.nut.2014.02.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24976425&dopt=Abstract
https://www.mdpi.com/resolver?pii=nu11010055
http://dx.doi.org/10.3390/nu11010055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30597864&dopt=Abstract
https://doi.org/10.3389/fpsyg.2020.01187
http://dx.doi.org/10.3389/fpsyg.2020.01187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32625135&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


19. Boushey CJ, Harray AJ, Kerr DA, Schap TE, Paterson S, Aflague T, et al. How willing are adolescents to record their
dietary intake? The mobile food record. JMIR Mhealth Uhealth 2015 May 29;3(2):e47 [FREE Full text] [doi:
10.2196/mhealth.4087] [Medline: 26024996]

20. Villinger K, Wahl DR, Boeing H, Schupp HT, Renner B. The effectiveness of app-based mobile interventions on nutrition
behaviours and nutrition-related health outcomes: a systematic review and meta-analysis. Obes Rev 2019
Oct;20(10):1465-1484 [FREE Full text] [doi: 10.1111/obr.12903] [Medline: 31353783]

21. Carter MC, Burley VJ, Nykjaer C, Cade JE. Adherence to a smartphone application for weight loss compared to website
and paper diary: pilot randomized controlled trial. J Med Internet Res 2013 Apr 15;15(4):e32 [FREE Full text] [doi:
10.2196/jmir.2283] [Medline: 23587561]

22. Heron KE, Everhart RS, McHale SM, Smyth JM. Using mobile-technology-based ecological momentary assessment (EMA)
methods with youth: a systematic review and recommendations. J Pediatr Psychol 2017 Nov 1;42(10):1087-1107. [doi:
10.1093/jpepsy/jsx078] [Medline: 28475765]

23. Liao Y, Skelton K, Dunton G, Bruening M. A systematic review of methods and procedures used in ecological momentary
assessments of diet and physical activity research in youth: an adapted strobe checklist for reporting EMA studies (CREMAS).
J Med Internet Res 2016 Jun 21;18(6):e151 [FREE Full text] [doi: 10.2196/jmir.4954] [Medline: 27328833]

24. Schembre SM, Liao Y, O'Connor SG, Hingle MD, Shen S, Hamoy KG, et al. Mobile ecological momentary diet assessment
methods for behavioral research: systematic review. JMIR Mhealth Uhealth 2018 Nov 20;6(11):e11170 [FREE Full text]
[doi: 10.2196/11170] [Medline: 30459148]

25. Glanz K, Murphy S. Dietary assessment and monitoring in real time. In: Stone AA, Shiffman S, Atienza A, Nebeling L,
editors. The Science of Real-time Data Capture: Self-reports in Health Research. Oxford, USA: Oxford University Press;
2007:151-168.

26. Shiffman S, Stone AA, Hufford MR. Ecological momentary assessment. Annu Rev Clin Psychol 2008;4(1):1-32. [Medline:
18509902]

27. Mehl MR, Conner TS. Handbook of research methods for studying daily life. New York: The Guilford Press; 2012.
28. Conner T, Lehman B. Getting started: Launching a study in daily life. In: Mehl MR, Connor TS, editors. Handbook of

research methods for studying daily life. New York: The Guildford Press; 2012:89-107.
29. König LM, Renner B. Colourful = healthy? Exploring meal colour variety and its relation to food consumption. Food

Quality and Preference 2018;64:66-71. [doi: 10.1016/j.foodqual.2017.10.011]
30. Bucher DTS, Carrard I, Farina E, Danuser B, Kruseman M. Development and Evaluation of e-CA, an Electronic Mobile-Based

Food Record. Nutrients 2017;9(1):76 [FREE Full text] [doi: 10.3390/nu9010076] [Medline: 28106767]
31. Sun M, Burke LE, Mao Z, Chen Y, Chen H, Bai Y, et al. eButton: A Wearable Computer for Health Monitoring and Personal

Assistance. Proc Des Autom Conf 2014;2014:1-6 [FREE Full text] [doi: 10.1145/2593069.2596678] [Medline: 25340176]
32. Fontana JM, Farooq M, Sazonov E. Automatic ingestion monitor: a novel wearable device for monitoring of ingestive

behavior. IEEE Trans Biomed Eng 2014;61(6):1772-1779 [FREE Full text] [doi: 10.1109/TBME.2014.2306773] [Medline:
24845288]

33. Ashman AM, Collins CE, Brown LJ, Rae KM, Rollo ME. Validation of a Smartphone Image-Based Dietary Assessment
Method for Pregnant Women. Nutrients 2017;9(1):73 [FREE Full text] [doi: 10.3390/nu9010073] [Medline: 28106758]

34. Seto E, Hua J, Wu L, Shia V, Eom S, Wang M, et al. Models of individual dietary behavior based on smartphone data: the
influence of routine, physical activity, emotion, and food environment. PLoS One 2016;11(4):e0153085 [FREE Full text]
[doi: 10.1371/journal.pone.0153085] [Medline: 27049852]

35. Maugeri A, Barchitta M. A systematic review of ecological momentary assessment of diet: implications and perspectives
for nutritional epidemiology. Nutrients 2019;11(11):2696 [FREE Full text] [doi: 10.3390/nu11112696] [Medline: 31703374]

36. Grignon C. Sociologie des rythmes alimentaires. Les comportements alimentaires. 2004. URL: https://www6.
versailles-grignon.inrae.fr/aliss/layout/set/print/content/download/3346/35629/file/WP04-10.pdf [accessed 2020-09-17]

37. Lhuissier A, Tichit C, Caillavet F, Cardon P, Masullo A, Martin-Fernandez J, et al. Who still eats three meals a day?
Findings from a quantitative survey in the Paris area. Appetite 2013 Apr;63:59-69. [doi: 10.1016/j.appet.2012.12.012]
[Medline: 23274963]

38. Murakami K, Livingstone MB. Associations between meal and snack frequency and diet quality in us adults: national health
and nutrition examination survey 2003-2012. J Acad Nutr Diet 2016 Jul;116(7):1101-1113. [doi: 10.1016/j.jand.2015.12.012]
[Medline: 26847912]

39. Schwedhelm C, Knüppel S, Schwingshackl L, Boeing H, Iqbal K. Meal and habitual dietary networks identified through
semiparametric gaussian copula graphical models in a german adult population. PLoS One 2018;13(8):e0202936 [FREE
Full text] [doi: 10.1371/journal.pone.0202936] [Medline: 30142191]

40. Winkler G, Döring A, Keil U. Meal patterns in middle-aged men in Southern Germany: results from the MONICA Augsburg
dietary survey 1984/85. Appetite 1999 Feb;32(1):33-37. [doi: 10.1006/appe.1998.0193] [Medline: 9989911]

41. Food and Agriculture Organization of the United Nations. Dietary Assessment. A Resource Guide to Method Selection
and Application in Low Resource Settings. Rome, Italy: Food and Agriculture Organization of the United Nations; 2018.

42. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models using. J Stat Soft 2015;67(1):1-48 [FREE
Full text] [doi: 10.18637/jss.v067.i01]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e15430 | p.687https://mhealth.jmir.org/2020/10/e15430
(page number not for citation purposes)

Ziesemer et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://mhealth.jmir.org/2015/2/e47/
http://dx.doi.org/10.2196/mhealth.4087
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26024996&dopt=Abstract
http://europepmc.org/abstract/MED/31353783
http://dx.doi.org/10.1111/obr.12903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31353783&dopt=Abstract
https://www.jmir.org/2013/4/e32/
http://dx.doi.org/10.2196/jmir.2283
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23587561&dopt=Abstract
http://dx.doi.org/10.1093/jpepsy/jsx078
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28475765&dopt=Abstract
https://www.jmir.org/2016/6/e151/
http://dx.doi.org/10.2196/jmir.4954
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27328833&dopt=Abstract
https://mhealth.jmir.org/2018/11/e11170/
http://dx.doi.org/10.2196/11170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30459148&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18509902&dopt=Abstract
http://dx.doi.org/10.1016/j.foodqual.2017.10.011
http://www.mdpi.com/resolver?pii=nu9010076
http://dx.doi.org/10.3390/nu9010076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28106767&dopt=Abstract
http://europepmc.org/abstract/MED/25340176
http://dx.doi.org/10.1145/2593069.2596678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25340176&dopt=Abstract
http://europepmc.org/abstract/MED/24845288
http://dx.doi.org/10.1109/TBME.2014.2306773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24845288&dopt=Abstract
http://www.mdpi.com/resolver?pii=nu9010073
http://dx.doi.org/10.3390/nu9010073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28106758&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0153085
http://dx.doi.org/10.1371/journal.pone.0153085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27049852&dopt=Abstract
http://www.mdpi.com/resolver?pii=nu11112696
http://dx.doi.org/10.3390/nu11112696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31703374&dopt=Abstract
https://www6.versailles-grignon.inrae.fr/aliss/layout/set/print/content/download/3346/35629/file/WP04-10.pdf
https://www6.versailles-grignon.inrae.fr/aliss/layout/set/print/content/download/3346/35629/file/WP04-10.pdf
http://dx.doi.org/10.1016/j.appet.2012.12.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23274963&dopt=Abstract
http://dx.doi.org/10.1016/j.jand.2015.12.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26847912&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0202936
https://dx.plos.org/10.1371/journal.pone.0202936
http://dx.doi.org/10.1371/journal.pone.0202936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30142191&dopt=Abstract
http://dx.doi.org/10.1006/appe.1998.0193
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9989911&dopt=Abstract
https://github.com/lme4/lme4/
https://github.com/lme4/lme4/
http://dx.doi.org/10.18637/jss.v067.i01
http://www.w3.org/Style/XSL
http://www.renderx.com/


43. Kuznetsova A, Brockhoff PB, Christensen RH. Package: tests in linear mixed effects models. J Stat Soft 2017;82(13):1-26
[FREE Full text] [doi: 10.18637/jss.v082.i13]

44. Hox JJ, Moerbeek M, van de Schoot R. Multilevel Analysis: Techniques and Applications. New York, USA: Routledge;
2017.

45. Raudenbush SW, Bryk A. Hierarchical Linear Models: Applications and Data Analysis Methods. Thousand Oaks, CA:
Sage Publications; 2002.

46. Butscher S, Wang Y, Ziesemer K, Villinger K, Wahl DR, König LM. Lightweight Visual Data Analysis on Mobile Devices:
Providing Self-Monitoring Feedback. In: 1st International Workshop on Valuable Visualization of Healthcare Information.
2016 Presented at: VVHI'16; June 7-10, 2016; Bari, Italy URL: https://www.researchgate.net/publication/
309491379_Lightweight_Visual_Data_Analysis_on_Mobile_Devices_-Providing_Self-Monitoring_Feedback

47. Wahl DR, Villinger K, König LM, Ziesemer K, Schupp HT, Renner B. Healthy food choices are happy food choices:
evidence from a real life sample using smartphone based assessments. Sci Rep 2017 Dec 6;7(1):17069 [FREE Full text]
[doi: 10.1038/s41598-017-17262-9] [Medline: 29213109]

48. SmartAct. University of Konstanz. 2019. URL: https://www.uni-konstanz.de/smartact/ [accessed 2019-05-21] [WebCite
Cache ID 78XNmGzzr]

49. Eysenbach G. The law of attrition. J Med Internet Res 2005 Mar 31;7(1):e11 [FREE Full text] [doi: 10.2196/jmir.7.1.e11]
[Medline: 15829473]

50. Wen CK, Schneider S, Stone AA, Spruijt-Metz D. Compliance with mobile ecological momentary assessment protocols
in children and adolescents: a systematic review and meta-analysis. J Med Internet Res 2017 Apr 26;19(4):e132 [FREE
Full text] [doi: 10.2196/jmir.6641] [Medline: 28446418]

51. Crutzen R, Viechtbauer W, Spigt M, Kotz D. Differential attrition in health behaviour change trials: a systematic review
and meta-analysis. Psychol Health 2015 Jan;30(1):122-134. [doi: 10.1080/08870446.2014.953526] [Medline: 25109224]

52. Gomes D, Sousa I. Real-time drink trigger detection in free-living conditions using inertial sensors. Sensors (Basel) 2019
May 9;19(9):- [FREE Full text] [doi: 10.3390/s19092145] [Medline: 31075843]

53. Farooq M, Doulah A, Parton J, McCrory MA, Higgins JA, Sazonov E. Validation of sensor-based food intake detection
by multicamera video observation in an unconstrained environment. Nutrients 2019 Mar 13;11(3):- [FREE Full text] [doi:
10.3390/nu11030609] [Medline: 30871173]

54. Thomaz E. Automatic Eating Detection in Real-world Settings With Commodity Sensing. Georgia Institute of Technology.
2016. URL: https://www.semanticscholar.org/paper/Automatic-eating-detection-in-real-world-settings-Thomaz/
dfc8579030fe38f6816942e49d2ff23cdbb30f72 [accessed 2020-09-15]

55. Boushey CJ, Spoden M, Delp EJ, Zhu F, Bosch M, Ahmad Z, et al. Reported energy intake accuracy compared to doubly
labeled water and usability of the mobile food record among community dwelling adults. Nutrients 2017 Mar 22;9(3):-
[FREE Full text] [doi: 10.3390/nu9030312] [Medline: 28327502]

56. Nakagawa S, Cuthill IC. Effect size, confidence interval and statistical significance: a practical guide for biologists. Biol
Rev Camb Philos Soc 2007 Nov;82(4):591-605. [doi: 10.1111/j.1469-185X.2007.00027.x] [Medline: 17944619]

57. Cohen J. A power primer. Psychol Bull 1992 Jul;112(1):155-159. [doi: 10.1037//0033-2909.112.1.155] [Medline: 19565683]
58. Silvia PJ, Kwapil TR, Eddington KM, Brown LH. Missed beeps and missing data. Soc Sci Comput Rev 2013 Mar

13;31(4):471-481. [doi: 10.1177/0894439313479902]
59. Hufford MR, Shields AL, Shiffman S, Paty J, Balabanis M. Reactivity to ecological momentary assessment: an example

using undergraduate problem drinkers. Psychol Addict Behav 2002 Sep;16(3):205-211. [Medline: 12236455]
60. Deci EL, Ryan RM. The 'what' and 'why' of goal pursuits: human needs and the self-determination of behavior. Psychol

Inq 2000 Oct;11(4):227-268. [doi: 10.1207/s15327965pli1104_01]
61. Perski O, Blandford A, West R, Michie S. Conceptualising engagement with digital behaviour change interventions: a

systematic review using principles from critical interpretive synthesis. Transl Behav Med 2017 Jun;7(2):254-267 [FREE
Full text] [doi: 10.1007/s13142-016-0453-1] [Medline: 27966189]

62. Wang Y, Duan L, Butscher S, Mueller J, Reiterer H. Fingerprints: Detecting Meaningful Moments for Mobile Health
Intervention. In: Proceedings of the 18th International Conference on Human-Computer Interaction with Mobile Devices
and Services Adjunct. 2016 Presented at: 18th International Conference on Human-Computer Interaction with Mobile
Devices and Services Adjunct; September 6-9, 2016; Florence, Italy p. 1085-1088. [doi: 10.1145/2957265.2965006]

63. Bidargaddi N, Almirall D, Murphy S, Nahum-Shani I, Kovalcik M, Pituch T, et al. To prompt or not to prompt? A
microrandomized trial of time-varying push notifications to increase proximal engagement with a mobile health app. JMIR
Mhealth Uhealth 2018 Nov 29;6(11):e10123. [doi: 10.2196/10123] [Medline: 30497999]

64. Morrison LG, Hargood C, Pejovic V, Geraghty AW, Lloyd S, Goodman N, et al. Correction: the effect of timing and
frequency of push notifications on usage of a smartphone-based stress management intervention: an exploratory trial. PLoS
One 2018;13(5):e0198008 [FREE Full text] [doi: 10.1371/journal.pone.0198008] [Medline: 29787600]

65. Pendergast FJ, Livingstone KM, Worsley A, McNaughton SA. Examining the correlates of meal skipping in Australian
young adults. Nutr J 2019 Apr 3;18(1):24 [FREE Full text] [doi: 10.1186/s12937-019-0451-5] [Medline: 30944008]

66. Reynolds BM, Robles TF, Repetti RL. Measurement reactivity and fatigue effects in daily diary research with families.
Dev Psychol 2016 Mar;52(3):442-456. [doi: 10.1037/dev0000081] [Medline: 26689757]

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e15430 | p.688https://mhealth.jmir.org/2020/10/e15430
(page number not for citation purposes)

Ziesemer et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

http://CRAN.R-project.org/package=lmerTest
http://dx.doi.org/10.18637/jss.v082.i13
https://www.researchgate.net/publication/309491379_Lightweight_Visual_Data_Analysis_on_Mobile_Devices_-Providing_Self-Monitoring_Feedback
https://www.researchgate.net/publication/309491379_Lightweight_Visual_Data_Analysis_on_Mobile_Devices_-Providing_Self-Monitoring_Feedback
http://dx.doi.org/10.1038/s41598-017-17262-9
http://dx.doi.org/10.1038/s41598-017-17262-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29213109&dopt=Abstract
https://www.uni-konstanz.de/smartact/
http://www.webcitation.org/78XNmGzzr
http://www.webcitation.org/78XNmGzzr
https://www.jmir.org/2005/1/e11/
http://dx.doi.org/10.2196/jmir.7.1.e11
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15829473&dopt=Abstract
https://www.jmir.org/2017/4/e132/
https://www.jmir.org/2017/4/e132/
http://dx.doi.org/10.2196/jmir.6641
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28446418&dopt=Abstract
http://dx.doi.org/10.1080/08870446.2014.953526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25109224&dopt=Abstract
https://www.mdpi.com/resolver?pii=s19092145
http://dx.doi.org/10.3390/s19092145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31075843&dopt=Abstract
https://www.mdpi.com/resolver?pii=nu11030609
http://dx.doi.org/10.3390/nu11030609
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30871173&dopt=Abstract
https://www.semanticscholar.org/paper/Automatic-eating-detection-in-real-world-settings-Thomaz/dfc8579030fe38f6816942e49d2ff23cdbb30f72
https://www.semanticscholar.org/paper/Automatic-eating-detection-in-real-world-settings-Thomaz/dfc8579030fe38f6816942e49d2ff23cdbb30f72
https://www.mdpi.com/resolver?pii=nu9030312
http://dx.doi.org/10.3390/nu9030312
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28327502&dopt=Abstract
http://dx.doi.org/10.1111/j.1469-185X.2007.00027.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17944619&dopt=Abstract
http://dx.doi.org/10.1037//0033-2909.112.1.155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19565683&dopt=Abstract
http://dx.doi.org/10.1177/0894439313479902
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12236455&dopt=Abstract
http://dx.doi.org/10.1207/s15327965pli1104_01
http://europepmc.org/abstract/MED/27966189
http://europepmc.org/abstract/MED/27966189
http://dx.doi.org/10.1007/s13142-016-0453-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27966189&dopt=Abstract
http://dx.doi.org/10.1145/2957265.2965006
http://dx.doi.org/10.2196/10123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30497999&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0198008
http://dx.doi.org/10.1371/journal.pone.0198008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29787600&dopt=Abstract
https://nutritionj.biomedcentral.com/articles/10.1186/s12937-019-0451-5
http://dx.doi.org/10.1186/s12937-019-0451-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30944008&dopt=Abstract
http://dx.doi.org/10.1037/dev0000081
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26689757&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


67. Ono M, Schneider S, Junghaenel DU, Stone AA. What affects the completion of ecological momentary assessments in
chronic pain research? An individual patient data meta-analysis. J Med Internet Res 2019 Feb 5;21(2):e11398 [FREE Full
text] [doi: 10.2196/11398] [Medline: 30720437]

68. Barta WD, Tennen H, Litt MD. Measurement reactivity in diary research. In: Mehl MR, Conner TS, editors. Handbook of
Research Methods for Studying Daily Life. New York, USA: The Guilford Press; 2012:108-123.

69. French DP, Sutton S. Reactivity of measurement in health psychology: how much of a problem is it? What can be done
about it? Br J Health Psychol 2010 Sep;15(Pt 3):453-468. [doi: 10.1348/135910710X492341] [Medline: 20205982]

70. Rodrigues AM, O'Brien N, French DP, Glidewell L, Sniehotta FF. The question-behavior effect: genuine effect or spurious
phenomenon? A systematic review of randomized controlled trials with meta-analyses. Health Psychol 2015 Jan;34(1):61-78.
[doi: 10.1037/hea0000104] [Medline: 25133835]

71. Martinson BC, Crain AL, Sherwood NE, Hayes MG, Pronk NP, O'Connor PJ. Population reach and recruitment bias in a
maintenance RCT in physically active older adults. J Phys Act Health 2010 Jan;7(1):127-135 [FREE Full text] [doi:
10.1123/jpah.7.1.127] [Medline: 20231764]

72. Cheung KL, ten Klooster PM, Smit C, de Vries H, Pieterse ME. The impact of non-response bias due to sampling in public
health studies: a comparison of voluntary versus mandatory recruitment in a Dutch national survey on adolescent health.
BMC Public Health 2017 Mar 23;17(1):276 [FREE Full text] [doi: 10.1186/s12889-017-4189-8] [Medline: 28330465]

73. Courvoisier DS, Eid M, Lischetzke T. Compliance to a cell phone-based ecological momentary assessment study: the effect
of time and personality characteristics. Psychol Assess 2012 Sep;24(3):713-720. [doi: 10.1037/a0026733] [Medline:
22250597]

74. Moltu C, Stefansen J, Svisdahl M, Veseth M. Negotiating the coresearcher mandate - service users' experiences of doing
collaborative research on mental health. Disabil Rehabil 2012;34(19):1608-1616. [doi: 10.3109/09638288.2012.656792]
[Medline: 22489612]

75. Adaimi R, Thomaz E. Leveraging active learning and conditional mutual information to minimize data annotation in human
activity recognition. Proc ACM Interact Mob Wearable Ubiquitous Technol 2019 Sep 9;3(3):1-23. [doi: 10.1145/3351228]

Abbreviations
ANOVA: analysis of variance
EMA: Ecological Momentary Assessment
EPIC: European Prospective Investigation into Cancer and Nutrition
ICC: intraclass correlation
MIDA: mobile image-based dietary assessment

Edited by G Eysenbach; submitted 10.07.19; peer-reviewed by CKF Wen, Y Li, S Schembre; comments to author 03.10.19; revised
version received 16.03.20; accepted 03.08.20; published 14.10.20.

Please cite as:
Ziesemer K, König LM, Boushey CJ, Villinger K, Wahl DR, Butscher S, Müller J, Reiterer H, Schupp HT, Renner B
Occurrence of and Reasons for “Missing Events” in Mobile Dietary Assessments: Results From Three Event-Based Ecological
Momentary Assessment Studies
JMIR Mhealth Uhealth 2020;8(10):e15430
URL: https://mhealth.jmir.org/2020/10/e15430 
doi:10.2196/15430
PMID:33052123

©Katrin Ziesemer, Laura Maria König, Carol Jo Boushey, Karoline Villinger, Deborah Ronja Wahl, Simon Butscher, Jens Müller,
Harald Reiterer, Harald Thomas Schupp, Britta Renner. Originally published in JMIR mHealth and uHealth (http://mhealth.jmir.org),
14.10.2020. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR mHealth and uHealth, is properly cited. The complete bibliographic information,
a link to the original publication on http://mhealth.jmir.org/, as well as this copyright and license information must be included.

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e15430 | p.689https://mhealth.jmir.org/2020/10/e15430
(page number not for citation purposes)

Ziesemer et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

https://www.jmir.org/2019/2/e11398/
https://www.jmir.org/2019/2/e11398/
http://dx.doi.org/10.2196/11398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30720437&dopt=Abstract
http://dx.doi.org/10.1348/135910710X492341
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20205982&dopt=Abstract
http://dx.doi.org/10.1037/hea0000104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25133835&dopt=Abstract
http://europepmc.org/abstract/MED/20231764
http://dx.doi.org/10.1123/jpah.7.1.127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20231764&dopt=Abstract
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-017-4189-8
http://dx.doi.org/10.1186/s12889-017-4189-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28330465&dopt=Abstract
http://dx.doi.org/10.1037/a0026733
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22250597&dopt=Abstract
http://dx.doi.org/10.3109/09638288.2012.656792
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22489612&dopt=Abstract
http://dx.doi.org/10.1145/3351228
https://mhealth.jmir.org/2020/10/e15430
http://dx.doi.org/10.2196/15430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33052123&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Event-Level Association Between Daily Alcohol Use and
Same-Day Nonadherence to Antiretroviral Therapy Among Young
Men Who Have Sex With Men and Trans Women Living With HIV:
Intensive Longitudinal Study

Caitlin Marie Turner1,2, MPH; Dillon Trujillo1, MPH; Victory Le1,3, MA; Erin C Wilson1,4, MPH, DrPH; Sean

Arayasirikul1,5, PhD
1Trans Research Unit for Equity, Center for Public Health Research, San Francisco Department of Public Health, San Francisco, CA, United States
2Doctoral Program in Epidemiology & Translational Science, Department of Epidemiology and Biostatistics, University of California, San Francisco,
CA, United States
3California School of Professional Psychology, Alliant International University, San Francisco, CA, United States
4Department of Epidemiology and Biostatistics, University of California, San Francisco, CA, United States
5Department of Pediatrics, School of Medicine, University of California, San Francisco, CA, United States

Corresponding Author:
Caitlin Marie Turner, MPH
Trans Research Unit for Equity
Center for Public Health Research
San Francisco Department of Public Health
25 Van Ness, Ste 500
San Francisco, CA, 94102
United States
Phone: 1 4155549018
Email: caitlin.turner@sfdph.org

Abstract

Background: Young trans women (TW) and men who have sex with men (MSM) are disproportionately impacted by HIV.
Optimizing adherence to antiretroviral therapy (ART) is one mechanism by which public health experts aim to achieve favorable
HIV health outcomes while reducing disease transmission. However, alcohol use is prevalent among young TW and MSM and
threatens optimal adherence. In addition, the daily variations in alcohol use and ART adherence and their association with each
other are poorly understood, warranting more appropriate methodological approaches, such as analysis of ecological momentary
assessment (EMA) data.

Objective: The aim of this analysis is to characterize the association between daily alcohol use and same-day ART nonadherence
captured by an EMA study of young MSM and TW living with HIV in San Francisco.

Methods: Young MSM and TW enrolled in the Health eNav digital HIV care navigation intervention were included in the
analytic sample (N=113). Data on alcohol and ART use were collected by daily EMA surveys administered via text messaging
and were analyzed over 30 days of follow-up. A multivariable mixed-effects logistic regression model adjusting for baseline
sociodemographic characteristics was specified to investigate whether daily alcohol use was associated with same-day ART
nonuse.

Results: Daily alcohol use was associated with higher same-day ART nonuse. On average, participants drank alcohol on 15.20
(SD 8.93) days and used ART on 15.19 (SD 10.16) days out of 30 days. Daily alcohol use was associated with 1.89 (95% CI
1.14-3.15) times the adjusted odds of same-day ART nonuse for each participant.

Conclusions: Results are consistent with other analyses of daily alcohol and ART use and underscore the importance of
individually targeted interventions that are sensitive to each participant’s dynamic risk environment.
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Introduction

Men who have sex with men (MSM) and trans women (TW)
are disproportionately affected by HIV. MSM made up 70% of
new HIV diagnoses in the United States in 2017 [1].
Approximately 21.7% of TW in the United States live with HIV
and are over 30 times more likely to live with HIV compared
to the rest of the US adult population [2].

The Joint United Nations Programme on HIV/AIDS (UNAIDS)
developed 90-90-90 targets for 2020 to increase HIV care
outcomes among all people living with HIV [3]. The last
target—antiretroviral therapy (ART) uptake and adherence—is
essential for viral suppression. Nonadherence to ART negatively
impacts HIV progression [4,5] and is a substantial barrier to
achieving favorable HIV health outcomes. Optimal ART
adherence is achieved by only 63.4% of adults living with HIV
[6,7].

With HIV-related stigma and other systems of oppression that
target sexual and gender minority people, ART adherence is
even poorer among MSM and TW. According to a 2018 HIV
surveillance report by the Centers for Disease Control and
Prevention (CDC), only 58% of gay and bisexual men living
with HIV were virally suppressed [8]. In 2017, only 64.3% of
TW in San Francisco had an undetectable viral load [9]. Low
viral suppression among MSM and TW underscores the barriers
to ART uptake and adherence for these populations.

Researchers have identified a number of intervention targets
for improving ART adherence [5], including alcohol use [10,11].
Some mechanistic pathways involving alcohol use and ART
adherence have been proposed. It is theorized that alcohol use
impairs immunological functioning and viral suppression, and
that this pathway is mediated by ART nonadherence [12,13].
Alcohol use could also impair cognitive functioning and
subsequently interfere with the ability to adhere to HIV
medications [14]. Alcohol use is prevalent among those living
with HIV [15-18] and among MSM and TW [19-22], as it is
hypothesized to be a coping strategy for psychological distress
associated with HIV-related stigma [23] and discrimination
based on sexual [24] or gender identity [25].

Alcohol use was associated with ART nonadherence in previous
studies [10,11,26]; however, such studies are lacking among
individuals living with HIV who have marginalized sexual and
gender identities. Moreover, most studies of the effects of
alcohol use on ART adherence are retrospective or gather data
infrequently [27], failing to capture the temporality between
alcohol and ART use and the day-to-day fluctuations inherent
in both of these behaviors.

Ecological momentary assessment (EMA) data have the
potential to characterize day-to-day or more frequent variations
in health behaviors. EMA is a real-time data collection technique
administered via technological platforms, such as handheld
devices or mobile phones. A number of previous studies have

used EMAs to capture fine-grained variations in substance use
[28-31] and, more recently, behaviors among people living with
HIV [28,32-34]. A number of studies have shown that EMA is
feasible and acceptable among MSM [34-37] and persons who
use substances [28,29]; one study showed moderate compliance
to EMA among young MSM and TW living with HIV [38].

To our knowledge, 2 EMA studies were conducted to evaluate
the relationship between alcohol use and ART adherence
[39,40]. Parsons and colleagues [39] found that alcohol use was
associated with 9 times the odds of HIV medication
nonadherence among 272 HIV-positive men and women over
14 days of follow-up. Barai and colleagues [40] discovered that
alcohol use was associated with lower odds of viral medication
adherence and viral suppression among 234 women living with
HIV. However, no studies have examined the alcohol use and
ART nonadherence association in young MSM and TW living
with HIV.

Given these research gaps, this study utilizes data from a
relatively large sample of MSM and TW who participated in
EMA as part of a larger HIV digital care navigation intervention.
Using this data, we specify an intensive longitudinal model that
assesses whether event-level alcohol use is associated with
same-day ART nonadherence among young MSM and TW
living with HIV in San Francisco.

Methods

Data for this analysis come from the study of Health eNav, a
Digital HIV care navigation intervention conducted at the San
Francisco Department of Public Health from 2017 to 2018.
Study procedures were approved by the University of California,
San Francisco (IRB #16-19675). Health eNav is a digital HIV
care navigation intervention that employs SMS text messaging
to improve HIV care continuum outcomes for young MSM and
TW living with HIV in San Francisco.

Participants
Eligibility criteria were defined as follows: (1) self-identifying
as MSM or TW; (2) aged 18-34 years; (3) living in San
Francisco; and (4) newly diagnosed with HIV, not
engaged/retained in care, or not virally suppressed. Specifically,
we defined new HIV diagnoses as those that occurred within
the last 12 months of enrollment in the study. If potential
participants missed more than 2 HIV care appointments in the
last year, they were considered as not engaged or retained in
care. Potential participants who had a detectable viral load were
considered as not virally suppressed. Potential participants were
recruited via convenience sampling from 5 clinics and
community-based organizations serving young people living
with HIV in San Francisco. Study recruitment was advertised
with posters, palm cards, and presentations; staff referred
potential participants to the study through phone, email, or
in-person meetings. The enrolled participants were also invited
to refer peers from within their social networks.
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An in-person or telephone eligibility screening was administered
to recruits. Eligible participants then met with research staff
situated at the local health department to obtain informed
consent and enroll into the study. Overall, 171 people were
screened. Out of those, 140 were eligible, and 120 participants
enrolled in the study. Out of these 120 participants, 113 (94.2%)
participants engaged in the EMA component of the study and
comprised the analytical sample of this paper.

Data Collection, Measures, and Variable Selection
Procedures for the Health eNav study are described in depth in
a prior protocol [41]. Briefly, Health eNav was a 6-month digital
HIV care navigation intervention among young MSM and TW
living with HIV, a disproportionate number of whom
experienced gaps in HIV care and subsequent disparities in ART
use and viral suppression. All Health eNav participants were
connected to a digital HIV care navigator who facilitated linkage
to, engagement in, and retention in HIV care via 2-way SMS
text messaging. This study analyzes data collected from the
following sources:

1. Daily EMA text surveys delivered during the first 90 days
of the larger intervention, focused on capturing daily
substance use, affect, sexual behaviors, and ART use in the
24 hours prior to receiving each survey.

2. Computer-administered self-interviewing (CASI) surveys
at baseline, 6-, 12-, and 18-month follow-up that gathered
information on participants’ sociodemographic
characteristics and HIV-related care outcomes.

We assessed the possible association between daily alcohol use
and same-day ART adherence (measured by the EMA surveys)
after adjusting for covariates (measured by baseline CASIs).
We restricted our analysis to the first 30 days of EMA
participation to be consistent with other EMA studies. Moreover,
we observed that restricting to 30 days allowed us to maximize
the nuance with which we characterized alcohol use and ART
while minimizing any missingness due to participant fatigue.

Participants received automated SMS text message surveys
once per day at the time of their choice (from among 8 AM,
noon, or 8 PM) for the first 90 days of the intervention. The text
survey was delivered through mSurvey [42]. Participants were
required to complete EMA surveys within 24 hours, or the
survey would time out. Each EMA survey comprised anywhere
from 17 to 31 daily EMA texts depending on the responses. For
example, if a participant reported on the EMA survey that they
had sex within the last 24 hours, they would then receive
follow-up questions about whether condoms were used and
whether certain substances were used during sex. Had they not
reported having sex, they would not receive questions about
condom use or concurrent substance use. EMA surveys took 5
minutes or less to complete each day.

Participants were compensated US $1 for each completed EMA
survey for up to US $90 over the EMA portion of the study. If
participants completed more than 80% of their EMA surveys,
they earned a bonus of US $100. Incentives were provided in
the form of a gift card.

Data on alcohol use and ART adherence were collected daily
for 30 days, and participants were inquired about their alcohol

and ART use within the 24 hours prior to each EMA. We
dichotomized daily alcohol use as “any use” versus “no use.”
For ease with interpretation (since we hypothesized that alcohol
use would be associated with nonuse of ART), we
operationalized the outcome as daily ART nonuse compared to
ART use (reference group). ART use was gathered from a
question on the EMA survey that asked, “In the past 24 hours,
did you take your ART meds?”

Factors that we hypothesized would confound the relationship
between alcohol and ART use were selected a priori based on
the creation of a directed acyclic graph. Age (in years);
race/ethnicity (Black/African American, Hispanic/Latinx,
other/multiple, or White); and education level (less than high
school, high school or General Educational Development [GED],
and at least some college) were included for adjustment in the
main analytic model. We also included housing status (living
with a family member, friend, or partner who rents/owns a
home; living in temporary/transitional housing; experiencing
homelessness; or renting/owning a home), recent incarceration,
and competing needs (eg, foregoing HIV medications to afford
basic needs such as food, housing, or clothing, and vice versa)
as baseline covariates. We hypothesized that young TW and
MSM who were recently diagnosed with HIV might experience
heightened alcohol use and barriers to ART due to newly
experienced stigma and identity development related to
seroconversion. Therefore, we included HIV diagnosis timing
(within the last 12 months of the baseline survey versus more
than 12 months before baseline) as a covariate. Finally, we
included number of substances (excluding alcohol or tobacco
and including any combination of marijuana, heroin,
methamphetamine, amphetamines, hallucinogens, crack/cocaine,
heroin, opiates, or poppers) used at baseline, defined as 0, 1, or
more than 1.

Statistical Analysis
All analyses were conducted using Stata 14 software
(StataCorp). Baseline sociodemographic characteristics, HIV
diagnosis timing, and substance use, as gathered by the CASIs,
were described for the entire sample. Alcohol use and ART
nonuse were characterized over the 30-day period using EMA
data. The main analysis, testing the association between daily
alcohol use and same-day ART nonuse, comprised a
mixed-effects regression model with a random intercept for
each participant, adjusting for the aforementioned covariates.

Results

Table 1 shows the demographic breakdown of participants in
the analytic sample. The average age was about 28 years.
Participants were racially/ethnically diverse, with most
identifying as Black/African American, Hispanic/Latinx, or
“Other”/multiple races, and about a quarter of the sample
identifying as White. Though most participants had some college
education or more (66/113, 58.4%), only a third of the sample
rented or owned their living space. More than a quarter of the
sample experienced competing needs (foregoing HIV
medications to afford basic needs and vice versa). About a third
of participants had been recently diagnosed with HIV, and the
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majority of participants reported using more than 2 substances
(other than alcohol and tobacco) in the last 6 months.

Out of the 3390 total EMA surveys sent, 2022 (59.7%) were
completed across Health eNav participants over the 30-day
follow-up period. The median number of surveys completed,
out of a total of 30 possible surveys, was 20 (IQR 8-27). There

was a 97.85% overlap in missing values for ART and alcohol
use; that is, most participants who did not respond to whether
or not they used ART on a given day also did not respond to
whether or not they used alcohol on that day. Alcohol use was
reported on 19.1% of completed EMA surveys (386/2022);
ART nonadherence was reported on 15.8% (320/2022) of
completed EMA surveys.

Table 1. Baseline sociodemographic characteristics, HIV diagnosis timing, and substance use among young men who have sex with men and trans
women living with HIV who participated in ecological momentary assessment text surveys over 30 days of follow-up, Health eNav (N=113), San
Francisco, 2017-2019.

ValuesaSociodemographic characteristics

27.7 (3.96)Age (years), mean (SD)

Race/ethnicity, n (%)

22 (19.47)Black, non-Hispanic/Latinx

37 (32.74)Hispanic/Latinx

26 (23.01)Other or multiple races, non-Hispanic/Latinx

28 (24.78)White, non-Hispanic/Latinx

Education level, n (%)

11 (9.73)Bachelor's or higher

55 (48.67)Some college or Associate's degree

36 (31.86)High school/GEDb

11 (9.73)Less than high school

Current living situation, n (%)

36 (31.86)Rent/own

20 (17.70)Lives with a friend, partner, or family member

41 (36.28)Temporary or transitional housing

16 (14.16)Homeless/shelter

Went without HIV medications to afford basic needs, last 6 months, n (%)

76 (67.26)No

37 (32.74)Yes

Went without basic needs to afford HIV medications, last 6 months, n (%)

83 (73.45)No

30 (26.55)Yes

Incarcerated, last 6 months, n (%)

94 (83.19)No

19 (16.81)Yes

HIV diagnosis timing (when diagnosed with HIV), n (%)

78 (69.03)Diagnosed more than 12 months prior to baseline

35 (30.97)Diagnosed within 12 months prior to baseline survey

Substance use (number of substances used [other than alcohol and tobacco]) in last 6 months, n (%)

22 (19.47)0

24 (21.24)1

67 (59.29)2 or more

aPercentages calculated out of the total number of participants who participated in EMA surveys (N=113), unless otherwise specified.
bGED: General Educational Development.
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Analysis of EMA data revealed that, on average, participants
drank alcohol on 15.20 (SD 8.93) days and used ART on 15.19
(SD 10.16) days out of 30 days. Event-level alcohol use was

associated with 1.89 (95% CI 1.14-3.15) times the adjusted odds
of same-day ART nonuse for each participant (Table 2).
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Table 2. Mixed-effects model assessing daily alcohol use and same-day ART nonadherence among young MSM and TW living with HIV who
participated in EMA text surveys over 30 days of follow-up, Health eNav (N=113), San Francisco, 2017-2019.

Mixed-effects logistic regressionVariables

P valueAORa (95% CI)

Exposure (used alcohol in the last 24 hours)

N/AcRefbNo

.011.89 (1.14-3.15)Yes

.521.04 (0.92-1.19)Age

Race/ethnicity

N/ARefWhite, non-Hispanic/Latinx

.073.97 (0.91-17.41)Black, non-Hispanic/Latinx

.920.94 (0.28-3.20)Hispanic/Latinx

.070.27 (0.07-1.09)Other or multiple races, non-Hispanic/Latinx

Education level

N/ARefBachelor's or higher

.491.77 (0.35-9.10)Some college or Associate's degree

.028.96 (1.54-52.15)High school/GEDd

.502.25 (0.21-23.80)Less than high school

Current living situation

N/ARefRent/own

.140.34 (0.08-1.44)Lives with a friend, partner, or family member

.070.33 (0.10-1.11)Temporary or transitional housing

.680.73 (0.16-3.37)Homeless/shelter

Went without HIV medications to afford basic needs, last 6 months

N/ARefNo

.043.67 (1.06-12.71)Yes

Went without basic needs to afford HIV medications, last 6 months

N/ARefNo

.060.26 (0.07-1.04)Yes

Incarcerated, last 6 months

N/ARefNo

.710.77 (0.19-3.14)Yes

HIV diagnosis timing (when diagnosed with HIV)

N/ARefDiagnosed more than 12 months prior to baseline

.030.28 (0.09-0.89)Diagnosed within 12 months prior to baseline survey

Substance use (number of substances used [other than alcohol and tobacco]) in last 6 months

N/ARef0

.440.55 (0.12-2.51)1

.611.38 (0.40-4.71)2 or more 

aAOR: adjusted odd ratios of same-day ART nonuse for daily alcohol use compared to nonuse, adjusting for age, race/ethnicity, education level, current
living situation, competing needs, incarceration, HIV diagnosis timing, and substance use.
bRef: reference.
cN/A: not applicable.
dGED: General Educational Development.
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Discussion

In summary, daily alcohol use was associated with higher
same-day ART nonuse. Findings from this analysis corroborate
other studies of the association between alcohol use and ART
nonadherence, many of which collected data cross-sectionally
or retrospectively. A meta-analysis of studies examining this
association showed that the combined odds of ART adherence
were lower among study participants who used alcohol.
However, the authors noted that effect estimation would be
improved with prospective, event-level examinations of alcohol
and ART use and by assessing this association for different
sociodemographic subgroups [43]. This analysis uses
prospective, event-level data and examines this association for
young MSM and TW living with HIV, 2 populations
disproportionately affected by HIV. Showing a longitudinal
association provides stronger evidence that interventions
targeting alcohol use may also improve ART adherence, which
is an important step in achieving optimal HIV care outcomes
[3].

Findings from this study should be interpreted with a number
of limitations in mind. First, intermittent missingness and
dropout are issues inherent with EMA data collection due to
increased burden on participants [44], and these issues were
present in our sample. Full or partial multiple imputations have
been recommended as the best approach for improving precision
of estimates where missingness is an issue [44]. However,
practical applications of these methods, especially with respect
to longitudinal modeling, have produced mixed results. One
study found that multiple imputations produced similar or even
increased standard errors [45] compared with complete case
data. With these observations in mind, we chose to analyze
complete case data. Thus, our results are only generalizable to
the participants for whom we had complete data.

Second, data were collected via self-report, and participants
may have underreported their alcohol use and ART
nonadherence behaviors. This could have potentially washed
out the estimated effect. However, the results we observed still
showed statistical significance. A third limitation was
misclassification of exposure. Dichotomizing alcohol use as
“any versus none” effectively grouped together participants
who drank casually with those who drank heavily. However,
such dichotomizing was necessary to preserve precision of
estimates. In addition, we suspected that this misclassification
was nondifferential and independent, which would bias results
toward the null. If anything, the effect estimate we observed
underestimated the true, underlying association. A fourth
limitation was the small size of the sample, precluding stratified
analyses by key demographics within which the alcohol-ART
association may have varied. However, given the daily
administration of EMA surveys, we are confident that the effect
estimate provided was statistically precise for the entire sample.
A fifth limitation was that we restricted the follow-up window
of EMA surveys to 30 days. However, this analytic decision
was informed by prior EMA studies conducted over

30-day-or-shorter time windows. Since EMA data collection
was embedded within the larger digital care navigation
intervention, losses-to-follow-up attributable to participation
within the larger intervention may have impacted engagement
in EMA outside of the 30-day window. Moreover, expanding
the EMA follow-up window beyond 30 days could have
produced an effect estimate that was less representative of the
entire sample since participant fatigue and subsequent
nonresponses were more of an issue beyond the first 30 days.
Finally, results were not generalizable outside of young MSM
and TW living in San Francisco.

The limitations of this analysis pave the way for future research.
Given the dearth of research on moderation of the alcohol-ART
association by key sociodemographic characteristics such as
gender and race [43], future studies should utilize EMA methods
in other key subgroups. TW living with HIV, many of whom
experience pervasive gaps in HIV care and clinical outcomes,
represented only a small percentage of the participants in this
study, precluding statistically precise estimations of the effect
of alcohol use on ART nonadherence for this subgroup. Future
research should be conducted on larger samples of TW to
explore how the alcohol-ART association varies by gender.
Since this analysis was underpowered to assess interactions
between alcohol use, substance use, and mental health, future
studies with larger sample sizes could centralize comorbidities
between those factors. In addition to focusing on individual
behaviors, these future studies could examine the multilevel
interplay between alcohol use and structural factors like racism,
housing instability, or competing needs and their impact on
ART adherence. Alcohol use is one of many modifiable factors
that could affect adherence to HIV medications.

Finally, future EMA studies would benefit from a thorough
consideration of institutional and individual barriers to EMA
survey completion in order to reduce missing responses. A
previous analysis of Health eNav EMA data confirmed that
housing instability, incarceration, competing needs, and
educational constraints interfered with EMA completion for
young MSM and TW, even though participants had continuous
access to cellular devices [38]. While one recommendation to
preemptively address participant nonresponse would be to invest
in procedures that sustain retention over the follow-up period,
structural barriers to such an investment (eg, systemic
marginalization of the populations served or lack of grant
funding) highlight the unrealistic nature of such a
recommendation. Dismantling systemic oppression would best
improve study retention and even remove the need to have
studies on health inequities in the first place. Until then, studies
such as this one highlight the need to apply tailored approaches
to implementation of digital interventions within under- and
misrepresented populations.

To our knowledge, this is the first intensive longitudinal analysis
of alcohol and ART use among young MSM and TW living
with HIV. This analysis highlights important considerations in
examining daily ART use among populations especially
vulnerable to substance use and medication nonadherence.
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Abstract

Background: COVID-19 became a major public health concern in March 2020. Due to the high rate of hospitalizations for
COVID-19 in a short time, health care workers and other involved staff are subjected to a large workload and high emotional
distress.

Objective: The objective of this study is to develop a digital tool to provide support resources that might prevent and consider
acute stress reactions in health care workers and other support staff due to the COVID-19 pandemic.

Methods: The contents of the digital platform were created through an evidence-based review and consensus conference. The
website was built using the Google Blogger tool. The Android version of the app was developed in the Java and XML languages
using Android Studio version 3.6, and the iOS version was developed in the Swift language using Xcode version 11.5. The app
was evaluated externally by the Andalusian Agency for Healthcare Quality.

Results: We detected the needs and pressing situations of frontline health care workers, and then, we proposed a serial of
recommendations and support resources to address them. These resources were redesigned using the feedback received. A website
in three different languages (Spanish, English, and Portuguese) and a mobile app were developed with these contents, and the
AppSaludable Quality Seal was granted to the app. A specific self-report scale to measure acute stress and additional tools were
included to support the health care workforce. This instrument has been used in several Latin American countries and has been
adapted considering cultural differences. The resources section of the website was the most visited with 18,516 out of 68,913
(26.9%) visits, and the “Self-Report Acute Stress Scale” was the most visited resource with 6468 out of 18,516 (34.9%) visits.
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Conclusions: The Be + against COVID platform (website and app) was developed and launched to offer a pool of
recommendations and support resources, which were specifically designed to protect the psychological well-being and the work
morale of health care workers. This is an original initiative different from the usual psychological assistance hotlines.

(JMIR Mhealth Uhealth 2020;8(10):e21692)   doi:10.2196/21692

KEYWORDS

COVID-19; pandemic; internet; social media; mobile app; psychosocial; support system; health personnel; app

Introduction

The World Health Organization (WHO) officially declared the
COVID-19 outbreak a pandemic on March 11, 2020 [1]. This
infectious disease was first identified in China in December
2019 and is caused by the novel coronavirus, designated
SARS-CoV-2. As of June 1, 2020, a total of 5,891,182
confirmed cases had been reported worldwide. In April 2020,
Spain became the second country in the world with the most
reported COVID-19 cases, and as of June 1, 2020, it is the fifth
country with 239,429 confirmed cases [2]. Moreover, Spain is
the country with the highest rate of infections among health
care workers (HCWs), representing 20.4% of all recorded cases
[3].

Due to the fast spread of COVID-19 infections, the number of
confirmed cases increased rapidly worldwide, and currently, it
is a major public health concern [4]. As many patients with
COVID-19 require hospitalization, many hospitals are saturated,
and therefore, a lot of HCWs and other involved staff are being
subjected to extraordinary workloads and high emotional stress
[5]. Previous evidence has shown that adverse psychological
reactions such as anxiety, stress, and fear were observed among
health care professionals during and after other infectious
disease outbreaks [6,7]. Currently, scientific studies are reporting
mental health symptoms among HCWs treating patients with
COVID-19 [8-10]. Cai et al [8] found that HCWs at the frontline
of the COVID-19 epidemic in China were worried about the
risks of infection and protective measures, resulting in
psychological distress. A cross-sectional study in China showed
that a significant proportion of frontline HCWs experienced
anxiety, depression, insomnia symptoms, and psychological
distress during the current COVID-19 pandemic [9].

To protect the psychological well-being and to prevent moral
injuries of HCWs, it is necessary to better control infectious
diseases [11], ensure correct functioning of the health system,
and ensure that patients are receiving appropriate medical
attention. Xiang et al [12] appealed for mental health care for
the 2019 novel coronavirus outbreak. Health authorities must
plan actions immediately to limit the impact that caring for
patients with COVID-19 has on HCWs [9,10]. For the time
being, evidence on how to deal with psychological distress and
other mental health symptoms of HCWs who are involved in
the current health crisis are not available [7], and the extent of
intervention programs to assist second victims in health systems
is limited [9]. However, special interventions to help frontline
HCWs have been implemented in countries like China. Thus,
the objective of this study is to develop a digital platform to
provide support resources that might prevent acute stress

reactions in HCWs and other support staff due to the COVID-19
outbreak.

Methods

The initial step to create the platform was the development of
the content and the support resources. Information about the
most common concerns for HCWs during the COVID-19
outbreak and how to address them were collected through an
evidence-based review and consensus conference from March
14-28, 2020. First, we carried out an evidence-based review
about previous pandemics, the psychological impact of the
COVID-19 outbreak on HCWs in China, and mental health care
measures. Second, an online consensus conference was
conducted by the principal investigator with physicians from
different specialties, nurses, clinical psychologists, and
responsible persons for quality and patient safety.

All members of the consensus group had experience
implementing programs to support second victims.

Through the exchange of previous experiences and existing
intervention results, we first identified the groups of HCWs
most vulnerable to professional overload during the COVID-19
outbreak. Second, we classified the most common problem
situations for HCWs. Third, we proposed possible actions to
address these concerns and prevent stress symptoms.

A series of support resources were specifically designed
according to the detected needs and proposed actions.

Once the platform content was defined, a website and a mobile
app were developed. Due to its simplicity and efficiency in SEO
positioning, the Google Blogger [13] tool was used to build the
website. The blogger theme used was responsive to facilitate
the usability of the web from mobile devices. The website was
published in three different language versions (Spanish, English,
and Brazilian Portuguese) to reach nations with common cultural
characteristics. Websites were included in subdomains of the
main web address of the Miguel Hernandez University, and
they use a university server to store the documents available.

Concerning the app, the two most used mobile platforms were
addressed: Android and iOS. According to recent reports [14],
these platforms account for 99.4% of world mobile operating
system market share (Android 74.14%, iOS 25.26%), so almost
all mobile phone users would be able to download the app.
Regarding software architecture, it was decided to develop a
native app for each platform instead of creating a hybrid app
valid for Android and iOS due to the better performance of
native apps. As a consequence, even though the aspect and
usability of both apps (Android and iOS) was the same, their
internal design and the libraries used were specific for each app.
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The Android version of the app was developed in Java and XML
languages using Android Studio version 3.6 (Google). The iOS
version was developed in the Swift language using Xcode
version 11.5 (Apple Inc). Both software development tools were
installed on a 2017 iMac computer running macOS 10.15.4. To
assure that the app met a set of quality criteria to be used in the
health context, it was evaluated externally by the Andalusian
Agency for Healthcare Quality through their certification
program “Safety and Quality Strategy in Mobile Health Apps”
[15]. This agency grants the AppSaludable Quality Seal if the
app meets 31 requirements. These requirements are structured
in four blocks: design and appropriateness, quality and safety
of information, provision of services, and confidentiality and
privacy. Fulfilling the requirements of an external and
independent agency assures that the app quality and safety
standards are adequate and that it can be recommended for
health management. With regards to flexibility and scalability,
both apps were designed with an easy to maintain structure so
that future changes and additional functionalities could be
carried out simply. In both apps (Android and iOS), the
architecture allowed two ways of updating: (1) uploading new
versions to Google Play and App Store markets and (2)
refreshing the documents shown in the app or adding new
documents, which could be done instantly without the need for
uploading new versions and, thus, is faster and easier for the
users.

Web traffic and visitor’s preferences of the website’s Spanish
version as well as the app discharges were analyzed 2 months
after the launch. The English and Portuguese versions of the
website were launched later than the Spanish version; therefore,
we considered that a longer time was needed to analyze the
traffic data of these versions. Google Analytics software was
used to collect the following indicators: number of visitors,
number of visits, map of visitors by country, type of devices
used for access, and page views. Google Analytics does not
provide any personally identifiable data.

Results

Definition of the Digital Platform Content
Initially, the discussion group identified the most vulnerable
group of HCWs to professional overload: HCWs at the frontline
of COVID-19 who are in direct contact with patients with
possible or confirmed infections and support staff of health care
departments or units, such as the emergency department, primary
health care, home hospitalization, critical care, reanimation unit,
internal medicine, pneumology, and infectious diseases
departments.

Taking into consideration the literature review on the
SARS-CoV-2 pandemic and the opinions of the discussion
group participants and their own experiences, the most common
pressing situations for HCWs were identified and classified into
five categories (see Textbox 1).
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Textbox 1. Description of pressing situations for health care workers identified by category.

Organization, human resources, and materials

• To be temporarily working in health care settings for which no appropriate training has been provided

• New recruitment specific for the crisis or transfers to more complex health care facilities and higher biological risk subjected to health care
needs

• To receive instructions, sometimes contradictory, on the control of risks and procedures (with no clear assignment of tasks)

• Inconsistencies in the chain of command and individual proposals regarding the use of personal protective equipment, such as the use of
face masks

• Shortage of material for offering the appropriate care to all patients and reducing the risk of infection

• Reduction in the number of human resources due to professionals leaving from risk exposures

• The working time is extended, the frequency of shifts increased, and the periods of physical and mental rest reduced.

• Tasks for which specific training has not been received are assumed or are carried out after express training. This may cause insecurity.

• Dissolution of stable work teams

• Incorporation of new professionals, which changes the dynamics of the work group

• Overloading of more experienced professionals

• Patients with other pathologies cannot receive the care they had been receiving.

• Over-the-phone care is provided, which increases the risk of adverse events in many cases due to the omission of actions and low probability
of detecting it.

• A different perspective from residents

• They are not under the wing of the consultants but placed in a different situation regarding clinical attitude.

• Precrisis conflicts between team members

• Previous conflicts may surface now because of the task distribution in extreme situations.

Environmental stressors and other stressors linked to crises situations

• To work in an environment of particular biological risk

• This risk can also affect other patients, colleagues, and family members.

• To express substitutions for the loss of colleagues in isolation at home or resulting in cases with COVID-19

• To be overflown for periods that are increasing

• Wanting to not appear weak or incapable to provide an answer all the time

• No clear horizon of “how long this is going to last”

Human factors

• Helplessness when witnessing reckless behaviors from patients and people who accompany them (usually due to unawareness) and mistakes
among professionals (from tiredness, stress, other)

• Involuntary errors are possible (which may lead to adverse events) and can be made by other professionals during patient care.

• To feel helpless, irritable, and doubting your own ability, which leads to other risk situations for the patients

• Powerlessness and disaffection at seeing how patients who are afraid of being sick with COVID-19 have to be alone; unaccompanied; and, in
some cases, die in solitude. This situation is having a profound impact on professionals.

Fear or panic reactions

• Fear, and occasionally panic, when finding out a colleague is under passive surveillance or kept in isolation at home

• Fear of infecting a family member or a close acquaintance

• To minimize symptoms that may indicate contagion by pressure to not leave services uncovered.
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Critical decision making on health care issues

• To be obliged to make patient triage and other decisions reserved for major catastrophes that imply relevant ethical matters

• To face the decision to prioritize levels of attention, generating a new organizational situation unknown until now

Regarding the design of interventions to prevent and handle the
identified problems or pressing situations, the literature review
on the experiences in Wuhan and Hunan (China) hospitals was
considered. Besides, we reviewed other methods for the recovery
of the second victim, which were applied in different conditions
but can also be applied in this context. Finally, considering the
aforementioned situations (Textbox 1), the discussion group
proposed possible strategies and actions to approach the most
severe demands and needs. Multimedia Appendix 1 shows the
detected needs and resources to face each problem situation of
HCWs during the COVID-19 outbreak. For each need, many
recommendations were offered and 19 support resources were
created as intervention proposals. Infographics were designed
to complement some of these resources (see Multimedia
Appendix 2) [16]. It is noteworthy that the nineth resource,
named “self-report,” differs from the rest, and it consists of a
COVID-19 acute stress scale for the HCWs. This is an ad hoc
10-question test to assess whether the HCWs were overwhelmed
by the situation they were experiencing [17].

Digital Platform Design and Development
A digital platform was developed including the aforementioned
content and support resources. The name of this platform is Be
+ against COVID, and it is composed of a website in three
languages (Spanish, English, and Brazilian Portuguese) and a
mobile app (for Android and iOS). The site is freely accessible
to anyone with an internet connection, and the app is freely
available to download from the official stores.

Website Description
The three language versions share a similar content structure,
although the Spanish version is the one that contains more
information due to the periodic publication of news in its blog
section (so-called “Positive News” [18]). Information on the
website was organized following a basic structure, that is the
main menu with seven items: (1) Home, (2) Pressing situations,
(3) Resources, (4) Self-Report, (5) Download, (6) App, and (7)
Activities. Figure 1 shows the home page of the Be + against
COVID website. The content of each item is described in
Textbox 2. The website contents were presented as text,
documents (PDF format), infographics (PDF format), and videos
(image format).
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Figure 1. Home page and main menu from Be + against COVID website (computer view). ENG: English; ESP: Spanish; PT_BR: Brazilian Portuguese.
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Textbox 2. Be + against COVID website content.

• Home

• Introduction

• Purpose of this website

• Methods

• Project Team

• References

• Pressing situations

• Human factors

• Environmental stressors

• Fear or panic reactions

• Organization human resources and material

• Decision making on health care issues

• Resources

• App Be + against COVID

• Resources in short

• Resource (R)1. Information on achievements and actions taken

• R2. Involve professionals in audio-visual messages to broadcast information on guidelines (eg, safe removal of personal protective equipment)

• R3. Daily news on the situation of the center

• R4. Homogeneous structure of corporate messages

• R5. A liaison for the coordination with contract employees

• R6. Identify and refute unfounded rumors and incorrect information

• R7. Briefings at the beginning of every shift with a particular focus on new hires

• R8. Home isolation professionals to act as distant trainers and tutors for new hires

• R9. Self-report measure of acute stress

• R10. Awareness on the need to face affective response and accept support

• R11. Mental health hotline for health professionals and support by specialized personnel

• R12. Momentary work recovery (short breaks)

• R13. Defusing (face-to-face or remotely): Get rid of all emotional overload before the end of the workday to avoid taking it home and
recover strength for the next shift

• R14. Referral to individual counseling to help overcome acute stress reactions

• R15. Set up rest areas for the recovery of the professionals before the end of the shift

• R16. Maintain contact and inform about the situation in the center. Long-distance institutional accompaniment. Facilitate reincorporation

• R17. Become aware of the actions expected to be carried out by middle managers: Responsible leadership

• R18. Promote informative leadership, transparency, realism, and positive messages

• R19. Make a plan to deal with the volume of delayed health care activities: Alleviate the foreseen impact on health and support professionals
of this physical and mental overload

• Self Report

• Download

• Documents

• Videos focused on how to cope with distress

• App

• App information
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Download from Google Play•

• Download from Appstore

• Activities

The Spanish language version of the website [18] was the first
to be published on March 16, 2020, because of the origin of the
research team, mostly of Spanish nationality. However, it was
not until March 25, 2020, that all the resources were available.
The English version [19] was available from April 9, 2020, and

the Brazilian Portuguese version [20] was published on April
23, 2020. Figure 2 shows the publication of each part of the
platform chronologically during the most critical phase of the
SARS-CoV-2 pandemic in Europe.

Figure 2. Be + against COVID platform development during the most critical phase of the SARS-CoV-2 pandemic.

Mobile App Description
To comply with the highest quality standards, the app
development process included several tests, reviews, and
evaluations that modified the initial design. The first app version
was developed from the requirements specified by the project
team (members of the consensus group). The app was then tested
internally by project members. Due to the size of the project
team (with more than 20 hospitals or research centers involved),
multiple comments and suggestions were received, some of

them conflicting. Table 1 summarizes the main conflicting
comments for the app design and the final decisions that were
made. This process step resulted in a second version of the app.
This version was evaluated by the Andalusian Agency for
Healthcare Quality. The accreditation agency proposed several
improvements that required an app redesign.

This new version of the app was finally granted the
AppSaludable (HealthyApp) Quality Seal on April 21, 2020
[21] (see Figure 3 [15]).
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Table 1. Main conflicting suggestions during app development process.

ReasonDecisionOption 2Option 1Topic

Voted decision
among developers

NativeNative to improve performance in each
platform (Android/iOS)

Hybrid to minimize develop-
ing effort

Hybrid app vs native app

Voted decisionNoNo to reinforce users’ confidence in
privacy

Yes to ensure reaching the
correct target audience and
gather statistical data

User registration

Voted decisionColorful and opti-
mistic

Neutral to show respect during a diffi-
cult situation for health professionals

Colorful and optimistic to
show positiveness

Interface design

Voted decisionOnly proprietary mate-
rial included

Include only proprietary material to
improve uniformity of style and con-
tent.

Include them (citing
sources) to offer as much
information and resources
as possible

External, nonproprietary docu-
ments and videos

Figure 3. The evaluation process to obtain the AppSaludable Quality Seal.

Before being published in the Google and Apple stores, the app
was reviewed by both companies. During the COVID-19
pandemic, both Apple and Google increased the depth of their
reviews of all apps related to COVID-19. The result was a long
review process with both companies, which also required small
app redesigns. All redesigns were made for both platforms to
keep Android and iOS versions as similar as possible. The app
first appeared in Google’s Play Store on April 13, 2020, and in
Apple’s App Store on May 11, 2020. As of May 31, 2020, the
latest Android version is 1.8 and the latest iOS version is 1.1.
Although version numbers are different, functionalities, contents,
and aesthetics are the same in both apps. Figure 4 shows the
complete development process of the mobile app.

The app consisted of a short presentation, which introduces the
app’s purpose and provides access to an app information section.
Once the introduction is complete, the app is structured into
three main modules. The first module, “Advices and
recommendations,” shows a list of resources that can be useful
for HCWs caring for patients infected with COVID-19. These

resources include posters, documents, and videos. The app was
designed so that the resources were updated whenever a new
version was available on the server, but at the same time, they
could be accessed offline to account for possible situations
where access to the internet may be limited. The second module,
“Self-assessment on the ability to cope the COVID-19 crisis,”
presented a 10-question test that tried to assess whether the
HCWs were overwhelmed by the situation they were
experiencing (resource 9 of the website). Based on the test
results, the app proposed a series of guidelines or
recommendations, which included in-app advice and web
resources.

This tool underwent a process of cross-cultural and linguistic
adaptation and is being currently used in studies in Argentina,
Brazil, Colombia, Chile, Ecuador, and Spain, assessing the acute
stress of the health care workforce during the outbreak. The
third module, “Visit website,” redirected the users to the project
website, where all the resources and information of the project
were available. Figure 5 shows the app structure.
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Figure 4. App design, test, evaluation, and review process.

Figure 5. App structure explained by screenshots.
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Diffusion Through Social Networks
The Be + against COVID platform was made known to the
HCWs directly through the members of the research group (see
Multimedia Appendix 3), their organizations, and through the
main social networks of the members and organizations involved
(mainly through Facebook and Twitter). The platform’s twitter
account (@second_victims) was used to further disseminate the
contents of the web and the various updates and publications
of the app.

No general diffusion means were used to ensure that the web
and app only reached our target audience. Therefore, except for
residual cases, the majority of web visits and app downloads,

which will be detailed in the next sections, came from health
care professionals.

Web Analytics

Spanish Website Stats
From March 25, 2020 (launch of Spanish version website), to
May 31, 2020, more than 7500 users visited the website in
almost 70,000 different sessions. Of the 68,913 sessions, the
website was accessed mostly via mobile phones with 55.8%
(n=38,453) of the sessions, followed by 41.9% (n=28,875) via
desktop and 2.3% (n=1585) via tablet. Users from 64 different
countries accessed the website but most of the visits (n=50,058,
72.6%) were made from Spain (Table 2).

Table 2. List of the countries that visited the Spanish version of the website most during the most critical phase of the SARS-CoV-2 pandemic (from
March 25 to May 31, 2020).

Visits, nUsers, nCountry

50,0585612Spain

7312765Argentina

2666284Chile

930214United States

1499141Colombia

139996Mexico

126291Brazil

3787493Others

Table 3 shows the traffic distribution to the website in the same
period, and the most viewed pages of the 68,913 sessions were
the home page, with 43.2% (n=29,763) of the sessions, and

resources, with 26.9% (n=18,516) of the sessions. The most
viewed resource was the self-report questionnaire (resource 9;
see Table 4).

Table 3. Traffic distribution to the Spanish version of the website (percentage of visits to webpages from March 25 to May 31, 2020).

Visits (N=68,913), n (%)Web contentsCategory

29,763 (43.2)Introduction, purpose, methods, project team, and referencesHome

18,516 (26.9)Resources in short and the 19 detailed resourcesResources

7003 (10.2)Download, Documents, Videos, Activities, HCWsa agreements, Tell us your
experience, etc

Other

5695 (8.3)App information, manual, and links to the official storesApp

4067 (5.9)Pressing situations, human factors, environmental stressors, fear or panic reac-
tions, organization, human resources, material, and decision making

Problems

3869 (5.6)Posts on positive news related to the SARS-CoV-2 pandemicPositive news

aHCW: health care worker.
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Table 4. Visits to resources pages (Spanish version of the website) from March 25 to May 31, 2020.

Visits (N=18,516), n (%)Resources’ contents

3062 (16.5)All resources in short

766 (4.1)Ra1 Achievements

683 (3.7)R2 Informative videos

528 (2.9)R3 Daily News

376 (2.0)R4 homogenous messages

304 (1.6)R5 Contract employees

248 (1.3)R6 Fake News

624 (3.4)R7 Briefings

399 (2.2)R8 Long distance trainers

6468 (34.9)R9 Self-report

1112 (6.0)R10 Emotional coping

459 (2.5)R11 Hotline support

736 (4.0)R12 Recovery Time

785 (4.2)R13 Defusing

327 (1.8)R14 Referral to a professional

413 (2.2)R15 Resting areas

248 (1.3)R16 Contact during confinement

254 (1.4)R17 Responsible leadership

241 (1.3)R18 Informative leadership

485 (2.6)R19 Post crisis

aR: resource.

App Stats
Figure 6 shows the number of daily app downloads from Google
Play (Android version) and the App Store (iOS version). The
Android version was first published on Google Play on April
1, 2020, while the iOS version was first published on May 11,
2020. There were 472 total app downloads during this period
(Android: n=361; iOS: n=111). App downloads from our server,
which started on March 28, 2020 (before the publication in the
official app stores), were not included in these figures.

Regarding the self-assessment test, a total of 388 tests were
completed from the app as of May 31, 2020. This number
increased according to the intensity of the outbreak and
particularly in territories where incidence and mortality of
COVID-19 was higher.

A simple statistical analysis was carried out using the data
gathered from app users who took the self-assessment test
(n=388). After showing the test results, the app offers the users
different choices depending on the results. Most users (n=204,
52.5%) opted for browsing the list of psychological pills and
reading about one of these pills, followed by 21.2% (n=82) of

users who decided to have a look at the positive news and 18.6%
(n=72) of users who opted for reading instructions on how to
take a breath. The remaining 7.7% (n=30) of users chose to
access the resources for overcoming acute stress reactions.

A more in-depth analysis showed the user engagement capability
of the app. Using device identifiers to detect repeated user
accesses to the app self-assessment test, we found that most of
the 388 users (n=246, 63.4%) carried out the test only once, but
36.6% (n=142) of users took the survey more than once on
different dates. More in detail, 14.7% (n=57) of the users took
the test twice, 11.1% (n=43) three times, 2.8% (n=11) four
times, and 8.0% (n=31) five or more times. Concerning the time
spent from the first and last self-assessment carried out by the
same user (long-term engagement), 2.1% (n=8) of the users
took the test on different dates separated by at least 2 months,
6.3% (n=24) at least 1 month, 13.4% (n=51) at least 15 days,
and 16.2% (n=63) at least 1 week.

Given that the app was published just a few weeks ago, the
number of results is still small; however, the data collected
offers interesting information on user behavior.
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Figure 6. Daily app downloads from official app stores.

Discussion

Principal Results
This paper shows the development and the start-up of a project
that arose from the urgent need to prevent and address the
pressing situation that HCWs were and are facing in the world.
Since Spain has been one of the first and most affected countries
by the COVID-19 outbreak worldwide, this project can serve
as an experience for others. The Be + against COVID platform
(website and mobile app) was developed in three language
versions to guide on possible actions that can be put into practice
in health care centers to help confront the emotional impact on
frontline HCWs caused by the current pandemic. Since there
was no background about similar initiatives, the experience of
China, previously published initiatives to facilitate the recovery
of the second victim, and the interventions already implemented
in some hospitals in Spain were considered to plan prevention
and approach actions. During the first 2 months from the launch
of the Spanish language version of the website, users from
different countries accessed the website, but visitors were mostly
from Spain. The most interesting and useful part of the website
for HCWs was the resources section composed by intervention
proposals that aim to provide a solution for the detected needs,
and the “self-report” was the most visited resource. Currently,
the Spanish language version of the website is being updated
with content related to the recovery phase (postcrisis).

These resources were designed to help address the emotional
consequences of caring for patients with COVID-19 in the
context of the outbreak. This situation was characterized by a
lack of foresight, demand for an immediate response from health
professionals, and a shortage of resources. The focus was on
providing resources through this platform for individual use.

Professionals from different disciplines (psychologists,
psychiatrists, occupational health professionals, clinicians, and
nurses) were involved in the design and redesign of these
resources to support frontline health professionals in the care
of patients with COVID-19, gathering experience in many
hospitals and health care centers. They have assessed the
adequacy of resources to the needs experienced by the
professionals and have suggested improvements. In addition,
Latin American professionals have been involved in the
transcultural and linguistic adaptation of the resources and the
self-report scale. Given that the expansion of the outbreak has
been different according to each territory, the proposal of
resources to face acute stress must be wide, varied, and flexible.
The data confirm that acute stress increases in those territories
with the greatest number of cases and highest mortality. In this
case, the acceptability of the proposal is greatest [22]. In other
countries, some hospitals provide psychological assistance
hotlines to HCWs and carry out prevention programs. To offer
a pool of recommendations and support resources through a
free website is a different and original initiative. To the best of
our knowledge, there is no similar experience in Europe or Latin
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America. We consider that this paper may be useful to develop
a web-based tool with a similar objective or in a similar context.
The Brazilian research group Enfermagem da Escola Paulista
de Enfermagem da Universidade Federal de São Paulo
(EPE-UNIFESP) translated our resources into Portuguese, and
they were incorporated into its institutional website [23].

Limitations
Given the current situation, conditions may differ across time
and context, and therefore, our proposal of interventions is
limited to the time and context of this study. These proposed
actions can change due to the urgency and demand of the
situation. Additionally, the response of HCWs to the COVID-19
crisis might be different between countries, and therefore, the
problem situations and resources may be applicable in health
care systems of countries with similar sociocultural
characteristics. The urgency of the situation did not allow us to
analyze the effectiveness of the proposed interventions. Future
research should investigate it.

Comparison With Prior Work
Psychological assistance has been provided through telephone-,
internet-, and application-based interventions to the health care
community by some local or national institutions in response
to the COVID-19 outbreak [9]. Several international
organizations such as the WHO, the United Nations, and the
International Red Cross Society have published
recommendations that team leaders can consider to reduce stress
and the psychological distress of frontline HCWs. Social
support, clear communication, flexible working hours, and
psychological help are some of these recommendations [24].
The State Council of China developed a psychological
intervention plan, which consists of setting up nationwide
psychological assistance hotlines to help during the outbreak
[11,25]. However, some workers did not recognize any problems
and refused any psychological help [11]. The Canadian Medical
Association also offers some resources for supporting HCWs
that focus on psychological assistance provided by volunteer
psychologists [26]. On the other hand, Blake et al [27] developed
and evaluated a digital learning package that includes
evidence-based guidance, support, and signposting regarding
psychological well-being for frontline HCWs from the United
Kingdom. This online support package is free and comprised
of 88 slides, and its content is similar to that of the digital
platform developed by our team. Similar to our digital platform,
this electronic package describes the actions that team leaders
can take to support HCWs during the COVID-19 outbreak and
offers some support resources (infographic and video formats)
to protect psychological well-being [27]. The evaluation showed
that it is useful and appropriate for any UK health care
professional. In contrast to our website, which was published

in three different language versions, Blake et al [27] seemed to
be focused on workers from the United Kingdom to develop
this package. Moreover, nowadays, a mobile app can be more
practical for some users. Nevertheless, the fidelity, engagement,
usability, and practicality of our digital platform should be
evaluated in future research.

Extrapolation to Other Contexts
Although there are differences between the health systems of
the different countries and it is evident that the spread of the
SARS-CoV-2 pandemic is different in each continent and
country, most of the problems identified, and for which these
resources have been devised, are repeated in the literature
[9,28-30], and it is verified in the experience described by health
professionals in Brazil, Peru, Argentina, Colombia, Mexico,
Ecuador, Italy, Portugal, and Central Europe.

The extrapolation of resources to mitigate acute stress among
frontline health professionals in the care of patients with
COVID-19, therefore, could be carried out in both public and
private centers.

The development and redefinition of resources to support the
health care workforce and address new outbreaks must take into
account differences in organizational culture [31-33],
psychological safety [34], and availability of financial and
skilled human resources among countries.

Although similarities have been observed in the sources and
acute stress responses of these professionals, there is a need to
adapt resources to the context as, for example, has been done
in Brazil, adapting the resources originally designed for the
Spanish National Healthcare System. Future research studies
may consider these differences when assessing the applicability
of the resources designed.

Upcoming Developments
Preparing for a spike in new COVID-19 cases from health care
organizations and professionals, particularly on the frontline of
care for patients with COVID-19, should be prioritized by health
planners and managers, academics, and health care
professionals. Systems have more resources and better
organization and information to reduce clinical uncertainty, but
templates need to be recovered physically and emotionally. The
new developments of this platform are incorporating proposals
to strengthen the resilience of organizations and professionals.

Conclusions
A digital platform (website and app) was developed and
launched to provide support resources that might prevent and
approach the emotional impact of HCWs and other support staff
due to the current COVID-19 outbreak.
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Abstract

Background: Smartphone-based contact tracing apps can contribute to reducing COVID-19 transmission rates and thereby
support countries emerging from lockdowns as restrictions are gradually eased.

Objective: The primary objective of our study is to determine the potential uptake of a contact tracing app in the Dutch population,
depending on the characteristics of the app.

Methods: A discrete choice experiment was conducted in a nationally representative sample of 900 Dutch respondents. Simulated
maximum likelihood methods were used to estimate population average and individual-level preferences using a mixed logit
model specification. Individual-level uptake probabilities were calculated based on the individual-level preference estimates and
subsequently aggregated into the sample as well as subgroup-specific contact tracing app adoption rates.

Results: The predicted app adoption rates ranged from 59.3% to 65.7% for the worst and best possible contact tracing app,
respectively. The most realistic contact tracing app had a predicted adoption of 64.1%. The predicted adoption rates strongly
varied by age group. For example, the adoption rates of the most realistic app ranged from 45.6% to 79.4% for people in the
oldest and youngest age groups (ie, ≥75 years vs 15-34 years), respectively. Educational attainment, the presence of serious
underlying health conditions, and the respondents’ stance on COVID-19 infection risks were also correlated with the predicted
adoption rates but to a lesser extent.

Conclusions: A secure and privacy-respecting contact tracing app with the most realistic characteristics can obtain an adoption
rate as high as 64% in the Netherlands. This exceeds the target uptake of 60% that has been formulated by the Dutch government.
The main challenge will be to increase the uptake among older adults, who are least inclined to install and use a COVID-19
contact tracing app.

(JMIR Mhealth Uhealth 2020;8(10):e20741)   doi:10.2196/20741

KEYWORDS

COVID-19; discrete choice experiment; contact tracing; participatory epidemiology; participatory surveillance; app; uptake;
prediction; smartphone; transmission; privacy; mobile phone

Introduction

The COVID-19 pandemic has formed an unprecedented public
health, societal, and economic crisis. Given that no vaccine is
available yet and that treatment options are limited, prevention
is crucial. In an effort to stop the spread of the virus, societies

have been locked down to varying degrees with social
distancing; stay-at-home measures; and closures of schools,
universities, and business. These policies are socially painful
and economically costly.

Targeting the quarantine measures, whether enforced or
voluntary, could ease the social and economic impact of these
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policies. Such measures require that people who are infected
be quickly identified and isolated, and that their recent contacts
are quarantined for the duration of the disease incubation period.
Essentially, when contacts of people who are infected can be
traced and quarantined at a sufficient speed, unaffected people
can continue to live their lives in a more or less normal fashion.
According to the World Health Organization, “when
systematically applied, contact tracing will break the chains of
transmission of an infectious disease and is thus an essential
public health tool” [1]. There is evidence that contact tracing
was effective in previous pandemics, and several model studies
point to benefits in the COVID-19 crisis as well [2,3].

The main disadvantage of contact tracing is that it is labor
intensive and time-consuming, and can only be effective when
conducted fast. When people develop symptoms that indicate
a COVID-19 infection and subsequently test positive for
COVID-19, a high proportion of their contacts must be warned
and quarantined quickly to avoid further infections. Manual
contact tracing by public health authorities may not be able to
achieve this [4]. The problem could be exacerbated if public
health authorities are unable to recruit and train sufficient staff
for the task.

For these reasons, the use of digital methods (ie,
smartphone-based contact tracing apps) have been proposed to
facilitate and accelerate contact tracing. The basic idea is that
app users who have been in close proximity to someone who
turned out to have been infected with COVID-19 receive a
warning and are asked to self-quarantine. Such an app could
theoretically replace a week’s work of manual contact tracing
(per infected person) with an almost instantaneous notification
once an infection has been ascertained [5].

COVID-19 contact tracing apps can only be successful in
limiting the spread of the virus if a sufficient number of people
are willing to download and use them. This becomes
increasingly important especially when social distancing
measures are relaxed and manual tracing is unable to act
comprehensively and fast [5]. Based on modelling studies, the
Dutch government has formulated the aim that 60% of the
population should use the app [6]. It is not known whether this
level of uptake can be achieved. In Singapore, it took 1 month
before 20% of the population had started using the app [7],
whereas in the Isle of Wight more than 40% had downloaded
the contact tracing app within 10 days [8].

Dutch authorities have explicitly stated that the app will only
be used for contact tracing and not to monitor or enforce
self-quarantine, or to provide access to public places. However,
the exact specifications of the Dutch contact tracing app have
not been established yet, but they may have an impact on
people’s willingness to use it. Therefore, the main aim of this
study is to estimate the future uptake of a smartphone-based
contact tracing app in the Dutch population and the extent that
this could be optimized by changing the specifications of the
app. The secondary aim is to describe differences in expected
uptake between subgroups. Both aims are addressed using a
discrete choice experiment (DCE).

Methods

In a DCE, preferences for a product such as a COVID-19 contact
tracing app are established by decomposing the product into
separate characteristics (referred to as attributes) and different
specifications of these characteristics (referred to as attribute
levels) [9,10]. For example, the attribute “financial incentive”
comprises the levels “€0,” “€5,” and “€10” per month (€1 =
US$1.18) (see Textbox 1). The relative importance of the
attribute levels is then empirically established by asking
respondents to make trade-offs in a series of choice tasks. Within
each choice task there are two or more products to choose from,
and respondents are repeatedly asked to indicate which option
they prefer. Statistical regressions are subsequently used to
derive numerical values for the relative attractiveness of the
attributes and its levels, using methods that have a solid
foundation in random utility theory [11].

The selected attributes and attribute levels in this DCE study
(see Textbox 1) reflected the Dutch context, in the sense that
the Dutch government has already issued the development of
a COVID-19 contact tracing app to alert users when someone
they were recently near becomes infected. Currently, the launch
of the app is foreseen to support a further lifting of the
lockdown. However, the launch is contingent upon the app
meeting the European General Data Protection Regulation
privacy and safety regulations (ie, from the outset) [12].
Consequently, attributes that describe different safety and
privacy levels of the app were not included in the DCE and
instead were described as being part of the context of the DCE
(ie, held constant across all choice tasks). The latter
accommodated additional focus on the type of warnings, testing,
control over the communication of a positive test result, and
the potential financial incentive for app users in the DCE.
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Textbox 1. Included attributes and levels.

Group size (“App users can attend…”)

1. Activities up to 3 people

2. Activities up to 10 people

3. Activities up to 30 people

4. Activities up to 100 people

Warning type

1. That you were close to a person who was infected in the last 2 weeks

2. At which date and time you were close to a person who was infected

Who is warned

1. Only you

2. You and the local health authorities (GGD), but only with your consent

3. You and automatically the local health authorities (GGD)

Testing after a warning

1. Only when someone has symptoms

2. Everyone will be tested

Who can upload test results

1. Only you

2. This is done automatically by the government and/or local health authorities (GGD)

Financial incentive (per month)

1. €0

2. €5

3. €10

Once the attributes and attribute levels were defined, an initial
version of the survey instrument was created using Sawtooth
Software (Sawtooth Software Inc) and administered in a Dutch
online panel managed by Dynata, a commercial survey sample
provider. The instrument included a DCE based on a nearly
orthogonal design with 300 design versions and 13 choice tasks
per version. Orthogonality minimizes the correlations between
attribute levels in the choice tasks and ensures statistical
identification of the preference parameters. To assess the
stability of the respondents’ preferences, the 14th choice task
in the DCE design was a duplication of the fifth choice task
[13,14]. Figure 1 provides a choice task example. As shown,
respondents were able to choose between two apps and an opt
out. Moreover, a small amount of attribute level overlap was
used to reduce the cognitive burden of the survey and improve
respondents’ attribute attendance [15]. In addition to the DCE

tasks, several background, warm-up, attitudinal, and survey
evaluation questions were included in the survey.

The survey instrument was pilot tested using a sample of 238
online respondents. Based on the feedback from survey
participants and an evaluation of the estimated preferences, the
survey instrument was revised to improve understandability
and to reduce the cognitive burden of the survey. The
introduction and description of the attributes were enhanced,
an additional warm-up question was added, supplementary
debriefing questions were included, and the levels of one of the
DCE attributes (ie, the group size) were revised to better reflect
the observed nonlinear preference structure. This implied that
the initial data collection became incompatible with the
subsequent data collection and was excluded from the final
analysis.
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Figure 1. Example discrete choice task. Note: translated; original in Dutch. *GGD = local health authorities.

The revised and improved instrument (available upon request)
was pilot-tested using a second pilot sample of 260 participants.
Based on the feedback of the respondents and our evaluation
of the estimated preferences, no further changes were required.
Consequently, another 640 participants were obtained to achieve
an overall survey sample of 900 respondents, which was
sufficient based on formal sample size calculations as well as
commonly used rules of thumb [16]. The overall sample of 900
respondents was designed to be nationally representative in
terms of sex, age, and educational attainment of the Dutch
general population 15 years and older. All data were collected
in week 16 of 2020.

Once data collection was completed, the survey satisfaction and
cognitive debriefing questions were summarized by averaging
the 7-point Likert scores. The survey’s dropout rates were
directly observed, and completion timings were calculated as
the cumulative time spent on the pages of the questionnaire,
maximized at 5 minutes per page to correct for respondents
taking a break in between survey questions. The stability of
respondents’ preferences was assessed based on the percentage
of respondents with an identical choice in repeated choice task.

Descriptive statistics were used to describe respondent
characteristics for the entire sample and between subgroups that
were defined based on the observed choice behavior in the DCE.
More specifically, a comparison was made between respondents
who always chose the app, sometimes chose the app, and never

chose the app and thus always choose the opt-out option in the
DCE. We examined whether the choice behavior differed by
sex, age group, highest level of education, general health,
chronic conditions or reduced resistance, whether someone
experienced COVID-19 symptoms, and whether respondents
actively used health apps. We also compared the three subgroups
in terms of attitude toward the six DCE evaluation questions,
the maximum group size they identified to feel comfortable
with, and nine general statements related to COVID-19 tracing
apps based on the Health Belief Model [17,18] that were
included in the survey instrument.

Simulated maximum likelihood methods were used to estimate
population- and individual-level preferences using a mixed logit
(MIXL) model [19]. Such a model uses the observed choices
as the dependent variable and the characteristics (ie, attribute
levels) of the COVID-19 contact tracing apps shown to
respondents as explanatory variables. The estimations were
conducted using Stata 15 (StataCorp) with the simulated
maximum likelihood calculated using 2000 Halton draws to
ascertain stable coefficients and with a full variance-covariance
matrix estimation aimed at accommodating potential nonzero
correlations between the random parameters.

Respondents who did not choose the COVID-19 contact tracing
app in any of the 14 choice tasks were excluded from the MIXL
estimations and assigned to a separate (latent) class. For these
respondents, it was impossible to ascertain whether they would
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theoretically be willing to consider installing a contact tracing
app (which would merely imply a very positive opt-out
parameter) or, alternatively, had lexicographic preferences and
would never consider installing any contact tracing app. In the
choice predictions these respondents were treated as an
exogenous class with zero willingness to install and use the app.
This avoided a spillover effect and upwards biased opt-out
parameters of the respondents who did choose the contact tracing
app in at least one of the choice tasks.

The subsequent uptake calculations were performed for three
different contact tracing apps (ie, the best, worst, and most
realistic app) and were based on the respondents’
individual-level preference coefficients. The best and worst
contact tracing apps were defined by the MIXL estimates. The
most realistic app was defined based on all publicly available
information at the time of publication. For each respondent, the
predicted uptake probability was calculated using the standard
logit rule, after which the predicted sample adoption rate was
calculated as the mean of the individual-level uptake
probabilities. This is more reliable than calculations directly
based on the MIXL sample mean parameters because it takes
respondent heterogeneity appropriately into account. For each
of the apps, the adoption rate was calculated for the entire
sample of 900 respondents and for several subsamples such as

different educational backgrounds (low, medium, or high) and
age groups (15-34, 35-54, 55-74, ≥75 years).

Results

Study Population
From the total 986 panel members who started the survey and
were found eligible to participate (due to quota restrictions),
900 (91.3%) completed the questionnaire, resulting in 86
dropouts (8.7%). The resulting sample was representative for
the Dutch population with respect to age, sex, and education
level. Of the 900 respondents, 39% (n=351) were 55 years or
older, 442 (49%) respondents were male, and one-third had a
lower education level (Table 1). Approximately 70% of the
respondents reported that they were in good health, and 625
(69%) respondents did not have a chronic disease or a
compromised immune system. Almost 25% of the respondents
reported that they experienced COVID-19 symptoms during
the last 2 months, and 1.4% (n=14) of respondents tested
positive for COVID-19. Almost all respondents owned and used
a smartphone, smartwatch, or tablet (n=827, 91.9%), and 47.60%
(n=428) of respondents already used health-related apps on their
mobile device. The majority of the respondents indicated that
the survey was (very) interesting (n=645, 72%) and (very) clear
(n=738, 82%). There were 48 (5%) respondents that found the
survey (very) unclear (Table 2).

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 10 |e20741 | p.721https://mhealth.jmir.org/2020/10/e20741
(page number not for citation purposes)

Jonker et alJMIR MHEALTH AND UHEALTH

XSL•FO
RenderX

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


Table 1. Respondents’ sociodemographic characteristics for the total sample and stratified by respondents who always, sometimes, or never chose the

COVID-19 app in the discrete choice experiment.a

Never (n=226),

n (%)

Sometimes (n=214),

n (%)

Always (n=460),

n (%)

Total (N=900),

n (%)

Demographics

Gender

113 (25.6)114 (25.8)215 (48.6)442 (49.1)Male

113 (24.7)100 (21.8)245 (53.5)458 (50.9)Female

Age group (years)

24 (9.0)76 (28.4)168 (62.7)268 (29.8)15-34

76 (27.0)74 (26.3)131 (46.6)281 (31.2)35-54

82 (30.9)59 (22.3)124 (46.8)265 (29.4)55-74

44 (51.2)5 (5.8)37 (43.0)86 (9.6)≥75

Education level

89 (32.5)51 (18.6)134 (48.9)274 (30.4)Low

76 (22.2)79 (23.1)187 (54.7)342 (38.0)Medium

61 (21.5)84 (29.6)139 (48.9)284 (31.5)High

Geographical region

159 (26.0)149 (24.3)304 (49.7)612 (68.0)Heavily impactedb

67 (23.3)65 (22.6)156 (54.2)288 (32.0)Mildly impacted

Self-perceived general health

154 (24.3)159 (25.0)322 (50.7)635 (70.6)Good or very good

64 (27.6)49 (21.1)119 (51.3)232 (25.8)Fair

8 (24.2)6 (18.2)19 (57.6)33 (3.7)Bad or very bad

Health issues

21 (18.8)19 (17.0)72 (64.3)112 (12.4)Lung disease

22 (27.8)17 (21.5)40 (50.6)79 (8.8)Heart disease

30 (34.5)13 (14.9)44 (50.6)87 (9.7)Diabetes

2 (18.2)2 (18.2)7 (63.6)11 (1.2)Kidney disease

10 (16.4)13 (21.3)38 (62.3)61 (6.8)Compromised immune system

Self-reported COVID-19 symptoms during last 2 months

34 (15.6)53 (24.3)131 (60.1)218 (24.2)Yes

181 (28.1)152 (23.6)312 (48.4)645 (71.7)No

Tested for COVID-19 infection

0 (0)6 (42.9)8 (57.1)14 (1.6)Yes, positive test

1 (4.0)9 (36.0)15 (60.0)25 (2.8)Yes, negative test

224 (26.2)197 (23.0)434 (50.8)855 (95.0)No

178 (21.5)203 (24.5)446 (53.9)827 (91.9)Owns and uses smartphone/smartwatch or tablet

56 (13.1)100 (23.4)272 (63.6)428 (47.6)Uses health apps on smartphone/smartwatch or
tablet

Feels comfortable around

115 (39.4)69 (23.6)108 (37.0)292 (32.4)Groups of 3 people

50 (16.0)66 (21.2)196 (62.8)312 (34.7)Groups of 10 people

22 (13.3)36 (21.8)107 (64.8)165 (18.3)Groups of 30 people

14 (17.7)31 (39.2)34 (43.0)79 (8.8)Groups of 100 people
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Never (n=226),

n (%)

Sometimes (n=214),

n (%)

Always (n=460),

n (%)

Total (N=900),

n (%)

Demographics

25 (48.1)12 (23.1)15 (28.8)52 (5.8)Groups of 1000 people

aThe percentages in column 2 add up to 100% vertically, whereas the percentages in column 3-5 add up to 100% horizontally.
bHeavily impacted regions are Noord-Brabant, Limburg, Zuid-Holland, Noord-Holland, and Gelderland.
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Table 2. Respondents’ attitude toward COVID-19 and evaluation of the survey for the total sample and stratified by respondents who sometimes,

always, or never preferred to use the COVID-19 app.a

Never (n=226),
n (%)

Sometimes (n=214),
n (%)

Always (n=460),
n (%)

Total (N=900),
n (%)

Attitudinal statementsb

I find a contact tracing app to be useful

18 (8.0)87 (40.7)309 (67.2)414 (46.0)Agree

128 (56.6)33 (15.4)30 (6.5)191 (21.2)Disagree

I worry about the security of a contact tracing app

148 (65.5)125 (58.4)174 (37.8)447 (49.7)Agree

20 (8.8)38 (17.8)140 (30.4)198 (22.0)Disagree

I object to using a contact tracing app

154 (68.1)63 (29.4)51 (11.1)268 (29.8)Agree

14 (6.2)68 (31.8)274 (59.6)356 (39.6)Disagree

I think it is very serious if I get infected with COVID-19

125 (55.3)134 (62.6)322 (70.0)581 (64.6)Agree

23 (10.2)30 (14.0)38 (8.3)91 (10.1)Disagree

I think I would get seriously ill if I get infected with COVID-19

137 (60.6)120 (56.1)311 (67.6)568 (63.1)Agree

21 (9.3)38 (17.8)60 (13.0)119 (13.2)Disagree

I think I have a high chance of getting infected with COVID-19

29 (12.8)46 (21.5)123 (26.7)198 (22.0)Agree

57 (25.2)59 (27.6)115 (25.0)231 (25.7)Disagree

I think I have a high chance of getting seriously ill when infected with COVID-19

82 (36.3)78 (36.4)214 (46.5)374 (41.6)Agree

38 (16.8)59 (27.6)99 (21.5)196 (21.8)Disagree

I think a COVID-19 app is a good way to control and fight COVID-19

20 (8.8)84 (39.3)312 (67.8)416 (46.2)Agree

129 (57.1)52 (24.3)41 (8.9)222 (24.7)Disagree

I would use a contact tracing app if it becomes available

9 (4.0)72 (33.6)307 (66.7)388 (43.1)Agree

164 (72.6)56 (26.2)30 (6.5)250 (27.8)Disagree

Survey evaluation

The choice questions were clear

181 (80.1)172 (80.4)385 (83.7)738 (82.0)Agree

9 (4.0)16 (7.5)23 (5.0)48 (5.3)Disagree

The choice questions were interesting

111 (49.1)161 (75.2)373 (81.1)645 (71.7)Agree

30 (13.3)17 (7.9)23 (5.0)70 (7.8)Disagree

I could easily recognize the differences between the apps in the choice questions

149 (65.9)158 (73.8)360 (78.3)667 (74.1)Agree

16 (7.1)21 (9.8)39 (8.5)76 (8.4)Disagree

I could easily choose between the apps in the choice questions

147 (65.0)154 (72.0)332 (72.2)633 (70.3)Agree

15 (6.6)27 (12.6)59 (12.8)101 (11.2)Disagree
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Never (n=226),
n (%)

Sometimes (n=214),
n (%)

Always (n=460),
n (%)

Total (N=900),
n (%)

Attitudinal statementsb

I could easily have answered more choice questions

134 (59.3)152 (71.0)331 (72.0)617 (68.6)Agree

12 (5.3)13 (6.1)25 (5.4)50 (5.6)Disagree

There were too many choice questions

44 (19.5)40 (18.7)90 (19.6)174 (19.3)Agree

95 (42.0)115 (53.7)259 (56.3)469 (52.1)Disagree

aThe percentages in columns 2-5 add up to 100% vertically, but in columns 3-5, 100% is the amount of people in that specific group.
bReported on respondents who completely agreed or agreed and who completely disagreed or disagreed; percentages do not count up to 100%, as
respondents who answered neutral were not included in this table.

DCE Results
All of the contact tracing app attributes influenced respondents’
preferences (Table 3). On average, respondents preferred a
COVID-19 contact tracing app that offers them additional
benefits in terms of a small financial reward of €5 or €10 a
month, being allowed to meet with groups of up to 10 or 30

people, and being tested if they were near a person who was
infected. On average, respondents wanted to remain in charge
of their own data by giving explicit permission to share the alert
with the local health authorities (GGD) and entering a positive
COVID-19 test result into the app themselves. They preferred
alerts that are specific with respect to date and time.

Table 3. Mixed logit estimation results.

95% CIPopulation

SD (SE)

95% CIPopulation

mean (SE)

Attributes

3.43 to 4.513.97 (0.28)–4.07 to –2.80–3.44 (0.32)No app

Group size

N/A0N/Aa03 people (reference)

1.01 to 1.551.27 (0.14)0.39 to 0.740.56 (0.09)10 people

1.51 to 2.031.77 (0.13)0.25 to 0.650.45 (0.10)30 people

12.17 to 2.842.50 (0.17)–0.20 to 0.280.04 (0.12)100 people

Warning type

N/A0N/A0Limited information (reference)

0.97 to 1.311.14 (0.09)0.10 to 0.360.23 (0.06)Detailed information

Who is warned

N/A0N/A0Only you (reference)

0.83 to 1.201.02 (0.09)–0.12 to 0.150.01 (0.07)You and automatically the local health authorities

0.74 to 1.130.94 (0.09)0.14 to 0.420.28 (0.07)You and local health authorities after your consent

Testing after a warning

N/A0N/A0Only when someone has symptoms (reference)

1.77 to 2.151.96 (0.10)0.23 to 0.570.40 (0.09)Everyone

Who can upload test results

N/A0N/A0You (reference)

1.53 to 1.871.70 (0.08)–0.11 to 0.200.05 (0.08)Local health authorities

Financial incentive (€ per month)

N/A0N/A00 (reference)

2.18 to 2.702.44 (0.13)0.62 to 1.070.85 (0.11)5

3.35 to 4.053.70 (0.18)0.97 to 1.601.29 (0.16)10

aN/A: not applicable.
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The attribute levels had the expected sign (showing theoretical
validity), and 84% (760/900) of the respondents showed
consistency in their choices (ie, they opted for the same
alternative in the fifth and 14th DCE choice tasks). The utility
pattern for the attribute group size was hyperbolic (ie,
respondents preferred an app that allowed them to meet with
10 or 30 individuals instead of 3 individuals but were less
positive about meeting with 100 individuals; Table 3).
Furthermore, on average and relative to the other attributes,
financial incentive was the most important attribute, while the
attribute describing who enters into the app that the app user
has tested positive was the least important attribute. However,
the standard deviations of the alternative specific constant (ie,
random intercept) and all attribute (levels) indicated a wide
variation in preferences among respondents.

COVID-19 Contact Tracing App Uptake
Over half of the respondents (460/900, 51%) chose a contact
tracing app in all choice tasks, which means that they preferred
a contact tracing app with the least preferred specifications over
no contact tracing app at all (see Table 1). About 25% (226/900)
of the respondents had strict preferences against a contact tracing
app (ie, they chose the opt-out alternative in all 14 DCE tasks)
and could not be persuaded to choose a contact tracing app, not
even the app with the most preferred specifications. The choices
of the remaining 24% (214/900) of the respondents depended
on the specifications of the app.

Assuming that the most realistic COVID-19 contact tracing app,
given the situation in the Netherlands at the time of writing, is
defined by an app that allows the app user to meet with 30
individuals at the same time, warns the app user that they were
close to a person who was infected in the last 2 weeks, warns
only the app user, allows the app user to undergo a COVID-19
test only after they has COVID-19 symptoms, is updated by the
app user that they tested positive for COVID-19, and does not
give the app user a financial incentive, the predicted adoption
rate of the most realistic app was 64.1% (Table 4). One-way
changes in our app’s attribute levels had a relatively small
impact on the predicted adoption rate (Figure 2). Changing from
a contact tracing app with the least preferred to the most
preferred attribute levels, the estimated adoption rate of the
contact tracing app for the Dutch population increased from
59.3% to 65.7%. It should be noted that such changes do not

perfectly correlate with the MIXL mean preference parameters;
the degree of preference heterogeneity is an equally important
determinant.

There are important sociodemographic differences in predicted
adoption rates. Survey respondents aged between 15 and 34
years were more likely to use a contact tracing app than people
75 years or older. Survey respondents younger than 35 years
were also more sensitive to the specifications of the app. When
comparing the contact tracing app with the least preferred to
the app with the most preferred specifications, the adoption
rates increased from 72.4% to 81.7% for people younger than
35 years and decreased from 46.4% to 45.6% for people 75
years or older. The predicted adoption rates also differed by
educational attainment. Survey respondents with lower levels
of education were less likely to install the app and less sensitive
to the specifications of the app. When comparing the least and
most preferred contact tracing app, the adoption rates increased
from 55.4% to 59.1% for the lowest educated respondents and
from 59.4% to 67.8% for the highest educated respondents.
Furthermore, as general health worsened, the proportion of
respondents that always preferred a contact tracing app
increased. That proportion was also higher among respondents
with a lung disease, a kidney disease, and a compromised
immune system compared to respondents without health
problems.

We also observed important attitudinal differences in adoption.
Respondents who indicated feeling safe in large groups (up to
1000 people), considered the chance of being infected with
COVID-19 to be small, and did not think they would become
seriously ill when infected by COVID-19 were more likely to
reject the app irrespective of its specifications. That also holds
for respondents who were more worried about the security of
the app.

Besides the attributes included in this study, frequently
mentioned reasons that favor the use of a COVID-19 contact
tracing app were prevention (being able to control the virus),
uncertainty reduction (ie, clarity and security), and more
freedom. Frequently mentioned barriers were related to privacy
concerns, safety concerns (data leaks), not owning a smartphone,
potentially required out-of-pocket costs, and a low expected
adoption rate in the society.
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Table 4. Predicted COVID-19 contact tracing app adoption rates (%), stratified by age and education level.

High educ
(n=284), %

Medium educ
(n=342), %

Low educa

(n=274), %

≥75 years
(n=86), %

55-74 years
(n=265), %

35-54 years
(n=281), %

15-34 years
(n=268), %

All (n=900),
%

Apps

67.869.259.146.060.461.481.765.7Most preferred appb

65.067.159.345.658.460.479.464.1Most realistic appc

59.462.355.446.454.355.472.459.3Least preferred appd

aeduc: education.
bSpecifications of the most preferred COVID-19 contact tracing app were the app user is allowed to meet with 10 individuals at the same time, warns
the app user that they were close to a person who was infected in the last 2 weeks, warns the app user and the local health authorities (GGD) after
permission, allows the app user to undergo a COVID-19 test, is updated by the app user that they tested positive for COVID-19, and does give the app
user a financial incentive of €10 per month.
cSpecifications of the most realistic app were allows the app user to meet with 30 individuals at the same time, warns the app user that they were close
to a person who was infected in the last 2 weeks, warns the app user, allows the app user to undergo a COVID-19 test only after they have COVID-19
symptoms, is updated by the app user that they tested positive for COVID-19, and does not give the app user a financial incentive.
dSpecifications of the least preferred app were allows the app user to meet with 3 individuals at the same time, warns the app user the date and time that
they were close to a person who was infected, warns the local health authorities (GGD), allows the app user to undergo a COVID-19 test only after they
have COVID-19 symptoms, is updated by the local health authorities (GGD) that the app user tested positive for COVID-19, and does not give the app
user a financial incentive.

Figure 2. Univariate marginal estimates for increase in predicted adoption rate; attributes level changes vs base case. Note: The base case is the most
realistic COVID-19 contact tracing app that allows the user to meet with 30 individuals, warns the user that they were close to a person who was infected
in the last 2 weeks, warns the user and the local health authorities (GGD), allows the user to undergo a COVID-19 test only after they have COVID-19
symptoms, is updated by the local health authorities (GGD) that the user tested positive for COVID-19, and does not give the user a financial incentive.
This base case is indicated as zero change in the probability of the x-axis.

Discussion

Main Findings
Our study suggests that an adoption rate as high as 66% can be
achieved for a contact tracing COVID-19 app in the Netherlands.
However, there is wide variation in preferences. Over half of

the respondents always chose to use an app, about 25% of the
respondents could never be persuaded to choose an app, and
the choice of the remaining 24% of the respondents depended
on the specifications of the app. Changing the specifications
from the least to the most preferred increased the predicted
adoption rate from 59% to 66% in the entire sample. In general,
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app users prefer an app that offers them additional benefits in
terms of being allowed to meet in groups of up to 10 and 30
people, and being tested immediately after the alert that they
were near a person who was infected. App users want to remain
in charge of their own data by giving explicit permission to
share the alert with the public health authorities and entering a
positive test result into the app themselves. They prefer alerts
that are specific with respect to date and time. A small financial
reward of €5 or €10 a month is appreciated.

Policy Context and Implications
The presented results should be viewed in the context of the
discussions about a COVID-19 app in the Netherlands up until
mid-April, when the data were collected. In the Netherlands,
the peak in the number of patients with COVID-19 in hospital
intensive care units was reached in the first week of April, and
the curve was at the beginning of a decline, which was not yet
clear at that time. Test capacity was limited and only available
for individuals with severe symptoms and hospital staff.

In mid-April, the Dutch government organized a 2-day long
appathon to review and test 7 different candidate apps that were
selected from a long list of 660 proposed apps. The appathon
was broadcasted on the internet. It turned out that the candidate
apps all had privacy and security issues. Consequently, none of
the apps in the appathon were selected and the Ministry of
Health initiated the development of a new app, which would,
from the outset, be designed with strict privacy and security in
mind.

This governmental decision confirms that we took the right
choice context for our study, namely, that the proposed app
would meet the required privacy and data security issues instead
of asking respondents to trade off privacy and security for
benefits or specifications of the app. The Dutch authorities also
made it clear that it would not adopt a contact tracing app that
stored location data and that contact data should not be stored
for longer than 2-3 weeks, which concurs with our decision not
to include location data and length of data storage in the
trade-offs either. In the literature, smartphone apps that seem
to meet these conditions have been presented [12,20], and almost
all new apps that appear in the continuously updated database
of the Massachusetts Institute of Technology, which captures
details of every significant automated contact tracing effort
around the world, are based on the relatively secure and privacy
respecting Bluetooth application programming interface, as
introduced by Google and Apple [21].

Our finding that the adoption rate of the most realistic app was
34% points higher for respondents aged 15-34 years than for
respondents 75 years or older may have policy implications. It
suggests the need for a tailored communication strategy to
maximize the uptake of the contact tracing app. Our data
indicated that older adults felt less comfortable in larger groups
and were more anxious about getting infected and getting
seriously ill when infected, which is logical given the higher
prevalence of health problems among older adults and their
greater susceptibility to COVID-19. If this indicates that older
adults would feel insufficiently protected by a contact tracing
app, this may have contributed to the lower adoption rate among
older adults. A tailored communication strategy should address

these concerns and convince older adults of the necessity to
share data to control a virus that largely spreads
asymptomatically even if the app does not provide individual
protection. Because people younger than 35 years were more
sensitive to the specifications of the app they can be tempted
to adopt the app by communicating the benefits to the app user,
such as being allowed to meet in larger groups, immediately
getting tested after contact with a person who was infected with
COVID-19, and perhaps a financial reward.

Appropriately addressing the observed attitudinal differences
toward adopting the app is another challenge for policy makers.
Perhaps the group that feels safe in large groups of app users,
thinks the chance is small they will get the virus, and does not
think that they will become seriously ill if they are infected by
the virus represents a group that downplays the seriousness of
the situation. Education that is specifically tailored to these
attitudes might be necessary.

Comparison With Other Studies
The context that respondents were offered in this study (ie, that
the app would comply with privacy and security legislations)
is likely to have contributed to the high adoption rates.
Nevertheless, the only other choice-based study about
COVID-19 apps published so far has reported even higher
adoption rates, despite the fact that they did include attributes
like using the app to enforce self-isolation, anonymity, length
of data storage, and responsibility for the app project [22]. In
this UK-wide study, the app with recommended specifications
had a 73.5% adoption rate compared with 64.1% in our study.
One of the possible reasons could be that the study in the United
Kingdom was done earlier, when the infection peak had not yet
been reached and people felt more insecure.

There have been several other surveys about COVID-19 apps,
but these were not choice based and did not ask respondents to
trade-off positive versus negative characteristics of an app, as
is done in a DCE. In a large international survey conducted in
France, Germany, Italy, the United Kingdom, and the United
States, strong support for a contact tracing app was found
regardless of the respondents’ country or background
characteristics [23].

Limitations
The study was conducted in a representative sample of the Dutch
population with respect to age, gender, and education.
Nevertheless, we should acknowledge that respondents were
members of an internet panel of a market research organization,
which makes them more likely to have a positive attitude toward
internet and digital devices in general and thus more likely to
adopt an app. This is related to our finding that people who
already use health apps were more likely to prefer the contact
tracing app than people who do not use health apps. However,
the impact of using an internet panel is probably limited, as
88% of Dutch citizens owns a smartphone and over one-third
has a health app installed on it [24].

It is obvious that the adoption rates in our study are based on
stated preferences, which might differ from revealed preferences.
First, although stated preferences may accurately reflect an
individual’s intention to use an app, they may not accurately
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predict real-world use of an app [25]. There are few external
validation studies of DCEs, but there are cases such as influenza
vaccination and colorectal cancer screening in which over 90%
of choices were correctly predicted at an individual level [25,26].
However, one may argue that there are less privacy and security
issues involved in these cases. Second, the presented analyses
do not take dynamics into account and thus only predict the
potential uptake of a contact tracing app and not the time it takes
for the predicted uptake to be achieved. The latter likely depends
on the attractiveness of the app but also on external factors,
including the amount of effort from local health authorities and
the government to promote the contact tracing app using public
health campaigns. Third, the achieved adoption rates of the
contact tracing app will likely depend on the timing of its launch.
If people still recognize the seriousness of the COVID-19
pandemic and the necessity of a contact tracing app as they did
in our study (based on mid-April 2020 data collection), they

may be willing to cooperate and share personal data more easily
than if they view the crises as being defeated. With COVID-19
restrictions currently being eased, it seems conceivable that
respondent preferences could change accordingly.

Conclusion
Based on the presented results, with predicted app adoption
rates ranging from 59% to 66%, we conclude that it is possible
for a secure and privacy-respecting COVID-19 contact tracing
app to reach a high adoption rate. Taking account of the
preferred specifications of the app will contribute to a more
widespread adoption. The main challenge will be to increase
the adoption rate among older adults (≥75 years of age), since
even the app with the most preferred characteristics had a
36%-point lower adoption rate compared to respondents 35
years and younger.
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Abstract

Background: Unprecedented lockdown measures have been introduced in countries worldwide to mitigate the spread and
consequences of COVID-19. Although attention has been focused on the effects of these measures on epidemiological indicators
relating directly to the infection, there is increased recognition of their broader health implications. However, assessing these
implications in real time is a challenge, due to the limitations of existing syndromic surveillance data and tools.

Objective: The aim of this study is to explore the added value of mobile phone app–based symptom assessment tools as real-time
health insight providers to inform public health policy makers.

Methods: A comparative and descriptive analysis of the proportion of all self-reported symptoms entered by users during an
assessment within the Ada app in Germany and the United Kingdom was conducted between two periods, namely before and
after the implementation of “Phase One” COVID-19 measures. Additional analyses were performed to explore the association
between symptom trends and seasonality, and symptom trends and weather. Differences in the proportion of unique symptoms
between the periods were analyzed using a Pearson chi-square test and reported as log2 fold changes.

Results: Overall, 48,300-54,900 symptomatic users reported 140,500-170,400 symptoms during the Baseline and Measures
periods in Germany. Overall, 34,200-37,400 symptomatic users in the United Kingdom reported 112,100-131,900 symptoms
during the Baseline and Measures periods. The majority of symptomatic users were female (Germany: 68,600/103,200, 66.52%;
United Kingdom: 51,200/71,600, 72.74%). The majority were aged 10-29 years (Germany: 68,500/100,000, 68.45%; United
Kingdom: 50,900/68,800, 73.91%), and about one-quarter were aged 30-59 years (Germany: 26,200/100,000, 26.15%; United
Kingdom: 14,900/68,800, 21.65%). Overall, 103 symptoms were reported either more or less frequently (with statistically
significant differences) during the Measures period as compared to the Baseline period, and 34 of these were reported in both
countries. The following mental health symptoms (log2 fold change, P value) were reported less often during the Measures period:
inability to manage constant stress and demands at work (–1.07, P<.001), memory difficulty (–0.56, P<.001), depressed mood
(–0.42, P<.001), and impaired concentration (–0.46, P<.001). Diminished sense of taste (2.26, P<.001) and hyposmia (2.20,
P<.001) were reported more frequently during the Measures period. None of the 34 symptoms were found to be different between
the same dates in 2019. In total, 14 of the 34 symptoms had statistically significant associations with weather variables.

Conclusions: Symptom assessment apps have an important role to play in facilitating improved understanding of the implications
of public health policies such as COVID-19 lockdown measures. Not only do they provide the means to complement and
cross-validate hypotheses based on data collected through more traditional channels, they can also generate novel insights through
a real-time syndromic surveillance system.
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Introduction

Background
Since its emergence at the end of 2019, COVID-19 has had an
enormous and wide-ranging impact, with millions of confirmed
cases and hundreds of thousands of deaths reported worldwide
[1]. Governments have introduced a series of measures ranging
from work and school closures to social distancing and
lockdowns to mitigate the spread and consequences of infection.
The measures have been unprecedented on many levels: in how
disruptive they are to daily life, by the proportions of populations
affected, in the duration of implementation, and by their global
reach. As a result, the daily lives of millions have been upended.

The extent of the countermeasures to the pandemic raises
questions as to their impact on public and individual health.
Although much of the initial focus in the medical and scientific
community has been on understanding the virus and infection
itself [2], as well as the effects of various policy measures on
epidemiological indicators relating directly to COVID-19 [3,4],
there has also been increased recognition of the broader health
effects [5].

Some of the broader implications concern the direct and
immediate consequences of lockdown. For instance, as people
are distressed due to social isolation and the economic fallout
of the crisis, an upsurge in the incidence and severity of mental
health problems has been predicted [5-11]. Increased
handwashing (a primary recommendation to reduce transmission
of COVID-19) is expected to result in increased skin irritation
and dermatitis [12,13]. Other implications are related to more
indirect factors such as delays and cancellations of surgeries
and nonurgent treatments for patients with cancer and other
diseases [14-16], interruptions in drug and commodities supply
chains [17,18], and drops in vaccination rates for
vaccine-preventable diseases [19,20]. The consequences of these
interruptions to medical services during this pandemic will
likely create a higher morbidity, but the impact may not be
visible for several years to come [17].

Assessing the health implications of lockdown policies in
real-time is a challenge. Apart from the time lag, evidence cited
in support of purported health effects is often anecdotal or based
on surveys conducted among medical professionals. The latter
provide important insights into changes in health symptoms
identified at the point of contact, but may not account for the
effects of social distancing guidelines on health-seeking
behavior. Traditional syndromic surveillance data [21] provides
valuable information for a defined set of indicators over time,
but is unable to distinguish whether the trends reflect changes
in disease incidence or in the uptake of health services. More
significant efforts toward data collection among the general
public are currently being undertaken [22]. However, these are

missing baseline data from before the emergence of COVID-19
that would facilitate a clearer understanding of the impact. In
general, surveys can provide snapshots of a highly dynamic
situation, but tend to be restricted in scope, meaning that changes
in health beyond predefined indicators risk being overlooked.

In the past years, a growing number of studies have shown the
benefits of mobile phone app–based symptom assessment tools
for improved health outcomes (eg, in lowering the barrier to
seek help) [23-29]. If the literature on symptom assessment
tools has primarily focused on individual health benefits (eg,
early detection of rare diseases [30]), recent research has also
demonstrated their potential contribution to public health.
Specifically with regard to COVID-19, symptom tracker apps
have helped flag anosmia (loss of the sense of smell) as a
potentially relevant symptom of infection [31,32], and have
challenged common understandings of presenting symptoms
of COVID-19 [33].

Goal of This Study
In the present study, we add to this body of literature by
exploring the added value of symptom assessment tools for the
analysis of broader health implications resulting from public
health interventions such as lockdown measures. We were
particularly interested in symptoms not related to COVID-19
that could be potentially overlooked as an unintended
consequence of the measures. A tool like Ada can provide
real-time insights for policy makers, informing their decisions
as they aim for the right balance of such measures. This study
is based on self-reported symptom data from Ada, a digital
symptom assessment app that uses a probabilistic reasoning
engine that collects demographic information, symptoms, and
medical history to suggest possible conditions and then guides
individuals to the most appropriate care. The Ada app is
available in seven languages and has over ten million users. It
is described in Gilbert et al [34] in further detail. Using an
inductive approach and focusing on the immediate impact of
COVID-19 control measures, we compared symptom data
reported by users in Germany and the United Kingdom before
and during the first phase of COVID-19 lockdown measures to
identify changes and continuities in the incidence of
self-reported symptoms.

The aim of this study was to explore the potential of the Ada
symptom assessment app to generate real-time health insights
to inform public health policy makers.

Methods

Study Focus
This analysis is a comparative descriptive study of self-reported
symptoms entered by users in an Ada assessment completed
during the “Phase One” COVID-19 interventions (the Measures
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period) compared to a Baseline period in Germany and the
United Kingdom. The Measures periods started when all five
major nonpharmaceutical interventions described in Flaxman
et al [4] were implemented in the respective countries.
Specifically, these interventions are school closures, case-based
measures (strong recommendation of self-isolation when
showing COVID-19–like symptoms), banning of public events,
encouragement of social distancing, and lockdowns. The
Measures period lasted until April 22, 2020, when data was
extracted. The end of the Baseline period was defined as the
day before any of the five interventions were implemented in
the respective countries, and the length of the Baseline period
was equal to the Measures period in the same country. The
period between the Baseline and Measures periods is excluded
from the analysis due to the partial implementation of “Phase
One” COVID-19 measures. This is an exploratory analysis of
all symptoms (not only COVID-19–related) reported by
symptomatic users during the defined periods. In this study, we
consider a symptomatic user as one who completed at least one
assessment during the periods of analysis, whether the
assessment was self-reported or reported by someone on their
behalf (ie, a legal guardian if under 16 years of age). We
considered symptom patterns to be trends if in both countries,
the proportion that a specific symptom was reported (out of all
reported symptoms) was significantly different between the two
periods.

Additional Analyses
Ad hoc analyses were later performed to test identified trends
for symptoms against selected potential confounders, such as
seasonality and weather. To explore the potential impact of
seasonality on trends, the results were compared to the results
of the same analysis conducted for the same dates in 2019. To
explore the impact of weather on trends, associations between
the monthly proportion of reported symptoms and weather
variables (average monthly temperature [°C], monthly
precipitation [mm], and monthly hours of sunshine) were
investigated during the period from January 2019 to March
2020. The weather analysis was restricted to Germany.

Participants
All assessments completed by Ada users in Germany and the
United Kingdom during the Baseline and Measures periods
were included in the analysis. We analyzed pseudonymized
health data for public health purposes, according to the European

General Data Protection Regulation (GDPR), and users are duly
informed of such use of their data (information available at any
time in Ada’s Privacy Policy). Additionally, users maintain
their right to object to such processing for reasons arising from
their particular situation, as required by the GDPR.

Variables
An Ada assessment consists of several different parts: (1) the
user enters an unlimited number of symptoms, (2) the user is
asked about other potential symptoms they could have, and (3)
an assessment result is provided, with conditions that could
potentially explain the reported symptoms and adequate triage.
This analysis only includes symptoms that are self-reported by
a user in the first part of the assessment: that is, responses to
the initial question “Let’s start with the symptom that’s troubling
you the most,” followed by “Do you have any other symptoms?”
Upon entering free text, the user is then given a range of
medically-curated options (based on linguistic relevance) to
select from.

The variable of interest, Si,k, representing the proportion a
symptom i is self-reported during the period k is defined as

Where si,j,k equals 1 if the user j self-reported the symptom i
during the period k, and equals 0 otherwise; and xj,k equals 1 if
the user j has completed one assessment during the period k,
and equals 0 otherwise.

The age variable was grouped using the following categories
(years): 0-9, 10-19, 20-29, 30-39, 40-59 and ≥60.

Weather data (average monthly temperature [°C], monthly
precipitation [mm], and monthly hours of sunshine) for Germany
was extracted from the Deutscher Wetter Dienst database for
the period from January 2019 to March 2020 [35].

For ease of reporting and to aid interpretation, symptoms that
were reported in significantly different proportions during the
Baseline and Measures periods were grouped using the
International Classification of Diseases, Version 2019 (ICD-10)
of the World Health Organization [36]. ICD-10 R subgroups,
named “Symptoms, signs and abnormal clinical and laboratory
symptoms, not elsewhere classified” were used when possible.
Similar categories were grouped together later, as presented in
Table 1.
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Table 1. List of groups based on the International Classification of Diseases, Version 2019 classification.

International Classification of Diseases, Version 2019 classificationGroup name

R00-R09, JCirculatory and respiratory systems

R10-R19Digestive system and abdomen

R20-R23, LSkin and subcutaneous tissue

MMusculoskeletal

R30-R39, NGenitourinary system

R40-R46, FCognition, perception, emotional state, and behavior

R47-R49Speech and voice

R50-R69General symptoms and signs

GNervous system

HEye and adnexa

Bias
As Ada’s medical model and databases are continuously
updated, we defined the Baseline period to be as close as
possible to the Measures period to limit the impact of these
changes on the data. All modeled symptoms that were added,
deleted, significantly modified, or significantly affected by the
modification of any other symptom from the first day of the
Baseline period until the end of the Measures period were
removed from this study.

Statistical Methods
Sex and age groups of symptomatic users were reported as
percentages and tested for differences between the periods with
a Pearson chi-square test. Differences in the proportion of
symptoms between the periods were reported as log2 fold
changes and were analyzed with a Pearson chi-square test. A
log2 fold change of 0.5 means that the proportion of that
reported symptom was 1.41 times as large during the Measures
period compared to the Baseline. A log2 fold change of 1 is
interpreted as being twice as large during the Measures period
compared to the Baseline, and a log2 fold change of 2 is four
times as large. Conversely, a log2 fold change of –1 means that
the proportion of the reported symptom was twice as large
during the Baseline period compared to the Measures period.

In general, log2 fold change calculations are helpful in
understanding relative differences in the proportions of users
reporting each symptom between the two periods, but do not
reflect how common reporting of that symptom was overall.
Associations between weather variables and the proportion of
symptoms were tested based on the Spearman Rank correlation
coefficient. 

When required, P values were adjusted for multiple testing
using the false discovery rate method. P values ≤.05 were
considered statistically significant. Statistical analyses and
figures were executed using R (Version 3.6.1; R Foundation
for Statistical Computing).

The analysis was done using exact numbers, but results
representing user numbers are presented rounded to the closest
hundred, to ensure a fully anonymized presentation of the
results.

Results

Principal Results
An overview of the Baseline and Measures periods in Germany
and the United Kingdom (numbers of Ada users, numbers of
symptoms reported) are shown in Table 2.

Table 2. Key parameters.

United KingdomGermanyKey parameters

MeasuresBaselineMeasuresBaseline

03/24/20-04/22/2002/11/20-03/11/2003/22/20-04/22/2002/03/20-03/05/20Dates of period (MM/DD/YY)

30303232Number of days per period

501,300488,800483,100467,000Total number of usersa

34,20037,40048,30054,900Number of symptomatic usersa

112,100131,900140,500170,400Number of reported symptoms by symptomatic usersa

aNumbers were rounded to the nearest hundred.

Demographic characteristics of users are shown in Table 3.
During both the Baseline and Measures periods, the majority
of symptomatic users in both countries were female (Germany

Baseline: 36,300/54,900, 66.19%; Germany Measures:
32,300/48,300, 66.90%; United Kingdom Baseline:
26,600/37,400, 71.17%; United Kingdom Measures:
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24,600/34,200, 71.94%). The majority were aged 10-29 years
(Germany Baseline: 37,000/53,200, 69.51%; Germany
Measures: 31,400/46,800, 67.13%; United Kingdom Baseline:
27,200/35,800, 75.76%; United Kingdom Measures:
23,700/32,900, 71.89%). Those aged 30-59 years represented
roughly one-quarter of symptomatic users (Germany Baseline:

13,300/53,200, 24.94%; Germany Measures: 12,900/46,800,
27.53%; United Kingdom Baseline: 7,100/35,800, 19.92%;
United Kingdom Measures: 7,700/32,900, 23.54%). The number
of symptomatic users in the Baseline period (Germany: 54,900;
United Kingdom: 37,400) was slightly higher than in the
Measures period (Germany: 48,300; United Kingdom: 34,200).

Table 3. Demographic characteristics of the study population.

United KingdomGermanyDemographic

characteristics

P valuebMeasures, na (%)Baseline, na (%)P valuebMeasures, na (%)Baseline, na (%)

Sex

.0224,600 (72.9)26,600 (72.2).0232,300 (66.9)36,300 (66.2)Female

Agec (years)

<.001700 (2.0)900 (2.4)<.001700 (1.6)1300 (2.4)0-9

<.00113,600 (41.2)16,200 (45.1)<.00113,700 (29.2)17,100 (32.1)10-19

.9510,100 (30.7)11,000 (30.7).2817,800 (37.9)20,000 (37.5)20-29

<.0013300 (9.9)3100 (8.7)<.0016000 (12.9)6400 (12.0)30-39

<.0014500 (13.6)4000 (11.2)<.0016800 (14.6)6900 (13.0)40-59

<.001900 (2.7)700 (2.1)<.0011800 (3.9)1700 (3.2)≥60

aNumbers were rounded to the nearest hundred.
bValues were obtained from Pearson chi-square tests for differences between Baseline and Measures data.
cUsers who did not report a birth year were excluded from the analysis.

In total, 21 symptoms were excluded from the analysis as they
had been added to or deleted from the medical model during
either the Baseline or Measures period. In addition, three other
symptoms were excluded from the analysis as there were
significant changes in the associated terms (text entered by users
to match the description of a symptom to the term used in the
model), which could affect the number of times a symptom is
reported. A list of these symptoms is included in Table 1 of
Multimedia Appendix 1.

Main Analyses
Out of 1328 symptoms investigated in Germany and 1294
symptoms investigated in the United Kingdom, 103 symptoms
were reported either more or less frequently, in either country,
during the Measures period as compared to the Baseline period.
The complete results can be found in Tables 2 and 3 of
Multimedia Appendix 1.

Figure 1 presents the 34 symptoms that showed a statistically
significant difference in both countries. Overall, 24 symptoms
were reported less often and 10 were reported more often during
the Measures period than during the Baseline period.
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Figure 1. Relative difference (log2 fold change values) in the proportions of Ada users' reported symptoms with statistically significant differences
between the baseline and COVID-19 measures periods in Germany and the United Kingdom.

Out of the 34 significant symptoms, all skin- and tissue-related
symptoms (pruritic nasal cavity, spot on the upper extremity,
dry skin of the hands, and pruritic eyes) were reported more
frequently during the Measures period. In contrast, all speech
and voice symptoms (aphonia and hoarseness), all eye and
adnexa symptoms (odynophonia, inability to clear the ear with
changing barometric pressure, aural fullness, and otalgia), all
digestive system and abdomen symptoms (odynophagia,
diarrhea, and nausea), and all musculoskeletal and nervous
systems symptoms (excessive daytime sleepiness and myalgia)
were reported less frequently during the Measures period.

In the cognition, perception, emotional state, and behavior
symptoms group, two perception symptoms (diminished sense
of taste and hyposmia) were reported more frequently during
the Measures period, whereas the mental health symptoms
(inability to manage constant stress and demands at work,

memory difficulty, depressed mood, and impaired concentration)
were reported less frequently during the Measures period. Out
of the circulatory and respiratory symptoms, three were reported
more frequently during the Measures period (throat clearing,
dyspnea, and chest pain) and four were reported less frequently
(nasal discharge, sinus pain, sore throat, and cough). One
general symptom was reported more frequently (lowered
temperature of the foot) and three (malaise, chills, and fatigue)
were reported less frequently during the Measures period.

Additional Analyses
Out of the 34 symptoms found to be different between the
Baseline and Measures periods in both Germany and the United
Kingdom in 2020, none were found to be different between the
same periods in 2019 in both countries. However, looking at
the countries separately, in Germany, the data shows that 8 of
the 34 significant symptoms were also reported less frequently
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during the Measures period in 2019: cough, chills, nasal
discharge, myalgia, sore throat, malaise, fatigue, and sinus
pain. The complete results can be found in Tables 4 and 5 of
Multimedia Appendix 1.

The monthly weather report in February 2020 (which
corresponds to most of the Baseline period) differed from that
of April 2020 (which corresponds to most of the Measures
period) in Germany. The average temperature increased by 5.1
°C (from 5.3 °C to 10.4 °C), monthly precipitation decreased
by 107.8 mm (from 124.1 mm to 16.3 mm), and the number of
hours of sunshine per month increased by 228.5 hours (from
63.9 to 292.4 hours). In total, 14 of the 34 significant symptoms
had statistically significant associations with weather. Increased
temperature was positively associated with reporting spot on
the upper extremity and negatively associated with chest pain,
lowered temperature of the foot, odynophagia, malaise, myalgia,
cough, otalgia, chills, vomiting, sinus pain, and nasal
congestion. Increased hours of sunshine were positively
associated with pruritic eyes, spot on the upper extremity, and
pruritic nasal cavity, and negatively associated with lowered
temperature of the foot and sinus pain. The complete results
can be found in Table 6 and Figure 1 of Multimedia Appendix
1.

Discussion

Principal Findings
The results presented above show significant differences in the
frequency and proportion of self-reported symptoms in Ada
assessments before and after the implementation of measures
aimed at reducing the transmission of COVID-19. Importantly,
the same differences were found in both Germany and the
United Kingdom, despite the divergent trajectories of these
countries in the lead-up to the implementation of lockdown
policies [37], as well as other national differences such as those
relating to health systems [38]. Furthermore, these differences
were not found during the same time periods in 2019, suggesting
that the lockdown measures could have contributed to the
results.

Many of the observed differences were to be expected. The
reduced frequency of reported respiratory symptoms (nasal
discharge, sore throat, cough, sinus pain, nasal congestion,
hoarseness, odynophonia, aphonia) and influenza-like illness
(ie, malaise, fatigue, chills, myalgia) following the measures is
understandable as the cold and flu season has also waned
exceptionally rapidly during this period [39], likely facilitated
by reduced contact resulting from lockdown. To support this
interpretation, cough, chills, nasal discharge, myalgia, sore
throat, malaise, fatigue, and sinus pain were also reported less
frequently during the Measures period in 2019 in Germany,
suggesting that seasonal changes are reflected in the data. The
increased reporting of dry hands following the measures is
consistent with more frequent handwashing during the Measures
period, as expected by dermatologists [12,13]. Increased reports
of pruritic eyes and pruritic nasal cavity following the measures
could be a consequence of seasonal hay fever (known to be
worse in spring than during winter months due to increased
pollen in the air [40]), as these symptoms were found to be

associated with increased sunshine (presumably when people
spend more time outdoors).

The reduction of gastrointestinal symptoms could be associated
with the closing of preschool/day care settings (as they are
known to contribute to the spread of these diseases [41]),
restaurant closures, or improved hand hygiene. The decrease in
ear problems could be a result of the sharp reduction in air travel,
resulting in fewer people experiencing pressure adjustment
problems called “airplane ear” [42], or related to the end of the
cold and flu season. More research is needed to explore these
hypotheses.

We also observed an increase in the reporting of hyposmia,
diminished sense of taste, and dyspnea during the Measures
period. These are less frequent but also typical COVID-19
symptoms and were increasingly recognized in the general
public [31,43,44]. They were not found to be associated with
seasonality or weather. This increase could be related to
COVID-19 infections, or an artefact resulting from increased
awareness of these symptoms due to media coverage.

A more surprising result is that depressed mood, inability to
manage constant stress and demands at work, impaired
concentration, memory difficulty, and excessive daytime
sleepiness were reported in a lower proportion during the
Measures period. This is not only contrary to conventional
wisdom, but also runs counter to what was observed during
previous infectious disease outbreaks (such as severe acute
respiratory syndrome [SARS], Middle East respiratory syndrome
[MERS], and Ebola [45,46]), as well as to the literature reporting
on the effects of COVID-19 on mental health [6-11,47,48].
Despite the fact that the temperature was warmer during the
Measures period and there was more sunshine than usual, the
analysis on weather data for Germany did not show a significant
impact on the changed mental health symptoms. Our findings
are supported by a growing body of evidence from ongoing
studies [49] and recently published research [50], as well as
anecdotal evidence reported in various mainstream media reports
[51-53] that suggest that, at least in the short term, the mental
health effects of the COVID-19 measures may not be as negative
as expected. One factor may be that the stress of everyday life
and work/study is reduced during lockdown and when working
or studying from home. In addition, the reduction of excessive
daytime sleepiness may be due to the fact that people may sleep
better or more during lockdown as there are fewer opportunities
to go out and socialize in the evenings. Ongoing studies into
the mental health effects of COVID-19 and its countermeasures
may shed further light on these questions.

Limitations
It is important to interpret the study results taking into
consideration the characteristics of the study population and the
normal use case for Ada. Due to the specific age and sex
distribution of users (predominantly young and female), the
results are not generalizable to other population groups,
especially the elderly. Furthermore, this analysis was limited
to Germany and the United Kingdom (due to sufficient user
numbers), and represents a two-month snapshot of reported
symptoms. Users who know they have a disease might not use
Ada if their symptoms deteriorate, as the cause is already known.
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In addition, this is an analysis of patient-reported symptoms,
which are not validated. The impact of user acquisition strategies
is not known. However, the similarity in trends observed across
two countries (and for respiratory symptoms, over the same
period of time in 2019) adds weight to our findings.

Despite these limitations, the analysis presented in this paper
has a number of unique strengths. First, the analysis was
conducted using a large, existing data set that updates in real
time and covers over 1400 unique self-reported symptoms since
November 2016, allowing the monitoring of changes in trends
over time. Second, the data is user-driven as a user self-reports
their symptoms during an assessment on their own initiative.
This allows for identification of changes that would not be
detected in traditional studies focusing on specific and/or
predefined areas. Third, the large number of symptoms presented
in the results that are consistent with expectations, the
observation of seasonal differences, and the observation that
the results were similar in both Germany and the United
Kingdom indicate that the Ada data is reliable. Fourth, the app
covers a large range of symptoms that are not captured by
traditional surveillance systems. For example, during the
COVID-19 pandemic, we were able to compare the occurrence
of hyposmia and diminished sense of taste during the outbreak
with data from previous years, as those symptoms were already
covered by the app before the pandemic brought them into focus.
Although the clinical soundness of Ada’s model at the level of

individual diagnostics has already been demonstrated in other
studies [54,55], the presented results build confidence that the
data collected through the Ada app can also detect health
changes in a population in real time.

Future Research
Future research can build on these strengths, focusing on the
reasons for some of the detected changes and expanding the
analysis to more countries. Of particular interest are countries
from the Global South and low- and middle-income countries,
given the comparative paucity of up-to-date health data in these
countries and the differentials in the burden of disease. In
addition, investigating changes in trends over time as the
implementation of the COVID-19 measures changes according
to the reality in different countries (ie, as individuals return to
work) will offer meaningful insights into the effects of policy
changes.

Conclusions
Our findings suggest that symptom assessment tools might have
a role to play in improving understanding of the implications
of public health measures. In this analysis, we have shown an
innovative use of an existing data set that would enable policy
makers to inform and monitor public health measures with a
real-time, low-resource syndromic surveillance system that is
relevant both during the COVID-19 pandemic and in the future.
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Abstract

Background: In the palliative care setting, infection control measures implemented due to COVID-19 have become barriers to
end-of-life care discussions (eg, discharge planning and withdrawal of life-sustaining treatments) between patients, their families,
and multidisciplinary medical teams. Strict restrictions in terms of visiting hours and the number of visitors have made it difficult
to arrange in-person family conferences. Phone-based telehealth consultations may be a solution, but the lack of nonverbal cues
may diminish the clinician-patient relationship. In this context, video-based, smartphone-enabled family conferences have become
important.

Objective: We aimed to establish a smartphone-enabled telehealth model for palliative care family conferences. Our model
integrates principles from the concept of shared decision making (SDM) and the value, acknowledge, listen, understand, and
elicit (VALUE) approach.

Methods: Family conferences comprised three phases designed according to telehealth implementation guidelines—the previsit,
during-visit, and postvisit phases. We incorporated the following SDM elements into the model: “team talk,” “option talk,” and
“decision talk.” The model has been implemented at a national cancer treatment center in Taiwan since February 2020.

Results: From February to April 2020, 14 telehealth family conferences in the palliative care unit were analyzed. The patients’
mean age was 73 (SD 10.1) years; 6 out of 14 patients (43%) were female and 12 (86%) were married. The primary caregiver
joining the conference virtually comprised mostly of spouses and children (n=10, 71%). The majority of participants were
terminally ill patients with cancer (n=13, 93%), with the exception of 1 patient with stroke. Consensus on care goals related to
discharge planning and withdrawal of life-sustaining treatments was reached in 93% (n=13) of cases during the family conferences.
In total, 5 families rated the family conferences as good or very good (36%), whereas 9 were neutral (64%).

Conclusions: Smartphone-enabled telehealth for palliative care family conferences with SDM and VALUE integration
demonstrated high satisfaction for families. In most cases, it was effective in reaching consensus on care decisions. The model
may be applied to other countries to promote quality in end-of-life care in the midst of the COVID-19 pandemic.

(JMIR Mhealth Uhealth 2020;8(10):e22069)   doi:10.2196/22069
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Introduction

Face-to-face communication is indispensable in palliative care
settings, but the COVID-19 outbreak may strain this
well-established way of delivering end-of-life family
conferences. This emerging infectious disease has posed an
unprecedented threat, devastating the economy and medical
systems of countries worldwide [1]. Physicians and health care
facilities are thus confronted with various challenges, including
limited medical resources and capacities as well as
corresponding restrictions. Restrictions in hospital visits and
visiting hours, put in place to reduce the transmission of
COVID-19, have become obstacles to arranging family
conferences [2,3]. Fewer family members have access to
hospitals for meetings with medical teams compared to
prepandemic times. This has decreased chances for
communication and interaction between clinicians and patients
and their families.

Health care professionals face many challenges and ethical
dilemmas when caring for terminally ill patients; finding the
most appropriate management solution requires communication
among patients, caregivers, and multidisciplinary medical teams
[4,5]. Discharge planning and withdrawal of life-sustaining
treatments are top-ranking ethical dilemmas in palliative care,
especially among inpatients [6,7]. Decisions related to place of
care at the end of life have become increasingly complicated
during the COVID-19 pandemic due to worries about the
disease’s high infection rate; however, families may encounter
difficulties when caring for patients at home. In end-of-life care,
it is our responsibility to realize the essence of shared decision
making (SDM), which integrates the patient’s preferences with
the best-known evidence [8,9]. Furthermore, exploring the
family’s preferred role and desire is one of the key components
of high-quality SDM, and thus incorporating the concept of
SDM into family conferences is important [10]. Therefore,
family conferences are an appropriate venue for engagement
between all parties involved; here, patients and families can
express their worries, receive integrated information from the
medical team, and achieve concordance of caring goals.

The essence and main principle of palliative care is to relieve
the physical and psycho-spiritual sufferings of the patient and
their family, and to console their feelings. Previous studies have
shown that not only terminally ill patients but their families as

well suffer from physical and psychological distress, leading
to subsequent comorbidity and increasing mortality [11,12]. On
the other hand, the five principles of VALUE (value,
acknowledge, listen, understand, and elicit) were proposed to
improve physician-family communication, originally in intensive
care units (ICUs), and has been shown to significantly decrease
emotional disorders, such as posttraumatic stress disorder, in
families even 3 months after a patient’s death [13,14]. However,
in the clinician-patient relationship, nonverbal interactions and
appearance cues play fundamental roles in successful
communication [15,16]. The patient’s nonverbal reactions may
be helpful to the physician for diagnosis and treatment decisions,
and the clinician’s nonverbal behaviors are related to patient
satisfaction [17]. The lack of nonverbal communication is one
of the major drawbacks of telehealth and diminishes the
clinician-patient relationship. Under the circumstances, the
optimal way to adhere to infectious disease prevention measures
and promote physician-patient relationship might be
telehealth-based family conferences with the integration of
appropriate communication strategies such as VALUE.

In theory, implementing the VALUE approach for family
conferences on the basis of SDM should solidify communication
between clinicians and families. In this study, we aimed to
establish a model of smartphone-enabled telehealth for palliative
care family conferences with SDM and VALUE integration in
order to (1) increase access to communication with the clinician
under the visitor restrictions imposed by the pandemic, (2) reach
consensus on care goals, and (3) achieve patient and family
satisfaction with telehealth-based conferences.

Methods

A Model for Telehealth-Based Family Conferences in
Palliative Care
A model for telehealth-based family conferences in palliative
care was developed by integrating SDM principles like “team
talk,” “option talk,” and “decision talk” into the interview
structure (Figure 1). The telehealth workflow was implemented
into family conferences with previsit, during-visit, and postvisit
phases based on the American Medical Association’s Telehealth
Implementation Playbook [18]. The availability of telehealth
devices and knowledge of the software platform were important
requirements for implementation and participation.
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Figure 1. A model for telehealth-based family conferences in palliative care.

The objective of team talk was to assemble the patient, their
family, and the multidisciplinary medical team in order to build
rapport. In our model, team talk included the previsit phase and
the initial part of the during-visit phase. The previsit phase
announced the date of the family meeting. Additionally,
education on how to use the software and platform on a
smartphone was provided to the patient, their family, and the
multidisciplinary medical team during this phase. The
during-visit phase is marked by the beginning of the telehealth
family conference. Moreover, we integrated the palliative care
elements of illness and prognostication understanding into the
initial stage of this phase. Care goal choices were provided, and
the use of the phrase “Shall we describe the options in more
detail?” by the physician marked the end of team talk.

Option talk was designed to discuss treatment options, and their
associated risks and benefits, with patients and their families.
Elements of palliative care such as symptom management and
discharge planning were included in option talk. Furthermore,
to provide psychosocial and spiritual support, the VALUE
approach was emphasized during the reflection and deliberation
portion of the telehealth conference. During discussions on the
risks and benefits of management options for end-of-life care,
such as withdrawal of life-sustaining treatments and discharge
planning, possible psychological symptoms in patients like
demoralization and distress about dying would induce negative
emotions during the conference [19]. The VALUE approach,
specifically “value and appreciate what the family member
said,” “acknowledge the family member’s emotions,” and
“understand who the patient was as a person,” is important in
communicating the options.

The aim of decision talk was to reach preference-based decisions
on care goals. Advanced care planning during end-of-life care
like discharge planning and withdrawal of life-sustaining
treatments were the main goals in the model. Using the VALUE
approach, we elicited informed preferences through the element
“understand the patient as a person” to reach the decision. An
important step during this phase is contacting every family
member on different devices and interfaces to ensure they are
ready to make decisions without network connection barriers.
The postvisit phase was also included in the decision talk step,
and patient and family experiences toward the conference was
evaluated.

Implementation of the Telehealth Family Conference
Model
The telehealth model was implemented in the palliative care
unit of the National Taiwan University Hospital, a national
cancer treatment center in Taiwan. The hospital set restrictions
on family visits and allowed only one caregiver per patient in
the inpatient setting during the COVID-19 pandemic.
Telehealth-based family conferences were arranged in order to
involve additional family members to communicate critical care
decisions. The flowchart shown in Figure 1 was implemented
after February 2020 in the palliative care unit. Patients admitted
to the palliative care ward were eligible to enroll if they were
more than 20 years old and required a meeting concerning care
goals with the multidisciplinary palliative care team. Families
joining the telehealth conference needed to be capable of using
a smartphone.

Before the family conference, the date of the meeting was
confirmed with the patient and their family. Discussion on which
smartphone software or app to use was also carried out prior to
the conference. The platform was chosen according to family
members’ knowledge and convenience. The interview guide
for a video-based family conference was distributed to all
medical professionals joining the conference in advance. During
the option talk phase, the VALUE approach was integrated into
the semistructured meeting. In the decision talk phase, consensus
on care goals was achieved, and advanced directives on
end-of-life care were documented.

Data Collection and Analysis
The family conference was arranged when a care goal needed
to be communicated to the patient, their family, and the medical
teams during the study period. The family conference was
summarized and uploaded to the electronic health record system
of the hospital. Conversations between the patient, their family,
and the multidisciplinary team, which were based on the
VALUE approach, were documented. Consensus on care goals
was achieved if a decision was made regarding discharge
planning, including community-based palliative care or
continued hospitalization, and withdrawal of life-sustaining
treatments, such as antibiotics or blood transfusion, after the
telehealth family conference. Feedback was then evaluated
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through three questions answered by the patient and their family
members together after the conference:

1. Is this your first telehealth family conference?
2. Do you want to use telehealth conferencing again?
3. Do you prefer to talk with your physician face to face?

Family satisfaction toward the meeting was graded on a 5-point
scale as follows: 5=very good; 4=good; 3=neutral; 2=bad; and
1=very bad. The analysis was approved by the National Taiwan
University Hospital Research Ethics Committee
(202004113RINC).

Results

From February to April 2020 during the COVID-19 pandemic,
14 telehealth family conferences in the palliative care unit were
analyzed. The characteristics of the patients are presented in
Table 1. The patients’ mean age was 73 (SD 10.1) years, and 6
(43%) patients were female. Among the 14 patients, 12 (86%)
were married, and the primary caregiver joining the conference
was most frequently a spouse or children (n=10, 71%). The
majority of patients (n=13, 93%) were diagnosed with cancer
and were terminally ill; 1 (7%) patient was diagnosed with
stroke.

Table 1 also shows the number of family members joining the
conference using telehealth devices in addition to the one
member permitted at bedside. There were 9 (64%) family
conferences with more than 2 family members using telehealth
software, and 5 (36%) conferences with one family member
joining via telehealth.

Two main themes of the family conference include discharge
planning and withdrawal of life-sustaining treatments. Only one
family meeting to discuss discharge planning did not reach
consensus after the conference whereas 8 (89%) did. In terms
of conferences on withdrawal of life-sustaining treatment, 100%
(n=5) of families reached concordance. In total, consensus was
reached in 13 out of 14 conferences (94%).

There were 12 families (90%) using video conferencing for the
first time in the health care context, and 10 families (71%) were
willing to use video conferencing again for family meetings.
However, 7 families (50%) preferred to communicate with
medical teams face to face. Level of satisfaction experienced
by the families while using video conferencing is demonstrated
in Table 2. In total, 5 out of 14 families rated the family meeting
as good or very good (36%), 9 families provided neutral
feedback (64%), and there was no negative feedback.
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Table 1. Demographic characteristics of patients (N=14).

PatientsPatient

Gender, n (%)

8 (57)Male

6 (43)Female

73 (10.1)Age (years), mean (SD)

0 (0)Under 40, n (%)

1 (7)41-50, n (%)

1 (7)51-60, n (%)

3 (22)61-70, n (%)

3 (22)71-80, n (%)

6 (43)Over 80, n (%)

Marital status, n (%)

12 (86)Married

1 (7)Single

0 (0)Separated or divorced

1 (7)Widowed

Education, n (%)

2 (14)Illiterate

6 (43)Elementary school

3 (21)Junior high school

0 (0)High school

2 (14)Bachelor

0 (0)Master or PhD

1 (7)Unknown

Primary caregiver, n (%)

5 (36)Spouse

5 (36)Daughter or son

2 (14)Sibling

2 (14)Other

Number of family members capable of using telehealth, n (%)

5 (36)1

4 (29)2

2 (14)3

2 (14)4

1 (7)5

Diagnosis, n (%)

13 (93)Cancer

1 (7)Stroke
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Table 2. Family attitudes and satisfaction toward telehealth use in palliative care family conferences.

Participants, n
(%)

Variable

Attitudes

Is this your first time attending a video-based family conference?

12 (90)Yes

2 (10)No

Do you want to use video conferencing again?

10 (70)Yes

4 (30)No

Do you prefer to talk with your doctor face to face?

7 (50)Yes

7 (80)No

Family satisfaction

How do you feel about this telehealth conference compared to face-to-face conferences?

2 (14)Very good

3 (22)Good

9 (64)Neutral

0 (0)Bad

0 (0)Very bad

The 14 family conferences were divided into two groups that
were labeled as the neutral group (n=9, 64%) and the satisfied
group (rating: good and very good; n=5, 36%). Categorical
variables in Table 3 demonstrate possible factors that relate to
respondents’ satisfaction toward telehealth family conferences.

A chi-square test did not reveal any statistically significant
relationships between the two groups. Further logistic regression
analysis also showed no statistically significant associated
variables.
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Table 3. Univariate analysis (χ²) comparing the satisfied group (rating: good and very good) to the neutral group.

P valueχ²Satisfied (n=5), n (%)Neutral (n=9), n (%)Variable

.600.280Age

1 (25.0)3 (75.0)≤65 years

4 (40.0)6 (60.0)>65 years

.064.381Gender

1 (12.5)7 (87.5)Male

4 (66.7)2 (33.3)Female

.214.563Education

2 (25.0)6 (75.0)Less than elementary school

1 (33.3)2 (66.7)High school

2 (100.0)0 (0.0)Bachelor or higher

0 (0.0)1 (100.0)Unknown

.302.385Marital status

4 (33.3)8 (66.7)Married

0 (0.0)1 (100.0)Single

1 (100.0)0 (0.0)Widowed

.184.853Primary caregiver

1 (20.0)4 (80.0)Spouse

2 (100.0)0 (0.0)Daughter or son

1 (20.0)4 (80.0)Sibling

1 (50.0)1 (50.0)Other

.161.998Number of family members using video conferencing

3 (60.0)2 (40.0)1

2 (22.2)7 (77.8)>1

.302.385Diagnosis

4 (33.3)8 (66.7)Cancer

1 (100.0)0 (0.0)Stroke

Patients and family members also provided comments about
the telehealth model. Some positive comments were as follows:

Telehealth is better than a face-to-face meeting since
I don’t need to go to the hospital. I am really anxious
about the current COVID-19 threats.

Thank you for your arrangement on this kind of
smartphone-enabled communication. I could join the
meeting from my office.

There were also some suggestions such as:

My father is a terminal cancer patient! The hospital
should relax the infection control measures and let
more family members accompany terminal patients
in the emotional moments approaching the end of
life!

A big screen like that of a computer would be better
than a smartphone-enabled model.

Frequent lags, and the network transmission is not
smooth! Interruptions occurred several times during
physicians’ explanations on the prognosis.

Discussion

As demonstrated by this study, the telehealth model achieved
the aim of enabling more family members to join family
conferences under visitor restrictions due to the COVID-19
pandemic. In addition, consensus was achieved on care goals
through telehealth communication similar to face-to-face
meetings, and high satisfaction toward smartphone-enabled
telehealth was seen.

Increases in Communication Through the
Telehealth-Based Family Conference During the
COVID-19 Pandemic
Under the COVID-19 pandemic, nearly all hospitals
implemented visiting restrictions to reduce personal protective
equipment usage due to limited resources and the risk of
exposure or nosocomial infection; this included restrictions on
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visiting hours and the number of visitors [20]. In Taiwan, only
one caregiver per patient is permitted to enter the hospital, which
increased the difficulty of arranging family conferences. In
addition, those who lived abroad were deprived of the
opportunity to participate in such events; this also applied to
those under home quarantine or home isolation, or following a
self-health procedure. Telehealth-based family conferences
ameliorated this situation by virtually assembling family
members to discuss medical requirements and relieve emotional
burdens. With the technology of video software on smartphones,
we could now establish clinician-family relationships and
facilitate efficient communication with the family even if they
are at their workplace or unable to attend in person. Smartphones
are so widely used by the general population that it hardly causes
any inconvenience to the family and the health care team when
used as a venue for conversation. The results of this pilot
observational study demonstrated that the number of family
members joining the conference increased with the aid of
telehealth.

Integration of SDM in the Telehealth Model to Reach
Consensus on End-of-Life Care Goals
Previous studies have shown that family conferences played an
indispensable role in facilitating communication with the patient
and the family, and further optimized the provision of holistic,
goal-concordant care [14,21,22]. However, there has been sparse
evidence on the effectiveness of telehealth approaches. In
addition, terminally ill patients were often confronted with
multiple challenges to conquer and decisions to make, including
withdrawal of life-sustaining treatments, prognostication
awareness, treatment options, and anticipatory bereavement.
Appropriate measurements that comply with SDM can help not
only patients but also caregivers in further understanding
palliative care, and thus enabling smooth communication with
medical professionals. Therefore, our study took advantage of
the technology trend and incorporated SDM into the core content
of our family conferences, with the aim of helping patients and
their families to make optimal decisions for end-of-life
management. The results of our study showed that concordance
on care goals was high even for difficult decisions like discharge
planning and withdrawal of life-sustaining treatments. Thus,
this model is feasible for adoption in the palliative care ward
during situations like the COVID-19 pandemic, and has the
potential to influence regulation on health insurance
reimbursement.

Integration of the VALUE Approach in Palliative Care
Family Conferences to Help Achieve Patient and
Family Satisfaction With Telehealth
Compared to the traditional face-to-face model, one of the major
concerns of telehealth is the physician-patient relationship.
There has been some debate that the virtual setting of the venue
might make participants miss visual clues, hence, diminishing
the quality and goals of the conference, not to mention the lack
of adequate physical contact such as a handshake or an assuring
patting action as a vital step to establish rapport [23]. Previous
studies have revealed that about 7% of emotional
communication takes place verbally, while 22% was expressed

by tone of voice and 55% by hand gestures, gaze, and eye
contact [22]. Therefore, communicating clinical conditions by
talking on the phone to the family seems insufficient in building
and maintaining rapport with them due to a lack of nonverbal
behaviors [24]. There have been studies showing that patients
and physicians could bridge the gap in communication and
achieve goals effectively through video consultation; however,
application to palliative care settings is lacking, where there is
much emphasis on face-to-face conversations [25]. Smartphones
with relevant apps have played an important role during the
COVID-19 pandemic due to social distancing and strict infection
control measures [26]. Multidisciplinary medical teams should
practice communicating in the telehealth family medicine
context using smartphones during the current stringent period.
In our model, we implemented the VALUE approach in family
meetings, which enabled and encouraged the family to speak
more, and made the discussion more rewarding for both sides.
Additionally, the family’s emotional cues including (positive)
smiles or (negative) frowning were visible on the screen during
the meeting. Further studies are needed to explore the influence
of these emotional cues on the results of the family conference.
The survey on the postvisit phase revealed neutral attitudes or
satisfaction toward the current model, and the results indicated
that the VALUE approach was suitable for telehealth-based
family conferences in palliative care under the current visitor
restrictions in hospitals.

Limitations
Here, we acknowledge a number of limitations pertaining to
the study. First, the family conference process was not recorded,
and the contents were summarized mainly by medical
professionals. Therefore, there may be observational bias in the
study. Secondly, the wireless network’s poor performance during
some conferences interfered with communication between
physicians and family members; this may influence rapport due
to waiting times during these disruptions. The restricted
availability of the telehealth software also created obstacles to
arranging video-based family meetings. Some families preferred
to come to the hospital instead since they were reluctant to
install the software or learn how to use it. Lastly, the lack of
physical contact was another drawback of telehealth meetings,
especially in palliative care settings. Among the various goals
of arranging family conferences in the model, discerning when
and how to facilitate the family in bidding farewell remained
the most difficult topic, which required sensitivity not only
through dialogue or facial expressions but also through physical
gestures (ie, touching).

Conclusions
During the COVID-19 pandemic, health care professionals must
adhere to the restrictions implemented for transmission
prevention. A telehealth model for family conferences in
palliative care with SDM and VALUE integration demonstrated
high satisfaction in family members and was effective in
reaching consensus about care decisions. The model may be
applied to other countries to promote quality in end-of-life care
in the era of COVID-19.
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Abstract

Background: Effective contact tracing is labor intensive and time sensitive during the COVID-19 pandemic, but also essential
in the absence of effective treatment and vaccines. Singapore launched the first Bluetooth-based contact tracing
app—TraceTogether—in March 2020 to augment Singapore’s contact tracing capabilities.

Objective: This study aims to compare the performance of the contact tracing app—TraceTogether—with that of a wearable
tag-based real-time locating system (RTLS) and to validate them against the electronic medical records at the National Centre
for Infectious Diseases (NCID), the national referral center for COVID-19 screening.

Methods: All patients and physicians in the NCID screening center were issued RTLS tags (CADI Scientific) for contact tracing.
In total, 18 physicians were deployed to the NCID screening center from May 10 to May 20, 2020. The physicians activated the
TraceTogether app (version 1.6; GovTech) on their smartphones during shifts and urged their patients to use the app. We compared
patient contacts identified by TraceTogether and those identified by RTLS tags within the NCID vicinity during physicians’
10-day posting. We also validated both digital contact tracing tools by verifying the physician-patient contacts with the electronic
medical records of 156 patients who attended the NCID screening center over a 24-hour time frame within the study period.

Results: RTLS tags had a high sensitivity of 95.3% for detecting patient contacts identified either by the system or TraceTogether
while TraceTogether had an overall sensitivity of 6.5% and performed significantly better on Android phones than iPhones
(Android: 9.7%, iPhone: 2.7%; P<.001). When validated against the electronic medical records, RTLS tags had a sensitivity of
96.9% and specificity of 83.1%, while TraceTogether only detected 2 patient contacts with physicians who did not attend to
them.

Conclusions: TraceTogether had a much lower sensitivity than RTLS tags for identifying patient contacts in a clinical setting.
Although the tag-based RTLS performed well for contact tracing in a clinical setting, its implementation in the community would
be more challenging than TraceTogether. Given the uncertainty of the adoption and capabilities of contact tracing apps, policy
makers should be cautioned against overreliance on such apps for contact tracing. Nonetheless, leveraging technology to augment
conventional manual contact tracing is a necessary move for returning some normalcy to life during the long haul of the COVID-19
pandemic.

(JMIR Mhealth Uhealth 2020;8(10):e23148)   doi:10.2196/23148
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Introduction

The fight against COVID-19 is expected to be a long haul due
to its high transmissibility, despite its low virulence rates [1].
There have been predictions of potential second waves of
SARS-CoV-2 infections, and several countries have experienced
repeated waves of outbreaks after seemingly successful efforts
of containing COVID-19 transmissions [2,3]. In the absence of
effective treatment or vaccination, approaches to preventing
transmissions have included social distancing, use of face masks,
hygiene measures (eg, disinfection), case isolation, contact
tracing, and quarantine [1]. Effective contact tracing is essential
for preventing transmissions and subsequent generations of
SARS-CoV-2 infections [4].

Contact tracing is the process of identifying and subsequently
acquiring information from persons potentially exposed to
infectious diseases [4]. Conventional contact tracing methods
include a mixture of patient interviews and contact verifications
to map the social and work encounters of an infected individual.
These methods enable the contact tracer to obtain a
comprehensive list of persons potentially exposed to infectious
individuals [5,6]. Additional measures, such as patient and
visitor registration system downloads, staff roster and electronic
medical record (EMR) reviews, and direct observations via
closed-circuit television have been employed for contact tracing
in health care settings [7]. These processes are labor intensive,
yet time sensitive and crucial for stemming the spread of the
infectious disease at the emergence of an outbreak [4,8,9].

During the COVID-19 outbreak, contact tracing can be
challenging in large communities with a limited pool of contact
tracers [6,10]. Technology can potentially overcome this barrier
by simplifying the process of data collection. Several health
care institutions have benefitted from the use of a real-time
locating system (RTLS) for contact tracing. Hellmich et al [11]
were able to identify twice as many potential contacts of
confirmed pertussis cases in an emergency department with
RTLS compared with EMR review. Ho et al [12] also found
that the use of location-based RTLSs to complement EMR
review increased the sensitivity of detecting health care workers’
contact with COVID-19 inpatients from 47.2% to 77.8%.
However, despite the positive outcomes of using RTLSs for
contact tracing [11-13], such technologies have largely been
confined to health care institutions due to the high costs of
infrastructure setup [14,15].

Contact tracing apps can provide a more feasible solution to the
barrier of scale presented by large communities with high
smartphone penetration rates. The ubiquity and relatively low
developmental cost of smartphone apps allow for large-scale
deployment in time-sensitive situations. Therefore, many
countries have jumped on the bandwagon of contact tracing
apps [16-19] to augment contact tracing capabilities in response
to the COVID-19 pandemic. Likewise, Singapore launched its
first Bluetooth-based contact tracing app—TraceTogether—in
March 2020 [16,18]. The app is available on both the Google

and Apple app stores, and approximately one-sixth of Singapore
residents downloaded the app during the peak of the COVID-19
outbreak in April 2020 [20].

Despite the potential of contact tracing apps in enhancing contact
tracing efforts during the COVID-19 pandemic, this potential
can only be realized when 60% of the population use the app
[6]. The efficacy of large-scale technology adoption depends
on the law and enforcement measures of the country, public
trust in personal data protection, and users’ perceived utility of
adopting the technology, along with other factors [21-23]. Prior
to large-scale technology adoption, the validity of novel contact
tracing methods should be assessed to optimize the time and
resources used in tackling the COVID-19 pandemic. The
effectiveness of digital contact tracing tools has yet to be
established due to the paucity of published data in real-life
outbreak settings [24]. Hence, we compared the performance
of the TraceTogether app with that of a wearable tag-based
RTLS and validated both against the EMRs at the National
Centre for Infectious Diseases (NCID), the national referral
center that managed the majority of Singapore’s hospitalized
COVID-19–positive patients in May 2020.

Methods

Setting
This study was conducted in the COVID-19 screening center
of the NCID in Singapore. The NCID was the designated
hospital for managing suspected and confirmed COVID-19
cases during the COVID-19 outbreak in Singapore. Physicians
from the co-located Tan Tock Seng Hospital were deployed to
the NCID screening center on 10-day rotating shifts to manage
the center during the outbreak. Singapore entered a 2-month
partial lockdown phase from April 7 through June 1, 2020 due
to a surge in COVID-19 cases in the community and foreign
worker dormitories.

The study was conducted over a 10-day physician-posting period
from May 10 through May 20, 2020. At the time of the study,
the NCID was managing more than 70% of Singapore’s
COVID-19–positive cases. The majority of patients who
attended at the screening center during the study period were
residents of foreign worker dormitories.

Study Design
We employed a cross-sectional study design to validate the
TraceTogether app and the NCID’s wearable RTLS wrist tag
against EMRs. All patients and physicians in the NCID
screening center were issued temporary RTLS tags for contact
tracing (Figure 1). Wearing the RTLS tags was mandatory for
entry into the NCID screening center (Figure 1). Physicians
deployed to the NCID screening center from May 10 to May
19, 2020 were instructed to install the TraceTogether app
(version 1.6), activate their smartphone’s Bluetooth function
during their shifts, and urge their patients to download and
activate the TraceTogether app when they medically attended
to their patients. Pictorial instructions to download and activate
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the TraceTogether app were available in English, Tamil, Bengali, and Mandarin at every screening station (Figure 2).

Figure 1. Mandatory real-time locating system (RTLS) tags worn by patients and staff within the vicinity of the COVID-19 screening centre for contact
tracing purposes.

Figure 2. Pictorial instructions to download and activate version 1.6 of the TraceTogether app provided at the National Centre for Infectious Diseases
COVID-19 screening centre, Singapore from May 10 through May 20, 2020.
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Each patient was assigned to a designated screening station
(arranged 2 meters apart from other stations), at which the
patient was medically attended. Patients could download the
app while awaiting attendance by their physicians using the
complimentary Wi-Fi at the screening center. Attending
physicians also encouraged patients to download and activate
the TraceTogether app.

Tag-Based RTLS
The RTLS was fitted into the NCID building since the building’s
official opening in September 2019. RTLS location exciters
and wireless access points were fitted throughout the NCID
building to detect signals from RTLS tags (CADI Scientific).
The tag receives a signal whenever it passes a location exciter
and sends a radio-frequency signal to the access points to
determine the exact location of the RTLS tag. Concurrently,
RTLS tags are enabled with tag-tag radio-frequency
identification technology to determine close contacts of <=2
meters between staff and patients. Although the location-based
radio-frequency identification system in the NCID has been
validated by Ho et al [12], the performance of tag-based
technology has yet to be assessed.

TraceTogether App
The TraceTogether app was developed by a government-linked
company—GovTech—in response to the COVID-19 outbreak.
The free-to-download app worked by exchanging Bluetooth
signals with other nearby app users and storing the encrypted
data locally in the smartphone. Users were requested to upload
the data captured on their smartphones should they be confirmed
with COVID-19 infection to facilitate contact tracing. Data
stored on the phone were automatically deleted after three weeks
[17]. Version 1.6 of the app only stored the user’s mobile phone
number as identity data and collected the phone number,
proximity, and duration of users’ contacts. Both the mobile
phone number and anonymized random user ID (generated from
account creation) were stored in the secure GovTech server.

EMR System
All staff providing clinical care to patients at the NCID were
issued with rights to make entries in patients’EMRs. Therefore,

every patient screened at the NCID screening center had their
clinical encounters recorded by the NCID EMR system. Hence,
the EMR system was considered the gold standard for validating
patient-physician contacts in this study.

Participants
Data validation was only possible when TraceTogether and
RTLS data from physicians were available. Therefore, only
physicians who uploaded their TraceTogether data and had
working RTLS tags were included as participants in this study.
By the end of the 10-day posting period, 18 physicians with
working RTLS tags had uploaded the data captured from the
TraceTogether app from their smartphones to the cloud system.

Data Analyses
We compared patient contacts identified by TraceTogether with
those detected by the tag-based RTLS within the NCID
screening center from 8:30 AM on May 10, 2020 through 8:30
AM on May 20, 2020 (Table 1). The mobile phone numbers of
patients identified by the 18 participating physicians’ RTLS
tags were compared with the mobile phone numbers captured
by the physicians’ TraceTogether app. These mobile phone
numbers were identified as those from the NCID patient
registration (ie, from patients who attended the NCID during
the study period).

We also reviewed the EMRs of 156 patients who attended the
NCID screening center from 8:30 AM on May 12, 2020 to 8:30
AM on May 13, 2020 to determine if the eight participating
physicians who were on shift during that time were among the
attending physician(s) of each patient. Only records that fell
within each physician’s shift were considered. The mobile phone
numbers of these 156 patients were compared with the mobile
phone numbers of patients identified by the eight physicians’
RTLS tags and TraceTogether app, respectively, to determine
whether the respective technologies had detected them. We then
computed the sensitivity, specificity, positive and negative
predictive values, and likelihood ratios of the two digital
technologies, using EMR review as the gold standard (Table
2).
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Table 1. Comparison of the number of patient contacts identified by a tag-based real-time locating system within the vicinity of the NCID and the
TraceTogether app on iPhones and Android phones.

Sensitivity of Trace-

Togetherd (%)
Sensitivity of RTLSc

(%)

RTLS or Trace-
Together

RTLS+TraceTogetherTraceTogetherbRTLSaPhone type and physician
number

iPhones

01006500651

01005200522

010020023

01007000704

7.893.86414595

2575120396

01001400147

10902002188

01005900599

010014001410

2.7e97.637219362Total

Android phones

3.598.886218311

010061006112

8.310012101113

8.294.185257814

010012001215

18.487.8986128016

4.495.645024317

23.681.8553104218

9.7e93.44541430410Total

iPhone+Android Phone

6.595.38261539772Total

aRTLS: real-time locating system.
bTraceTogether-only data includes contacts that were concurrently detected by the TraceTogether app and the NCID location-based RTLS to ensure
that the encounters were within NCID’s vicinity.
cRTLS sensitivity = (number of contacts detected by RTLS + (RTLS+TraceTogether))/(number of contacts detected RTLS or TraceTogether).
dTraceTogether sensitivity = (number of contacts detected by TraceTogether + (RTLS+TraceTogether))/(number of contacts detected by RTLS or
TraceTogether).
eP<.001 when the sensitivity of TraceTogether was compared between Android phones and iPhones.
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Table 2. Performance of the tag-based real-time locating system and TraceTogether app validated against electronic medical records.a

LR−eLR+dNegative predictive
value

Positive predictive
value

SpecificitycSensitivitybDigital contact tracing tool

0.045.7399.0% (103/104)59.6% (31/52)83.1% (103/124)96.9% (31/32)Tag-based real-time locating system

1.020.0079.2% (122/154)0.0% (0/2)98.4% (122/124)0.0% (0/32)TraceTogether app

0.045.2499.0% (101/102)57.4% (31/54)81.5% (101/124)96.9% (31/32)Either digital contact tracing tool

aPhysicians 1, 4, 5, 8, 9, 11, 12, and 18 from Table 1 were included in the Table 2 analyses.
bDenominator for sensitivity = number of patients attended by eight physicians who uploaded their TraceTogether data and had a work shift between
8:30 AM on May 12, 2020 and 8:30 AM on May 13, 2020.
cDenominator for specificity = number of patients attended by other physicians in the same work shift between 8:30 on May 12, 2020 and 8:30 AM on
May 13, 2020.
dLR+: Positive Likelihood Ratio; LR+ = sensitivity/(1 − specificity).
eLR−: Negative Likelihood Ratio; LR− = (1 − sensitivity)/specificity.

Ethical Considerations
This study was approved by the National Healthcare Group
Domain Specific Review Board in Singapore.

Results

Table 1 shows the comparative performance of the RTLS and
TraceTogether app in identifying patient contacts of individual
physicians. The RTLS had a high sensitivity of 95.3% in
detecting all patient contacts identified either by the RTLS
system or TraceTogether app, while TraceTogether had an
overall sensitivity of 6.5%. Version 1.6 of the app performed
significantly better on Android phones than iPhones (Android:
9.7%, iPhone: 2.7%, P<.001).

Table 2 shows the performance of the tag-based RTLS and
TraceTogether app validated against EMRs. RTLS tags had
high sensitivity (96.9%) and specificity (83.1%), as the tags
could detect patient contacts other than those between patients
and the participating physicians who medically attended to them.
TraceTogether detected only 2 patient contacts with physicians
who did not attend to them. Hence, the app had a sensitivity of
0% and specificity of 98.4% in a clinical setting. The sensitivity
of identifying patient contacts increased to 96.9% when both
digital contact tracing tools were used.

The positive predictive value and negative predictive value of
the RTLS were 59.6% and 99.0%, respectively, while those of
TraceTogether were 0% and 79.2%, respectively. Positive and
negative predictive values are influenced by the prevalence of
the disease, which in this case, was the proportion of patients
in contact with physicians. A higher prevalence likely leads to
higher positive predictive values. The RTLS’s moderately high
positive likelihood ratio of 5.73 and high negative likelihood
ratio of 0.04 suggest that the RTLS is capable of ruling in and
ruling out patient contacts.

Discussion

Effective and timely contact tracing is essential in slowing the
spread of COVID-19 in the community. We compared the
performance of a contact tracing app—TraceTogether—and
NCID RTLS tags in identifying patient-physician contacts and
validated both digital contact tracing tools against the EMRs at

the NCID COVID-19 screening center. To our knowledge, this
is the first study to assess the validity of a contact tracing app
in a real-life outbreak setting (ie, the COVID-19 pandemic).

TraceTogether had a much lower sensitivity than the tag-based
RTLS in identifying patient contacts in a clinical setting. High
sensitivity is preferred for digital contact tracing tools to rule
out the possibility of failing to detect close contacts with
COVID-19 cases. The low sensitivity of TraceTogether could
be attributed to the small proportion of patients who activated
the app and turned on their Bluetooth, despite physicians’
prompts and the reminder posters at the screening center. In
contrast, all patients had RTLS tags attached to their wrists at
registration. Hence, we were able to more accurately assess the
validity of the RTLS tags in this study.

Although the tag-based RTLS performed well for contact tracing
in a clinical setting, the high setup cost would render it less
feasible for a community-wide scale-up. Distributing RTLS
tags and enforcing their use in the community would be much
more challenging than doing so in a clinical setting. Previous
RTLS studies have been mainly confined to a defined setting
[11,13,25,26]. On the other hand, Bluetooth technology is low
cost, available on personal digital devices, and interoperable
among Bluetooth-enabled devices [27]. This flexibility is
essential for facilitating widespread adoption of contact tracing
tools, as users would have the convenience of selecting their
preferred form of the contact tracing tool.

A critical mass of app adoption must be achieved to increase
the sensitivity and positive predictive value of TraceTogether
[28]. Most people have probably not heard of the app or found
it useful to download the app during the study period, as
movement was restricted due to lockdown measures. The
concept of contact tracing apps only actualized on a large scale
after it was realized that the fight against COVID-19 was going
to be a long haul. Privacy concerns regarding data storage and
location tracking were likely the biggest barrier against such
contact tracing apps [20,23,28]. Despite the hype surrounding
contact tracing apps, health systems worldwide have not
revolutionized contact tracing efforts for COVID-19. Partial
regulatory enforcements, effective communication of app utility,
and a good understanding of the barriers and facilitators of
contact tracing app adoption are crucial for app adoption to
reach a critical mass.
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Given the uncertainty of the adoption and capabilities of contact
tracing apps [22,29], contact tracers and policy makers should
be cautioned against the overreliance on such apps for contact
tracing. An infectious disease workgroup estimated that manual
contact tracing would reduce COVID-19 transmissions by 61%
compared with the 44% reduction provided by app-based tracing
if 53% of the population uses the app [30]. Even if a contact
tracing app achieved widespread adoption and high sensitivity
in detecting contacts, manual verifications would still be
required to ascertain the contact before actions can be
undertaken to quarantine potential exposures. In reality, a
mixture of contact tracing methods is required to optimize the
performance of contact tracing [23].

There were limitations to this study. First, we were unable to
enforce the usage of TraceTogether among all physicians at the
screening center for a comprehensive review on its performance.
We could only consider the patient contacts of physicians who
uploaded their TraceTogether data to the cloud system. This
limitation in a clinical setting reflects the challenges of
wide-spread adoption of app-based contact tracing tools in the
community. However, despite the difficulties in enforcing
wide-spread adoption, app-based contact tracing can
complement conventional contact tracing by speeding up the
process. Second, the lackluster performance of TraceTogether
version 1.6 on the iPhone may have decreased the performance
of the app. Many patient contacts could have been missed, since
half of the physicians in this study used an iPhone and the
majority of the dormitory workers used an Android phone.

The performance of TraceTogether is expected to improve with
app upgrades and increased use over time. We have provided
feedback to the developers of TraceTogether, and the app has
been upgraded to improve its performance on the iPhone. Since
TraceTogether is Singapore’s national contact tracing app, many
firms have encouraged its use [11] among employees who had
to return to work after lockdown. App use has been made
mandatory among dormitory workers [31] who have the highest
risk of COVID-19 transmissions, and Bluetooth tokens have
been distributed to populations susceptible to SARS-CoV-2
infection, such as older adults [32]. Factors that influence
people’s willingness to adopt TraceTogether are being assessed
to achieve higher adoption rates so that the digital contact tracing
tool can be effective in the community.

In conclusion, technological and app adoption barriers must be
overcome for digital contact tracing tools to be effective for
contact tracing during the COVID-19 pandemic. Although the
RTLS performed well for contact tracing in a clinical setting,
its implementation will be confined to a defined setting. The
sensitivity of contact tracing apps needs to be improved for
app-based contact tracing to be viable in the community.
Leveraging technology to complement conventional manual
contact tracing is a necessary move for returning some normalcy
to life after exiting lockdowns. The capabilities and utility of
digital contact tracing tools are expected to grow over the long
haul of the COVID-19 pandemic as the technology matures.
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